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Abstract

Emission lines from soft x-ray to far ultraviolet wavelengths (XUV, ∼ 1 − 200 nm) allow
us to observe the solar transition region and corona continuously from space. Images reveal an
atmosphere that is magnetically dominated and highly dynamic. The composition, temperature,
density, and velocity distribution of the plasma may be inferred from spectra. However, marrying
imaging with spectroscopy is inherently challenging, yet more so at XUV wavelengths. XUV
imaging spectrsoscopy has mostly been carried out with stigmatic slit spectrographs, which can
build up a 2D field of view only gradually, by rastering. I will survey a radical new approach,
computed tomography imaging spectroscopy (CTIS), which marries a slitless spectrograph with
computational inversion techniques to obtain a spectrum in every pixel of a 2D image. A variety of
XUV CTIS instruments have been proposed for solar physics, and several have flown on sounding
rockets, yielding observatons of the solar atmosphere in unprecedented spatial-spectral detail. I will
conclude with a framework for thinking through the challenges of CTIS, tailoring the instrument
configuration and analysis techniques to the science objectives.
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Outline

1. XUV observation of the solar TR & Corona
2. Imaging spectroscopy with a slit
3. Imaging spectroscopy without a slit
4. Computed Tomography Imaging

Spectrometry (CTIS)
5. Example: MOSES
6. Example: ESIS
7. Example: COSIE
8. Summary
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Observing in XUV
2023-02-20, 4:35 PMGas Transmission
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Gas Transmission

XUV

Strongly absorbed in air, even at

mechanical vacuum. [1]

No. 2, 2000 ACTIVE REGION SPECTRUM FROM SERTS-97 1021

initial spectrum, leaving only an emission-line spectrum
(with noise) on a zero base level. It should be pointed out
that the spectral background is not known a priori and that
the selection of lines to remove in order to determine the
background is, to some extent, subjective. Not every bump
and wiggle in a spectrum is necessarily a line ; some may be
noise.

3. ACTIVE REGION SPECTRUM

Figure 2 shows the SERTS-97 absolutely calibrated,
background corrected, average active region spectrum of
AR 8108. Emission lines in this spectrum were Ðtted with
Gaussian proÐles using the SolarSoft line Ðtting procedures
XCFIT and CFIT–BLOCK. These yield the centroid wave-

FIG. 2.ÈFrames aÈf all show portions of the SERTS-97 background-corrected average active region spectrum. Lines that appear o†-scale are not
saturated ; the vertical scale was chosen to enhance the visibility of weak lines. The uncertainty in the background is plotted as a dotted line above and below
the zero base level. The tick marks indicate emission lines, listed in Table 1, whose proÐles have been Ðt with Gaussians.

EUV emission line spectrum of an active

region (Brosius, Thomas & Davila 2000 [2])
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EUV imaging. Multilayer coatings cannot isolate lines, but 171 Å is dominated by

Fe IX and 211 Å by FeXIV. See, e.g., O’Dwyer et al. 2010 [3].
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To do physics, we need spectroscopy!
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Slit Spectrograph
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Slit Spectrograph
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Slit Spectrograph
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Case Study: IRIS

The IRIS slit-jaw imager provides spatial

context surrounding stigmatic slit specra.

Brannon, Longcope & Qiu 2015 [4] observed

the spatio-temporal undulation of a flare

ribbon. The doppler shift of the ribbon (not

shown) oscillated in phase with the sky plane

motions.

In sit-and-stare mode, velocities could be

measured at only one point along the ribbon.

Rastering would have missed the discovery

altogether.

must be corrected for every SG exposure. To do this, we use
the SSWIDL routine iris_orbitvar_corr_l2, which fits
the Ni I 2799.474 Å line to determine the appropriate
wavelength shifts for the FUV bandpass (De Pontieu et al.
2014). Even after applying this correction, however, we find
that the peak of the O I 1355.598 Å line is systematically
redshifted during the observation by ∼0.01 Å, even though as a
photospheric line it should generally be stationary. We
therefore subtract this additional shift from the FUV wave-
length axis to make the O I line stationary, and we subsequently
reference all other lines to their CHIANTI database line centers
(Tian et al. 2014).

3. RESULTS

3.1. Ribbon Evolution

The flare ribbon appears as an intense band in the northern
portion of the IRIS SJI beginning around 12:46:34 UT. The
overall orientation of the WR is from SE to NW, and in the
vicinity of the SG slit the ribbon is running very nearly due E–
W, across and perpendicular to the slit. As the WR evolves, it
slowly drifts S, generally maintaining its perpendicular
orientation to the slit. This motion is away from the PIL, in
agreement with the classic picture of ribbon spreading (Kopp &
Pneuman 1976). Figure 5 shows a series of 16 images from the
SJI 1400 Å passband, taken from the black inset box near the
top of Figure 4, at ∼1 minuteintervals starting at 12:46:34 UT

