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CHAPTER 6

The spectral properties of JIWST-MIRI: calibration
of the Flight Modet

MIRI is the mid-infrared instrument for JWST. The instrunhéas been fully assembled
and tested in the United Kingdom by an international comsartand now awaits integra-
tion with the rest of the JWST observatory. In this chapterdascribe the functionality
and the performance of the MIRI integral field spectrométising the method described
in 5, we obtain the wavelength calibration of the spectr@médr its full wavelength
range. This is the only calibration of the instrument av@éabefore in-orbit measure-
ments are performed. We measure the wavelength ranges stithleands, estimate the
resolving power of the instrument, and investigate the shathe unresolved spectral
lines. We are able to verify compliance with most of the imstent requirements. In par-
ticular, the spectral resolving power of MIRI is well abohe tvalues required to perform
the planned science.

partially based on MIRI FM test reports by J.R. Martineda@a, A. Glauser, E. Schmalzl, F. Lahuis, J.
Morrison
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6 The spectral properties of JWST-MIRI: calibration of the Flight Model

6.1 Introduction

The Mid-Infrared Instrument (MIRI) onboard JWST is the neitestone in space-based
mid-infrared astronomy. It will provide imaging, specttopy and coronagraphy at wave-
lengths of 5um to 28um. An international partnership between the Jet Propulsadn
oratory and a nationally funded consortium of Europearitirtsss, worked together to
design, assemble, and test MIRI. Today, MIRI is the firstrimsient that has been fully
tested and is ready to be sent to the United States for iritegravith the rest of the
JWST observatory. MIRI will be a crucial instrument for adufr of the primary science
themes for JWST, namelya): the discovery of the “first light”(b): the assembly of
galaxies: history of star formation, growth of black holpmduction of heavy elements;
(c): the understanding of how stars and planetary systems fardh(d: the evolution
of planetary systems and conditions for life.

During the summer 2011, the Flight Model (FM) of the MIRI inshent was thor-
oughly tested both in performance and functionality at thRrford Appleton Labora-
tory near Oxford, in the United Kingdom, building up on theyibus experience with
the Verification Model (see Chapter 5). The purpose was tdyvell instrumental re-
qguirements set by the MIRI science goals using the flight\so#. A large portion of the
test campaign was dedicated to observations with the ialtégld spectrometer, a crucial
component of the instrument. We have obtained test MRS daiatlo point and extended
sources and used them to perform a full calibration of thetspmeter, both spatially and
spectrally, which allows for a reconstruction of the 3-ditsi@nal information from as-
tronomical sources. The calibration includes a measurenfethe spectrometer field
of view (FOV) on the sky, the measurement of the spectralearagnd resolving power
for each channel, and the reconstruction of the resultitgcdide. These measurements
are all crucial for the verification of the instrument regmrents and predictions on the
science that will be possible with MIRI.

In Chapter 5 we have presented a method for the wavelengtiratédn of the MIRI
spectrometer, and successfully applied it to VM data for ohthe spectrometer sub-
bands. In this chapter we use the method to provide a fulltsgdezalibration of the
instrument, for its entire wavelength range. This provithesonly reference to the spec-
tral properties of MIRI before any on-flight calibrationscoene available. We use the
calibrated datacubes and our calibration method to measy@tant spectral properties
such as wavelength coverage and spectral resolving poweeth®# compare the results
with the instrumental requirements set by the MIRI sciehieg6.2 we present a descrip-
tion of the observational setup, the observations perfdrared the reduction pipeline
used. In§6.3 we present the analysis tools and methods that we haddaperform the
wavelength calibration. We discuss our result§ém4 and compare them with the instru-
mental requirements to verify their compliance. We finigh thapter with a summary of
our main findings ir§6.5.
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6.2 Observations

6.2 Observations

6.2.1 The test campaign and the observational setup

The MIRI Flight Model Test Campaign was carried out in the suenof 2011. The in-
strument was inside a cryogenic chamber that kept it clotfeetoperational temperature
of 7 K. A revised version of the MIRI Telescope Simulator (MTas used to provide
the incoming beam, both for extended and point sources. Mheovements of the MTS
with respect to the VM version included a sharper point seuosing pinholes of either
25um or 100um in diameter) and a full illumination of the MIRI FOV with trextended
source, including both the imager and MRS fields of view. MERéquipped with a Con-
tamination Control Cover (CCC) that blocks any incomindntigf necessary. For dark
exposures, the CCC was kept closed.

On board calibration sources were employed to provide flltsfifor both the MIRI
imager and the MRS. The MTS was also equipped with solid statens and edge filters
that provided the synthetic etalon lines and absolute veagth references used for the
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Figure 6.1 The transmission spectrum of the MTS solid stttomrs, calibrated at high
resolution prior to the test campaign. The color code is devis. Cyan: Etalon 1A,
Blue: Etalon 1B,Yellow: Etalon 2A,Red: Etalon 2B. The boundaries between channels
are indicated by the solid lines, while sub-bands for ea@nnbl are separated by the
dashed lines.
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6 The spectral properties of JWST-MIRI: calibration of the Flight Model

wavelength calibration of the spectrometer. A total of 38118 of exposure time were
employed for the performance tests of MIRI, of which abou¥®kere dedicated to the
MRS. Most of the MRS exposure time was used for L@®pinhole observations, and a
considerable part was used for extended source obsersation

For all the observations the MTS blackbody (BB) source waa tgmperature of
800 K, and the 10@m pinhole was used to produce test point sources, with a éygn
Variable Aperture System (VAS). Exposures were made wighstbw readout mode for
the MRS detectors.

6.2.2 Test data

To perform a full wavelength calibration of the four speateter channels, a large amount
of observations were performed, including both extendeldmint sources. The extended
source was used to fully illuminate the MRS FOV, and used tA&Molid state etalon
filters (see Chapter 5) to generate a synthetic spectrunméoiull MRS range. We also
took etalon exposures with the 1Qfn point source, to study variations of the resolving
power with position of the source in the FOV.

Extended source observations

The wavelength calibration is achieved by measuring thiipos of the unresolved spec-
tral lines produced by the MTS etalon filters on the recomrstai cube. There are four
of these etalon filters (1A, 1B, 2A, 2B), each optimized foe@pecific MRS channel.
In Fig. 6.1 we show the coverage of each etalon within the MRSelength range, as
measured prior to the test campaign.

We have measured the full MIRI spectrum for each of the sditksetalons whose
transmission is shown in Fig. 6.1. For each etalon, threesxes were taken to cover the
full 5 um-29um wavelength range, one exposure for each grating configaré&@ HORT
(A), MEDIUM (B) and LONG (C). Each exposure takes the cormgting sub-spectrum
for all four channels simultaneously. The final spectrumefach etalon is thus composed
of 12 sub-spectra. We have also obtained additional spetthe long wavelength pass
(LWP) and short wavelength pass (SWP) filters of the MTS Filttheel (FW), which
provide absolute reference wavelengths for sub-bands d@Buwith cutdf wavelengths
at 6.6um and 21.5um respectively), as well as the spectrum of the unfilterediktiady,
which allows us to measure the instrumental response to Bisggctrum. Table 6.1
summarizes the combinations of etalons and grating pasifar which we have obtained
data.

To minimize the MTS FW movements, we first selected the destalon and then
took three exposures corresponding to the three sub-gspdeach of these exposures is
followed by a background exposure. Only then we move on toéhe etalon. After the
etalon exposures are taken, we take the LWP, SWP and BB comtiexposures, with
their respective backgrounds.
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6.2 Observations

MTS Filter Gratings A GratingsB Gratings C

1A Yes Yes Yes

1B Yes Yes Yes

2A Yes Yes Yes

2B Yes Yes Yes

LWP No No Yes
SWP No Yes No

BB Continuum Yes Yes Yes

Table 6.1 Combinations of MTS filter positions and gratingftgurations for which we
have obtained data.

Early exposures during the test campaign using etalon 1Atkedlichroics set to
LONG (hence, sub-band 1C), showed that our original appré@cthe exposure using
32 slow framegntegration and 4 integratiofexposure producedS ratios well beyond
the necessary values, and hence for the rest of the campaigeduiced our exposures to
24 framegintegration, 4 integratioriexposure, which provided'S above 50 for most of
the MRS wavelength range. The instrument requirement &gsddo this measurement
states that the wavelengths should be determined to anaagcaf at least 10% of the
resolution element when the etalon lines are detected wah af 50.

In order to investigate the temporal and mechanical wagthestability, additional
etalon exposures with the extended source were taketterefit epochs of the test cam-
paign, but given the limited test time, only etalons 1A andv#ére used. The ferent
epochs were separated by at least one week. The first epocyid 912011, followed by
epochs on June 21, and July 10. On July 21, an additional repéze etalon exposure
was performed to check for stability after the grating mei$im had been configured.

Point source observations

For the point source etalon observations, we have perfoamadter scan with the point
source with five symmetric pointings with a step size &F &f the slice width across the
slice for two of the slices in each channel. These two slicesdentified as Field 1 and
Field 2 in each case. The origin of the 5-pointing rasterguatis at the nominal dither
position. Fig. 6.2 shows the scan positions for all 4 chasnel

The exposure times were adjusted to guarantee a peak to pse 300 for the
reconstructed PSF. The resulting exposures were of 32 §artegration, 2 integra-
tiongexposure, in slow mode.

6.2.3 Data reduction

The data reduction consists on the following stef)s: Creation of slope images from
raw data registered on the two MRS detectdii¥; Subtraction of the background and
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17 Units:
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Figure 6.2 Field positions for the point source etalon expes (small horizontal grey
marks). Each channel is shown only once, but the pointingsepeated for all sub-
bands.

flat-fielding of the resulting slope images, &fiij: Reconstruction of the datacube.

The following steps were performed on the raw data in prejmardor the analysis.
Version 5.0.7 of théata Handling and Analysis Systd®HAS) software* was used for
all the datasets.

e The measured charge ramps on the detector are convertestdptovalues for each
frame. The process involves correction of bad pixels, cosays, as well as non-
linearity corrections in the ramps. The average slope isutatled over multiple
integrations. The resulting slope images are in countsqumarsl (DNs) and called
level 2 data.

e Optionally, darks, pixel flats and fringe flats can be applgethe level 2 data. The
fringe correction is customary in infrared detectors, liseamultiple reflections
within the detector substrate create a Fabry-Perot fropgattern.

e Spectral pixel flat fields are obtained from the spectrum eBB extended source
for all sub-bands. The flats are background subtracted amdated by fringing.

1The DHAS software has been developed by Jane Morrison, tsiyef Arizona.
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6.2 Observations

We divide our slope images by these flats.

¢ No fringe flats were applied to the level 2 data, since notradtk flats were avail-
able by the time of the analysis. Our tests show that at tNedBtained, not in-
cluding the fringe flats does noffact the measured centroids of the etalon lines by
more than a few percent of the resolution element. The iegultata are level 3
files.

e Data cubes are built from the resulting MRS level 3 data. Tiheedsions of the
resulting cubes are the along-slice spatial coordinatehe across-slice spatial
coordinatep (related to the slice numbékjice shown in Figs. 6.3 and 6.4), and the
wavelength derived from the optical modgl.qer We discuss the details of the
image reconstruction i§5.4.1.

e Background cubes are subtracted from the etalon, filter antirium cubes, in a
bin by bin basis. We perform the wavelength calibration @resulting datacubes.

6.2.4 Reduced data

Extended source

In Figs. 6.3 and 6.4 we show slope images of the extendedsMRS spectra for all four
channels in sub-band 'A’ (each figure shows one of the MRSctlatg). We also show
a zoomed view of the etalon lines for each channel in Fig. Blaese figures illustrate
how the spectrum of an extended source looks like on the tetepace, prior to the
reconstruction of the datacube.