(the same time as Figure 4) and continuing to 13:00:41 UT. The
color scale is RLBW. The inset frame has been chosen to cover
the area of the SJI where the northern branch of the WR crosses
the SG slit. The reader should note that the time axis for these 16
frames runs from lefttoright in the top row, then righttoleft in
the second row, and so on rowtorow as indicated by the
arrows, to form a movie of the ribbon evolution. The SG slit can
be seen as a pale line running down the middle of each frame,
with the upper fiducial just visible at the bottom of each frame.
Intermittent saturated pixels appear to the left of the slit in some
frames (for example, 12:52:14 UT).
In addition to the large-scale evolution of the ribbon shown

in Figure 5, we also note a distinct substructure that evolves on
a smaller scale and at a faster rate than the overall ribbon
motion. This substructure appears in most frames as a jagged
sawtooth pattern that cuts across the slit, with multiple patches
of bright emission oriented diagonally to the slit that break up
the ribbon. A very similar structure was observed by Li &
Zhang (2015) and called “slipping reconnection” by them.
Since this term also refers to a model (Aulanier et al. 2006),
which may or may not be pertinent to the observation, we use
the term “sawtooth” here instead. Times at which this pattern
appears most prominent include 12:50:49 UT, 12:52:14 UT,
and 12:55:32 UT. An inspection of this sawtooth pattern from
frametoframe reveals that the diagonal features appear to slide
across the slit from east to west as the ribbon drifts south over
time. Our best estimate of its pattern speed is v 15st » km s−1,

Figure 4. Image of the flare ribbons from the IRIS 1400 Å SJI, in RLBW, corresponding to the black inset boxes for Figures 1–3. The east and west ribbons are
indicated by “ER” and “WR,” respectively. The vertical black dashed line is the IRIS SG slit, and the black inset box outlines where the WR crosses the slit and the
positioning of the frames for Figure 5. The black “I”-shaped line is an artificial slit, discussed in Section 3.5.
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Additionally, they are typically strong lines that dominate their
respective spectral regions and therefore are easily distin-
guished from the lines of other ion species. In Figure 7 we have
plotted the exposure-normalized data for the two lines for
several representative positions and times in and around the
sawtooth pattern: 1394 Å as asterisks and 1403 Å as squares.
The x-axes are in units of km s−1, with v = 0 referring to the
rest wavelength defined as described above, where redshifts
and blueshifts are defined as positive and negative velocities,
respectively. The y-axis is arbitrarily scaled for each pixel, and
the time appears to the left of each plot. At the upper right is the
outline of the sawtooth from Figure 6, with plus signs arranged
in five rows “A”–“E,”corresponding to a row of spectral plots,
which indicate the position and time of each spectral plot.
Finally, note that the 1394 Å data have all been scaled by a
factor of 0.5, so that the two spectral lines will appear on the
same scale (and see the final paragraph of this section for more
detail on this choice).

The positions and times (henceforth “pixels”) chosen for
Figure 7 have been chosen to illustrate several general features
of the Si IV spectral lines in this event. First, the majority of the
pixels within the sawtooth appear to contain two Gaussian
components, as first noted by Cheng et al. (2015) in the early
ribbon development. The two components are present for both
the 1394 Å and 1403 Å lines, clearly demonstrating that both

components are from Si IV and not from an accidental blend
with another spectral line. A fraction of pixels late in the
sawtooth contain one or more additional components; however,
these occur only in a minority of cases and typically have small
amplitude compared to the two dominant components. The lack
of additional components, or of significant non-Gaussian tails
in the spectral lines, suggests that the IRIS SG is not observing
many separate loop footpoints within a single pixel, but rather
only one or two distinct footpoints. We also observe that each
component appears to persist and to evolve within its row. Both
components are Doppler-shifted, with one component consis-
tently redshifted and the other switching between redshift and
blueshift, and both the Doppler shift and the velocity separation
between the components evolvewith time. Finally, we note
that neither component consistently dominates, and for some
pixels they have comparable magnitude.
Within the sawtooth, there are numerous cases where at least

oneand sometimes bothof the Si IV lines saturate the IRIS SG
pixels. This is true for ∼17% of pixels for 1394 Å and ∼5% of
pixels for 1403Åand makes accurately fitting a two-component
Gaussian problematic. Except for saturation, however, most
positions display behavior similar to that discussed above,
although we discuss some additional discrepancies below. We
therefore assume that a two-component Gaussian will be
appropriate for the majority of the pixels within the sawtooth.

Figure 6. Upper panel: time–distance stack plot of the total Si IV 1403 Å SG passband intensity, in RLBW. Time is given on the x-axis in UT, and the y-axis is solar-Y
in arcseconds. Intensity scale is given to the right. Lower panel: reprint of the upper panel with a red outline indicating the position of the sawtooth pattern described in
Section 3.1. Time is given on the x-axis in s (after 12:33:38 UT), and the y-axis is unchanged. The blue line indicates the sawtooth centroid position, and the orange
line is a linear fit to the blue line. The numbers 1–6 indicate six peaks in the sawtooth oscillation.
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Removing the Slit

• Skylab S082A (above) [5,6]

• Vis CTIS, Descour & Dereniak 1995 [7]

• Res-K (EUV), Zhitnik et al. 1998 [11]

• Magnetography, DeForest et al. 2004 [10]

• EIS slot, Harra et al. 2017 [8], 2020 [9]

10



CTIS (Computed Tomography Imaging Spectrometer)

CTIS is a slitless imaging spectrograph that forms multiple 2D
projections through (x, y, λ), combined with automated inversion to
transform the projections into a higher dimensional data product [7].