The etalon lines are detected with a signal-to-noise wallatihe required value of
50, over the full MRS wavelength range. An exception is saheb4C, which has a low
throughputresulting from an inaccurate manufacturingpefgrating. The low throughput
for this sub-band reflects in g% of only a few for etalon lines on the long-wavelength
end of the detector array. Nonetheless, etalon lines onhbe-wavelength end of the
detector (about a third of the pixels) are also detected ®ith over 50. For most of
the other sub-bands thgNsis well above a value of 50 (about 900 in the middle of the
spectral range). The high/I$ in the etalon lines located on the regions of maximum
transmission guaranteesfBcient SN in other regions of the etalon transmission range,
in the overlapping regions with lines fromftérent etalons (See Fig. 6.1). The resulting
overlap pattern will be used later as an absolute refereawelength for those sub-bands
where no wave-pass filter was available.

Point source
For the point source etalon observations, the etalon lireze wetected with a/N varying

from about 120 in Channel 1 to about 20 in Channel 4. The lati&re is below the
required &N of 50, but for the long wavelength sub-bands where th¢ iS lower, the
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Figure 6.3 The slope image of the etalon 1A spectrum of ameleig source, as registered
on the SW detector for sub-bands 1A (left half of the detgand 2A (right half of the
detector).

etalon line profiles are better sampled on the detector, FitMHs of about 3 pixels. In

Fig. 6.6 we show and example of how the spectrum of a pointcgolmoks like on the

detector array after the flat fielding has been applied. A @apn of this spectrum with
the spectrum shown in Fig. 6.3 shows the reduced spatiah&xie of the point source
as compared to the extended source. The etalon lines appeaas small dots, while
in the case of the extended source they appear as horiziosl Adjacent slices on the
detector do not correspond to neighbouring pixels in the E®the respective channel.
This is the reason for the detection pattern observed ondteztbr.
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Figure 6.4 The slope image of the etalon 2A spectrum of amebig source, as registered
on the LW detector for sub-bands 4A (left half of the detectord 3A (right half of the
detector).

6.3 Analysis

6.3.1 Wavelength characterisation

Up to this point, the resulting cubes have been constructied the wavelengths resulting
from the optical models, and hence these are the 'as-mallel&velengths. The purpose
of the wavelength calibration is to update those wavelengththe cube and detector
space, to account foffects in detector and grating alignment, incidence angleslight,
and other #ects in the as-built spectrometer that modify the predietadelengths. We
now describe how this calibration was performed. The methaldis on the experience
obtained with VM data (see Chapter 5), but benefits from themfetter data quality of
the data obtained with the FM hardware.
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6 The spectral properties of JWST-MIRI: calibration of the Flight Model

CHANNEL 1A CHANNEL 2A

10 pixels 10 pixels

(a) Sub-band 1A (b) Sub-band 2A
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Figure 6.5 Detail of the unresolved etalon lines as registen the detector, for the dif-
ferent MRS channels.

Extraction of the spectra

We extract the spectrum of each, () pixel in the cube along the direction, for each of
the 12 sub-bands. We end up with a spectrum for each spatillipithe FOV, and the
image reconstruction algorithm relates each cube coaelingg, 1) to a position &, y)
on the detector array. This is a one-to-one relation. Theetibn is made using a single
pixel aperture to avoid any potential smear of the line wddbly combining dferent
pixels. This is possible because we have an extended sdwatéutly illuminates the
FOV. A different approach is used for the extraction of a point soureetgm.

In Fig. 6.7 we show a single wavelength “slice” for each tharfoubes resulting
from an exposure with a particular grating configuratione Bibserved horizontal lines
(particularly visible in sub-band 3A) that divide the FOVtwo regions with diferent in-
tensities are due to an uncorrected sky flat used in our asalise sky-flats are intended
to correct for throughput variations in both the alongeiie) and the across-slicéétg
directions, but they were not properly measured at the tihoeipanalysis.

Gaussian fit to the etalon lines

In Fig. 6.8 we show a part of the extracted etalon spectrura faarticular &, 8) position.
Shown are two dferent sub-bands 1A and 4A. We fit Gaussian profiles to thetezgi$
spectral lines to measure the position of their centroidisthair widths. The Gaussian fit
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6.3 Analysis

Dispersion axis (pixels)

200 400 600 800 1000
Spacial along slice (pixels)

Figure 6.6 The slope image of the etalon 1A spectrum of a Buntce, as registered
in the SW detector for sub-bands 1A (left half of the detécamd 2A (right half of the
detector).

was performed in the bin space of the dispersion axis of tihe 1), and not in wave-
length space derived from the optical models, since thosg@acisely the wavelengths
that we intend to derive and correct. By working on the bincepave made no assump-
tions about the wavelengths. The fits provide a measure afeh&oid of each line and
their full width at half maxima (FWHM). Both quantities areeasured in units of the
cube bin.

The Gaussian fits provide an accurate measurement of tlom dited centroids in the
cube space. Using the transformation describebid.1 for the cube reconstruction, we
can locate those centroids also in the detector space. WétBignal to noise achieved,
the accuracy in the line centroids is of the order of 2% of #solution element for each
sub-band. The wavelengths of the peaks are known to an agcofa few Angstroms
from a previous high resolution measurement of the etalamsmission (se§6.3.2 for
a discussion on the associated errors). These high remolwgasurements were carried
out using a IR spectrometer at the Rutherford Appleton Latooy, at temperatures of
~ 77K (cryogenic) and- 77K (room), to study the centroid variations with temperature.

With the information of the line centroids and a set of rekatieference wavelengths
from the high resolution measurements, we only need an aiesebvelength reference
in order to associate each centroid with its actual wavetenghis will be the base of a
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Figure 6.7 Single wavelength layers of the reconstructeys for the four MRS chan-
nels, with the gratings in 'A’ configuration (short wavelé¢hs). The pixel scale has been
modified in each case to match the spatial dimensions.

dispersion relation between cube bins and wavelengths.

Absolute wavelength references

Building up on the experience from VM testing, we used the wawe-pass filters to ob-
tain an absolute reference wavelength for those sub-baheetheir cutff wavelengths
are registered. For FM testing, the much better quality eftbtectors, as well as the pos-
sibility of longer integrations with the extended sourcsuleed in a better measurement
of the LWP filters response. Also, since the long-waveleulgtiector for channels 3 and
4 is now available, we can also measure the response of thefiggvP

The transmission curve of both filters has been charactipiser to the test campaign
at room temperature (295 K) and at a cryogenic temperatur@ &f. At this cryogenic
temperature, the LWP filter has a cfitwavelength near 6. 6m (sub-band 1C), while the
SWP has a cutbwavelength near 21.pm (sub-band 4B). According to the telemetry
data obtained during the test, the operating temperatutieeof WP and SWP filters is
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Figure 6.8 Gaussian fits to the etalon lines for two of thelsabes. The black lines is the
MRS spectrum, and the lighter grey lines are the Gaussian fits

about 34 K. A simple extrapolation from the transmissiornvesrat room and cryogenic
temperatures allowed us to conclude that the shift in theftutavelength from a fur-
ther decrease in temperature (to the operational 34 K) sstlem the relative separation
between etalon lines. This is important, since it meas thately on the much better
accuracy of the centroid positions rather than the accuradiie cutd wavelength.

We obtained a measured transmission curve from the extrapiectra of the wave-
pass filters and the blackbody continuum taken during thepaggn. A comparison with
the calibrated curves provided the absolute reference we aiming for. The measured
spectra of the LWP and SWP filters is the product of the actitett fiesponse and the BB
continuum, and hence we divide the measured spectra by theurezl BB continuum.
We correlate the resulting response curve with the referénansmission curve for each
spatial position ¢, 8) in the FOVs of sub-bands 1C and 4B and in this way we obtain
an absolute reference wavelength in the center of theficsimpe. Fig. 6.9 shows the
resulting correlations for a particular spatial coordéat

For those sub-bands where no wave-pass filter is availatd@ absolute reference,
we used a dferent approach to calibrate the wavelengths. The tranemis§the etalon
filters is optimized for but not limited to one MRS channel.atimplies that for a given
sub-band, etalon lines from more than one etalon filter atexctid in diferent exposures.
Therefore, for most of the sub-bands, we measure etalos finen diferent etalons, that
overlap with each other. The performance test was desigmé¢las these overlapping
etalon lines were detected with A\Bof at least 50. The resulting overlapping or beating
pattern of the etalon lines for each sub-band is used as atuddseference for wave-
length. We use these overlaps for all remaining sub-bands.

For sub-band 4C the situation is more tricky. FM testing leasaled that the through-
put for this sub-band is not optimal, and the etalon lines etect in 4C have low /Bl
ratio, specially in the long wavelength end. Also, we haviy detected lines from etalon
2B in this sub-band, and hence no overlap pattern was olikéethen looked for spec-
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Figure 6.9 The measured transmission curves of the (&YAnd SWP(b) filters (black
lines) correlated with the reference curves (lighter giegd). The éect of fringing is
more pronounced in sub-band 4B, where the SWPfttats. The dashed lines indicate
the separation between two adjacent etalon lines.

tral features that could serve as wavelength referencesei$ia broad absorption feature
near the long wavelength end of this sub-band. While thitifearemains unidentified,
the fringe analysis showed that the feature is internal tBIMIf we use the wavelengths
predicted by the Zemax model, this feature can be assod@mgedavelength of 27.8m

as shown in Fig. 6.10. We use this feature as our “absolufetence, but we are aware
that it is model-dependent. While this might lead to an inecirabsolute calibration, it
allows for a relative calibration of this sub-band.

1.0F
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0.0L . . .
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...I...l.ﬁl...l... f

MTS 4008

Figure 6.10 The broad absorption feature seen in sub-bandt&pproximately 28.7
microns, for the calibration source and the continuum ofMfieS blackbody at dterent
temperatures. The axis is the Zemax wavelength (ym). We use this feature as a
wavelength reference for sub-band 4C.
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6.3 Analysis

Dispersion relation and unresolved line widths

We have fitted a second order polynomial to the resultingyasfacube bins vs. wave-
length for eachd, B) position in the field of view for each of the sub-bands. Dégraof

the data with respect to polynomials of higher orders woadimaller than the required
precision for this measurement. In Fig. 6.11 we show theadl&pn relation as derived in
this way for a particular FOV position in 2 of the sub-band®nfy they axis, instead of
the absolute wavelength, we have plotted thEedeénce between the derived wavelengths
and the Zemax wavelengths, in units of the resolution elérfereach sub-band. The
dispersion slightly deviates from linear relations.
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Figure 6.11 The dference between the modelled and measured spectrogragsilisp
as a function of the Zemax wavelengths. The asterisks markibasured centroids of
the etalon lines, and the solid black line is the polynomtal fi

We used the same approach as in VM testing to estimate thivirespower. The
FWHM of the unresolved etalon lines is a good estimate of iteaf the resolution ele-
ment at the particular wavelengths of the line centroidenfthe Gaussianr parameter
(the Gaussian width) in our fits, we obtained the FWHM in unftsube bins using:

FWHM = A1=2 V2in2o (6.1)

Using the derivative of the polynomial dispersion relatibat we have fitted, we
converted the FWHM to microns, and then we calculd®ed 1/AA for the full MRS
range and for the totality of the field of view.