The XUV emission spectrum of the solar TR and corona is a promising
domain for CTIS:

• The (x, y, λ) cube is sparse in λ (zeroes between emission lines).
• Solar images are highly structured—which facilitates triangulation.

11



CTIS for the Solar TR and Corona

Solar XUV CTIS Instruments

Instrument PI/IS Status Ref Comments
MOSES Kankelborg Flew ’06, ’15 [12] EUV velocities
ESIS Kankelborg Flew ’19 [19] EUV velocities
MaGIXS Winebarger Flew ’21 [16] Soft X-ray
MOXSI Caspi Funded [17] Soft X-ray
COSIE Golub Under study [20] EUV (V)DEM
COOL-AID Golub/Samra Funded [6] EUV (V)DEM
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MOSES: Multi-Order Solar EUV Spectrograph (304 Å)

A

A

B

B

A

B

m = +1

grating
multilayer
Concave

detectors
Imaging

m = −1

m = 0

The concept behind the MOSES sounding rocket instrument.

Fox, Kankelborg & Thomas 2010 [12]
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MOSES: Image Differences & Fitting

He II explosive event. Fox, Kankelborg & Thomas 2010 [12].
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MART: Multiplicative Algebraic Reconstruction Technique

Multiply Guess by Correctionsγ

λ

y x

Guess

Project through Guess to simulate Data

Divide Data by Projection

Extrude to form Correction

Iterate, adjusting γm, so χ2
m → 1
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MOSES: What have we learned so far?

• Science

– Two-phase explosive event [12]

– Tens of bimodal explosive events -

Rust & Kankelborg (2019) [14]

– MOSES-II, Ne VII downflow

• Undispersed (m = 0) channel

improves spatial resolution.

• Passband defined by multilayers,

but...

• Off-band lines from beyond FOV -

Parker & Kankelborg 2022 [18]

Analysis methods:

• Image differences - Fox et al. (2010)

[12]

• Hand-fitting blobs [12]

• Pixons - Fox, Kankelborg & Metcalf

(2003) [13]

• MART - Fox, Rust

• Doppler shift via correlation tracking

- Courrier [15]

• Convolutional Neural Networks (in

progress) - Smart
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ESIS: EUV Snapshot Imaging Spectrograph (630 Å)

dispersion (radially outward)

diffraction gratings

(concave, SVLS)
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• Pseudo-Gregorian layout, with

field stop.

• Rely on grating dispersion + field

stop to limit passband.

• One grating per channel. VLS

gratings minimize aberration.

• No undispersed image.

• 4 dispersion planes at 45◦ intervals

maximize spatial resolution and

minimize spectral confusion.

• MART inversion with iterative

contrast enhancement suppresses

“plaid” artifacts.
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ESIS: EUV Snapshot Imaging Spectrograph (630 Å)
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ESIS: Explosive Event in OV
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MART inversion of bimodal event, with a blue-shifted jet in the SE (green) and a

weaker, central red-shifted jet peaking ∼ 50 s later (blue).
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COSIE: COronal Spectroscopic Imager in the EUV
• Many lines, prioritizing intensity over velocity

resolution.

• EW direction has 3× resolution of NS

(dispersion) direction.

• One dispersed channel (right), one

undispersed.

• Inversion: LASSOLARS solves for DEM at

every (x, y). This enforces consistency in the

recovered line intensities.

• Regularization: Minimize total EM (I suspect

this suppresses “plaid”).

• Constrains density & perhaps velocity

(VDEM).

• COOL-AID (COSIE×2) on Hi-C Flare, 2024!

COSIE is a proposed MOO to

study CME acceleration –

Winebarger 2019. [20]
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Summary: CTIS for the TR and Corona

A growing body of work demonstrates XUV imaging and spectroscopy across a

wide field in a single exposure. There are many trade-offs, in instrument design

and in data analysis.

Instrument configuration options:

• Few lines, high dispersion (profiles).

• Many lines, low dispersion (ratios).

• More projections =⇒ more

information.

• Vary dispersion angle (spatial

resolution; spectral disambiguation).

• Undispersed image (‘zero order’).

• Field stop.

Promising inversion strategies:

• Quicklook: image differences.

• Fast doppler maps via LCT.

• MART → I(x, y, λ); “Plaid” artifacts,

endemic to few-angle tomography, can be

suppressed.

• CNN show promise for complex line

profiles (so far on training data).

• LASSOLARS → (V)DEM.
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MOSES: Anomalous Spectral Content
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MOSES: Anomalous Spectral Content
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