The conversion from the measured FWHMSs in units of cube hibs equivalent
FWHMs in detector pixels is not straightforward, because d¢hbe spectral bin size is
constant in wavelength and the size of the binning corredpapproximately to the de-
tector pixel size at the shortest wavelength of each subretla That means that, for a
particular sub-band, a wavelength bin projected onto theatier has approximately the
same size as a detector pixel only at the short wavelength &nthe long wavelength
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end, its size is smaller than the detector pixel by approtéiy20%. The reason for this
change has to do with the binning method used for the cubastrtmtion.

To assess the impact of thiffect, we adopted two fferent approaches to calculate
the FWHMs of the unresolved lines in pixels. In the first agmiy we assumed a linear
conversion between cube bins and detector pixels, simpiynbliplying the measured
FWHMSs in cube bins byNyin/Npix, the ratio between total cube bins for the respective
cube and the total number of detector pixels in the array énvthivelength dimension.
This will slightly overestimate the size of the pixels in tlo@g-wavelength end of each
sub-band. In the second approach, we assumed a uniformadedire the size of the
pixel relative to the bin as we move towards longer wavelesigh such a way that at the
wavelength of the first (shortest wavelength) etalon lihe,gixel is 95% the size of the
bin, while at the position of the last (longest wavelength)an line, the pixel is 85% the
size of the bin.

6.3.2 Uncertainties
Absolute and relative centroids of the etalon peaks

There are several sources of uncertainty involved in thergenation of the dispersion
relation as described in the previous section. Here we atatheir impact on our results.

The first source of error comes from the uncertainty in theresfce etalon peak po-
sitions, measured at high resolution before the testinge Adsitions of the peaks were
measured at a resolution Bf~ 10° before testing at RAL at two fferent temperatures:
room temperature~ 295 K) and at a cryogenic temperature {7 K). However, as re-
vealed by the telemetry data acquired during testing, tleeatjpnal temperature of the
etalon filters in close to 34 K during the whole campaign. Tiaéom thickness and hence
the positions of the etalon lines changes with temperatiue to the thermal properties
of the material of which the etalons are made (ZnSe for etaldy) 1B and 2A and CdTe
for etalon 2B). In order to estimate the shift in positiontu# tine centroids from the mea-
sured 77 K to the 34 K operational temperature, we have extaitgrl the etalon thickness
at 34 K by using available literature data on the thermal exjuan codicient @inerma) Of
the mentioned materials (Browder & Ballard 1969, 1972, 8m&itwWhite 1975). In order
to perform the extrapolation, we used the thicknesses aK28id 77 K, as derived from
the etalon equation that gives the separation between peaks

1= /173
2nlcosf)

wheren is the refractive index of vacuunm (= 1), | is the etalon thickness angis
the incidence angle of the light on the etalon filter (we assym 0). Fig. 6.12(a) shows
the literature data used for the thermal expansionffmdent of ZnS, and Fig 6.12(b)
shows the resulting extrapolation of the etalon thickn&ds. conclude that the shift in
wavelengths of the peaks from 77 K to 34 K is negligible forploeposes of our analysis:
a fraction of 2-4% of the resolution element for all sub-band

(6.2)
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Thermal exp@mswom coefﬂcwemt for ZnSe
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Figure 6.12(a) The thermal expansion cfiient (@mema) for ZnSe, from the literature

(Browder & Ballard 1969, 1972, Smith & White 197%h) The extrapolated value of the
etalon thickness fof < 77 K.

The combined fect of this wavelength shift with the uncertainty introdd sy fitting
the etalon lines with Gaussian profiles is stillL% of the resolution element. Although
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we have not done a similar analysis for the position of thefEutavelengths of the LWP
and SWP filters, we do not expect a major change in their positi 34 K. Nevertheless,
the accuracy needed for the cfitwavelengths is set by the separation between neigh-
bouring etalon lines, which is much larger than any shift tueemperatureféects.

Another source of error for the wavelength calibration cerftem the deviations of
the measured line centroids with respect to the derivedskooder polynomial disper-
sion relation. We have measured the standard deviatioredtttit between the measured
line positions and the value of the derived dispersioniaiaicross the wavelength range,
for all FOV positions in each sub-band. We then constructstoggram with the values of
the measured absolute shifts, in units of microns. Fig. 8ht8vs the resulting histograms
for two of the sub-bands.

50
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log 0, (um) log g, (um)
(a) Sub-band 1B (b) Sub-band 3B

Figure 6.13 Observed standard deviations from a seconel-dispersion relation across
the FOV for sub-bands 1&) and 3B(b).

The figures imply that, on average, the deviation betweerémroid positions and
the derived dispersion relation is of the order of 1A, or al@84 of the resolution element
for all sub-bands. This is the dominant error in our analyesigl it is at least one order of
magnitude larger than the errors derived from Gaussianditf the lines and temperature
variations. We thus consider that we know the wavelengttiseodlerived data cubes with
uncertainties of 0.02 times the spectral resolution elémen

An additional source of error is the fringing pattern asatad with multiple reflec-
tions within the detector. As we have stated, we did not @b g fringing for the dataset
in study. Although we were not able to quantify it for all cimats, a comparison between
the measured line positions before and after fringe cdoedédr channel 1 revealed that
applying such correction does not change the line centtmidsore than our 2% of the
resolution element, and hence our uncertainties are stiflidated by the polynomial fit.

Resolving power

The observed etalon line profiles are the convolution of thenisic line shape and the
spectral response of the MRS. The resolving power calalitz¢es using only the FWHM
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Figure 6.14 Deconvolution of the observed etalon linesdigyavith the intrinsic line
profile obtained from the high resolution observations €pldor sub-bands 14a) and
3A (b). The result is the instrument spectral response (blackiswilie have convolved
again with the intrinsic profile to check the deconvolutidhe recovered profile is shown
in red.

of the unresolved etalon lines is thus jeopardized by ffextof the intrinsic line profiles.
In order to estimate the errors introduced by thiget on the calculation of the resolv-
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ing power,R, we have deconvolved the observed line shapes with thasitrshape of
the lines, that we obtain from the high resolution measurdgmef the etalon transmis-
sion performed at RAL prior to testing. For this purpose, wedithe IDL procedure
max_entropy, which deconvolves the two profiles using the maximum entropyhod.
Fig. 6.14 shows the result of the deconvolution for two of MRS channels.

The profile of the instrument spectral response, as obtdinatdthe deconvolution, is
narrower than the observed unresolved profile. This impliasthe resolution calculated
from the FWHM is an underestimate. We studied tfiea of the deconvolution on the
line widths across the full wavelength range of the MRS, gitfire method described. We
conclude that the enhancement in resolving power resuftorg the correction for the
intrinsic line shape is between 10% and 20%. For a given sutatbthere is a smooth
increase in this enhancement with wavelength. Also, thewecdment is larger in the
long wavelength channels, where the intrinsic widths oflithes start to be comparable
with the resolving power of the instrument.

6.4 Results and discussion

6.4.1 The resolving power of the MRS

In Table 6.2 we list the wavelength ranges and resolving peiat we have calculated
for each of the MRS sub-bands using the methods describagabor each sub-band,
we list a nominal value for the resolving pow&;, corresponding to its measured value
at the center of each band. We also list the size of the résnlatement for each band,
in detector pixels, using the two methods that we have desdrat the end 0§6.3.1.

In both methods, the uncertainties are dominated by thati@ni of the line width with
wavelength. The second method overestimates the pixelrsite longer wavelength
sub-bands, where the spectral bins are smaller. Table §o2shlows the approximate
sizes (in detector pixels) of the overlapping regions betwthe corresponding sub-band
and the following sub-band.

A crucial aspect of the MRS performance has to do with the $ampf unresolved
spectral features. Zemax models predicted an undersagnpiithe unresolved etalon
lines for channel 1, below the Nyquist frequency. More sfieadly, modelling has shown
that the FWHM of an unresolved spectral line, as providedieydptical system, is sam-
pled by less than the two required detector pixels. In theetiog), this applies to most
sub-spectra. For channels 1, 2 and 3 spectral lines arecpeddd have a FWHM of about
0.9 pixels for point sources, and 1.4 pixels for extendedcesi Table 6.2 indicates that
the lines are well sampled with at least the 2 pixels, withekeeption of sub-band 1A,
where the resolution element is slightly smaller than 2 Igixe

Overlapping regions of 100 pixels or larger are desirabteafooptical matching of
the diterent sub-bands during the science extraction of the spekable 6.2 shows that
this is the case for most of the overlapping regions, withesemnceptions (sub-bands 1C,
3B, 3C), where the overlapping region is smaller. Nevees®lthe full wavelength range
from 4.9um to 28.4um is fully covered and well sampled.
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Sub-band  Amin [um]  Amax [um] R A1 [px] AAx[px] Overlap [px]

1A 4.91 579 3200 1.9(0.2) 1.9(0.2) 180
1B 5.60 6.62 3200 2.0(0.2) 2.0(0.2) 150
1C 6.46 7.63 3100 2.0(0.2) 2.0(0.2) 80
2A 7.55 891 2800 2.2(0.2) 2.2(0.2) 140
2B 8.71 10.34 2700 2.2(0.2) 2.2(0.1) 275
2C 9.89 11.71 2750 2.2(0.2) 2.3(0.2) 105
3A 11.50 1359 2500 2.4(0.2) 2.5(0.2) 170
3B 13.19 1558 2000 3.1(0.3) 3.4(0.4) 65
3C 15.40 18.14 2200 3.0(0.3) 3.0(0.3) 70
4A 17.88 21.34 1500 3.3(0.3) 3.7(0.3) 170
4B 20.69 2468 1600 3.6(0.3) 4.3(0.1) 165
4C 23.83 28.43 1400 4.1(0.1) 7.2(1.1) -

Table 6.2 The spectral properties of the MRS sub-bands. rthiages are indicated in
parenthesis.

Fig. 6.15 shows the measured resolving power for the fullelength range. The
calibrated wavelengths are shown on thaxis, and the resolving power on thexis.
We plot these values for all the positions within the FOV. Thiek black areas are the
pile-up of individual black solid lines corresponding®i) calculated at dferent spatial
(a, B) coordinates in the FOV. They give an indication of the \#oizs of the resolving
power with position on the IFU. The solid red lines are thetigfig averaged values dk.

The instrumental requirement for resolving power statasMiRI shall provide inte-
gral field spectroscopy with spectral resolving poRer 2400 between am and 1Qum
R > 1600 from 10um through 15um andR > 800 from 15um through 27um. Our
results indicate that we are well above these requirements.

6.4.2 Variations of R with wavelength and position in
the field

In general, for a particular sub-band the resolving powengases with wavelength. There
is a dispersion in the measured valudRdfom the widths of individual unresolved lines
of the order of 10%. Noise in the data and thEeet of fringing can be responsible for
this dispersion. Nevertheless, we can estimate the regpbawer for an extended source
with 10% uncertainty. Although lines at channel 4 are degatith less 3\, they are
sampled by more pixels in the detector, and hence the dispérsthe line-to-line width
does not increase dramatically.

We now investigate the variation in the resolving power wifith position of the point
source in the field. More specifically, we want to study HRwhanges as we move the
point source across a spatial slice in the cube, and alsodtiomto slice. For this we use
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MIRI MRS Wavelength Coverage and Resolving Power
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Figure 6.15 The Resolving Power of the MRS. The wavelengtbgea for each sub-band
are indicated. Red lines correspond to the spatially aesraglues oR. Some relevant
mid-IR nebular lines are indicated.

the point source observations that we have describg@.2. In Fig. 6.16 we show the
reconstructed image of the point source for one of the prsitshown in Fig. 6.2, for two
of the sub-bands: 1A and 4A. Unfortunately, the PSF of the fi(inhole point source
has some structure and does not allow for a detailed studyedPSF size as a function
of wavelength. However, our purpose here is not the chaiaat®on of the PSF, but the
study of spatial variations dR.

Using the same method as with the extended source, we hawairedahe spectral
resolving power as a function of position of the source. Eifj7 shows the linear fit to the
line widths for the three grating positions of channel 1,hesgoint source moves across
the slice for the two dferent field positions shown in Fig. 6.2. Variations in reguiv
power when the point source moves across the slice are ofdee of 1% and are within
the error bars of the individual line widths. On the otherdharariations associated with
placing the point source in filerent slices are of the order of 5% as seen in the Fig. 6.17.
In sub-band 1A, the resolving powerfidirence is larger for shorter wavelengths, while
for the other sub-bands, thefidirences remains about the same for the sub-band range.
Although close-by in the MRS FOV, the two fields are far aparthie detector space,
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Figure 6.16 The reconstructed point source at a specificleagth for sub-bands 14a)
and 4A(b), for a particular position of the raster scan.

and hence the variations seen in Fig. 6.17 should give us d gstimate of the spectral
resolution variations across the full FOV.

6.4.3 Line shape and spectral ghosts

We used the extended source observations to look for spghwats in the spectra and to
study the profile shape of the measured etalon lines. To atymeasure the average
line shapes across the wavelength range of each sub-barsthjftez all lines in a given
sub-spectrum using the Gaussian parameters, so that thelyaaé the same centroid
and baseline, in a similar way as we did§5.4.4 with VM data. We have previously
dubbed this method “superresolution”. For the FM data, thgelength range used to
perform the superresolution extraction equals about tifieeseparation between etalon
lines, centered on the common line centroid for each sulgkban

Fig. 6.18 shows the superresolution data for all sub-bails. do not detect any
unexpected spectral features along the spectra, apartifrmmost perfectly Gaussian
profile of the etalon lines. We have performed the same pugesibr several random
positions in the FOV with similar results. Any spectral ghassing in the gratings is
below the rms noise of the resulting superresolution etéfan which varies between
0.5% and 1.5% of the line peak. The plots of Fig. 6.18 also stiawthe line shape is
very symmetric for all sub-bands, only deviating slighttgrh a perfect Gaussian in the
wings, specially for the longer wavelength sub-bands.

6.4.4 Wavelength stability

We investigated the temporal wavelength stability of theSA®/ looking for variations
in time of either the etalon line centroids, or the Fabrye®P&inging pattern over periods
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Figure 6.17 The variations in resolving power in sub-bantigd), 1B (b) and 1C (c).
Lines of the same color indicate the same field, or positioth@nFOV, as indicated in
Fig. 6.2. Field 1 is in black, while Field 2 is in grey.

of time of several weeks. The science goals of MIRI requireraptoral wavelength
stability better than 2% of the size of the resolution eletndio verify if we are within
the requirements, we used the extended source etalon ergdbat we have obtained at
different epochs of the test campaign, as describ§6.i2.2, as well as fully illuminated
BB exposures, with the fringe pattern.

Time variations in wavelength

Fig. 6.19 shows the fierence in sub-band 1B etalon line positions for thedént
epochs, with respect to the reference epoch, May 19. Thé redicates that the overall
shift in the etalon line positions from epoch to epoch iséarhan the overall line-to-line
spread. The diierences are in general larger than the instrument require@¥% of the
resolution element. In fact, for June 21 and July 10 the sghitfi respect to the reference
positions reach about 8% of the resolution element size. Some additional facts bet
interpretation of this result.
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Figure 6.18 Spectral line shapes. The etalon lines in aquéati field position shifted to
have a common centroid. The grey line is a Gaussian fit to thdtheg data. Residuals
of the Gaussian fit are shown in the individual lower panetstar pixel size and FWHM
of the line are indicated.

Two thermal cycles of the instrument took place between tszovation epochs, on
May 19 and June 21. We can not rule out that the observed ahéthe result of changes

in the external conditions between these thermal cycléberdghan limitations on the
stability of the spectrometer optics. Between June 21 ahdlluthere were no power
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or thermal cycles of the instrument and at least one of theeiqpmsures taken on June
21 shows dferences in line positions that are within the required 2%hefresolution
element. According to our results, the most dramatic shifpasition within a single
thermal cycle is related to the reconfiguration of the grptitneel mechanism. This shift
is of about 5% of the resolution element as illustrated byligiet grey and dark grey
diamonds in Fig. 6.19.
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Figure 6.19 Shifts in the measured sub-band 1B line cergrwith respect to the centroids
on the reference epoch, May 19, in units of cube bins. Dark di@nonds are for June
21, light gray diamonds for the same date after reconfiguhagrating mechanism and
black diamonds are for July 10. The dashed line correspandsdiference with the
reference epoch of 2% of the resolution element, while thteddine corresponds to 5%
of the resolution element.

Variations with field position

Fig. 6.20 shows the variation of the shift in centroid pasit for sub-band 1B, as a
function of time and field position. The data points corregpto the mean value of the
shift across the entire wavelength range of sub-band 1Bhfee diterent field positions,
corresponding approximately to the center of the FOV anddiagonal corners. The
temporal variations in the position of the centroids is ficatly the same for all three
field positions. This suggests that the shift is uniform asrie entire field of view. The
change in position for the lines measured after reconfigaadf the grating wheel on
June 21 is of about 5% of the resolution element.

In particular, the shift in the etalon positions after thatgrg wheel mechanism is
reconfigured is approximately the same across the field of.viBuring the period of
time between the two exposures on June 21, temperaturé¢ions@f the etalons did not
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exceed 0.1 K, according to telemetry data. This is far toollssm&ause any noticeable
changes in the peak positions. As a reference, our thermd¢lnof the etalons indicate
the a change of temperature in 1 K would only produce a chai@®% of the resolution
elementin the line positions.
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Figure 6.20 Mean shift in the line centroid positions as acfiom of epoch and field
position. Data points correspond to the center of the FOslcfbdiamonds), the bottom
left corner (light grey diamonds) and upper right cornerkaaey diamonds).

Variations with grating wheel configuration

If the shift in line centroids is due to mechanical reprodility in the grating wheel,
we expect a random behavior in the line shifts from sub-barglib-band, rather than a
similar behavior for all sub-bands. The reason is that therlgituation would indicate
a variation on the conditions from epoch to epoch, rathem tha random mechanical
variations in position of the gratings after several requnations.

We have used data taken for all three grating wheel posifioickannel 1 to study
the sub-band to sub-band variations. Additionally, we hraeasured the positions of the
lines for the four epochs in sub-band 2A. For channel 3B, we liata available on May
19 and July 12. Fig. 6.21 shows the mean variations with gpeviay 19 for the sub-
bands for which we have data. The mean centroid positions measured at a particular
location in the field of view, namely the FOV center. Thereasenidence of a uniform or
monotone increase in the positiorffdrences with epoch. Instead, the behavior appears
random from sub-band to sub-band, which favors mechar@pabducibility as the reason
for the shifts.

We should expect shifts in the position of the spectra aasetiwith hardware dif-
ferences between the optics of the various gratings. Howvexewould not expect to
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measure a shift between two spectra obtained with the saatigyrafter a reconfigu-

ration has been performed. Unless, of course, these shiftduee to mechanical repro-
ducibility. Our measurements made on June 21 indicatefthrad)l measured sub-bands,
reconfiguration of the wheel introduced noticeable shifts,smallest one being for sub-
band 2A, close to 2% of the resolution element. Once agais pibints to mechanical

reproducibility as the source of the shifts.

The relative grating-to-grating tolerances of the asgtesil grating hardware when
all degrees of freedom are considered (translation aloagzthxis and rotation about
all three spatial axes) have error budgets that translédeshifts in position of spectral
features of about 2.5 detector pixels. As we have mentidhede errors are repeatable to
accuracies beyond what we can measure and thereforekilg that diferences between
the positions of the lines after the grating wheel mechanhiasbeen reconfigured are due
to errors in the wheel mechanism itself.

Fringe stability

So far we have studied stability relying only on the etalored. However, we can not
rule out that the shifts that we have measured are relatewbdity issues in the filters
or conditions of the telescope simulator itself, rathenttfee MRS opto-mechanics. The
Fabry-Perot fringe pattern formed due to multiple reflawiwithin the detector substrate
is independent of the MTS, and thus an ultimate diagnostievéivelength stability. We
have performed an analysis of the fringe stability to confifrine shifts measured in
the etalon line centroids are due to MIRI mechanical repsiitiaissues, or if they arise
already in the MTS.
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Figure 6.21 Mean shift in the line centroid positions as afiom of epoch and grating
wheel configuration. Data points correspond to the centeh@fQOV. The 2% of the
resolution element requirement is shown as the two dashesl.li
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6.5 Summary
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Figure 6.22 Distribution of relative shifts of the fittedrfge pattern at dierent epochs for
all MRS channels.

We have studied the stability of the MRS over multiple epagtiag fully iluminated
blackbody observations. The analysis was done for a rediarparticular detector slice
(or a small area of the FOV), for all channels. We extract tiregé spectra at several
epochs, and fit a model spectrum to each of them. We then detrelative spectral
shifts from these fits using the IDL routi@®RREL_OPTIMIZE, which finds the &ective
shifts (in pixels) between two arrays. Fig. 6.22 shows aithistion of the observed shifts
in resolution elements (assuming a FWHM of 1.9, 2.2, 3 angBé&ls for the respective
MRS channels, from Table 6.2). The data show that the pixtissdre in general less that
0.02 resolution elements), which implies compliance wiih instrument requirement.

These results implies that the shifts observed in the etalercentroids over dierent
epochs, which are of the order of 5% of the resolution elepaeige in the etalons them-
selves, and not in the MRS. If the shift was produced insidRMihen we would have
observed a similar shift in the fringe pattern.

6.5 Summary

We have performed the wavelength calibration of the Fligloidel Integral Field Spec-
trograph of the MIRI instrument, which will fly onboard tiames Webb Space Telescope
in 2018. We have described the data cube reconstruction fasndata, and used the
synthetic unresolved etalon lines and wave-pass filteraltorate the wavelength ranges
and resolving powers for all 4 instrument channels. We hhesva that the instrument
complies with the instrumental requirements in resolviog/er and wavelength stability
that are set by the MIRI science goals. Here is a summary afaim findings.

1. After ground data processing and application of the catiibn data, we have mea-
sured the wavelengths of the MRS spectra within 2% of the alizbe resolution
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element, using unresolved etalon lines that are measutbdighal to noise ratios
well above 100.

. The shortest wavelength registered by the MRS is grBland the maximum reg-

istered wavelength is 28.48n. Within a tolerance of about 3 resolution elements,
we are thus compliant of the instrumental requirement iggrwavelength cov-
erage. Absolute calibration of sub-band 4C was made baséiieafemax model
of the instrument.

. Band overlaps between sub-bands span a range of at lepstel€ This allows

for a smooth matching of thefiiérent sub-spectra to produce a final science result
with continuous coverage of the full wavelength range.

. The resolving power of the MRS between 5 ang:fi®is greater than 2400. From

15um to 28um, the resolving power is always larger than 1200. If we antéor
the intrinsic shapes of the etalon lines, we see an incredbke resolving power of
between 10% and 20% with respect to these values.

. The spectral resolution element of the MRS is sampled Hgeast two detector

pixels for the full range of the spectrometer, except for-bahd 1C, where the
resolution element is 1.9 pixels wide.

. Variations of the resolving power across an individua¥/Flice are are below the

level of uncertainty introduced by the error in the statistividth of the etalon lines
(about 1%), while changes of 5% Rare produced by moving the point source
from slice to slice.

. The MRS wavelengths are stable to a level below 2% the ditleeoresolution

elements, both over long periods of time { week) and after reconfiguring the
grating wheel mechanism.



