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Desired Capability from Science

e Ultra-high Sensitivity, large FoV UV + X-ray imaging spectroscopy

SCIENCE GOAL

How does the CGM regulate galaxy
growth?

OBSERVABLE

Comprehensive multiphase gas
maps around 50+ nearby
galaxies; gas
kinematics/turbulence; outflow
vs. inflow structure

How do galaxies connect to the
cosmic web?

Metal enrichment of CGM/IGM;
hot gas tracing cosmic web
filaments on degree scales

How do stars and black holes
shape their environments?

Energy partition b/w ISM,
superbubbles, and CGM,;
stellar/planetary-host
environment characterization for
HWO targets

DESIRED CAPABILITY

Surface-brightness
sensitivity

<100 photons s™ cm™ sr™" (UV)
<0.01 photons s™" cm™2 sr™’
(X-ray)

Field of view
>15"x 15’

Av =6 km s (UV)
Av <5 50 km s7' (X-ray)

Ardua ASTRA Submission =

RSITY




Desired Capability from Science

e Ultra-high Sensitivity, large FoV UV + X-ray imaging spectroscopy

Parameter

Sensitivity (Diffuse source)

Value [desired]

<100 LU [10 LU]
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Astronomer’s Wishlist

Note

counts/s/cm?/sr
Texp=10-100 hrs per res. element

Wavelength Coverage

100 — 200 nm [100-400 nm]

Not instantaneous coverage

Spectral Resolution (Diffuse source)

R=50,000 @103.2 nm

AV = 6 km/s

Target Angular Coverage

15’ x 15’

Not instantaneous field of view; could be
divided

Spatial Resolution

207-407 [47]

4" ~ 1 pc at Magellanic cloud




How do we achieve the sensitivity?

* Is it possible to reach 10 LU line sensitivity with single aperture/slit in FUV?

Grasp A«#Q (cm? arcmin?)

2 x 10 pix window, 10 um pixels | ]
5% system throughput | 1

@F/3,

Grasp = 1 cm? arcmin?

101!
Spectrograph camera F/#

107

How long does it take to collect 100 photons at 103.2 nm,
from 10 LU line?

A

THE UNIVERSITY
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How do we achieve the sensitivity? A

®
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* Is it possible to reach 10 LU line sensitivity with single aperture/slit in FUV?
-> Not really. Nearly impractical (unless dramatically sacrificing nominal spatial resolution)

2 x 10 pix window, 10 um pixels | ]
5% system throughput | 1

| N

Grasp = 1 cm? arcmin? How long does it take to collect 100 photons at 103.2 nm,
from 10 LU line?

- F/3, AQ « 2 x 10 pixels (10 um pixel): Grasp ~ 1 [cm? arcmin?]

-> 3.8 years
10 RN /

For mapping, spatial binning is not a desired options/knobs

Grasp A«#Q (cm? arcmin?)

109 10! 107

Grasp per resolution element is independent of telescope diameter
Spectrograph camera F/#

— with fixed physical extraction window size (~detector pixel size)



Feasibility Study: Deep-Dive Sensitivity Calculation

* How do we increase the grasp?
* Multi-Aperture
e Multi-Slit
* Wider-Slit (while sacrificing spectral res.) (effectively the same as multi-slit)




Feasibility Study: Deep-Dive Sensitivity Calculation

* How do we increase the grasp?
* Multi-Aperture
e Multi-Slit
* Wider-Slit (while sacrificing spectral res.) (effectively the same as multi-slit)

Signal
SNR = ——
Noise
UB detector
sNrz |1t U UB,uv
toxp = —— X +
UsNie Nyt Us

ts = SA.r¢AQ, Signal rate (cnt/s). S in LU [cnt/s/cm?/sr] or erg/s/cm?/arcsec?
Upyy = BA.rrAQ, Total background rate (cnt/s). B in CU [LU/A] or erg/s/cm?/arcsec?/A



Feasibility Study: Deep-Dive Sensitivity Calculation A

Exposure time (hr)

10%

10 LU line at 103.2 nm |7
Ngit = 20, 0.001 e/pix/hr | .
base grasp = 1 cm?arcmin?, S/N = 3 |1

103 e Target sensitivity: 10 LU @103.2 nm (O VI)
e TargetS/N (SNR) =3
102 * F/3 telescope & spectrograph
* Base grasp per resolution element from
2 pixel x 10 pixel sampling
101 * Angular size depends on M1 diameter
e 2.8” x14” with 36 cm diameter
* Dark current: 0.001 e-/pix/hr
100 Configuration N for 10 hr UV baCkgrOU nd: 10 CU & 100 CU
R = 50,000, 100 CU 173
e enon docu [ 1a8 e Multi slit (20 long slits)
1 - =2 R =2,500, 10 CU 11.7
10— 2 2 s 2 32 231 M M 3 3 322l M M MR R
100 10! 107 103
I\ltel

We can detect 10 LU line emission in reasonable time frame



Ardua UV Instrument Concept — Multi-Aperture, Multi-Slit CGM Mapping Machine ﬂ-—‘-

N telescopes & N spectrographs

Telescope Telescope Telescope

| - | —

Telescope

Spectrograph
Spectrograph
Spectrograph

Spectrograph I

Spacecraft Bus

NIVERSITY
OF ARIZONA.

e Concept Maturity Level 2-3
* Fast Telescope/Spectrograph -> High Etendue (Grasp)

* Multi-telescope on a single S/C bus

* Multiply Grasp (Grasp is a function of F/#, not dia.)
* Diameter: 30-50 cm



Ardua UV Instrument Concept — Multi-Aperture, Multi-Slit CGM Mapping Machine ﬂ-—‘-
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N telescopes & N spectrographs

Concept Maturity Level 2-3

Fast Telescope/Spectrograph -> High Etendue (Grasp)

Telescope Telescope Telescope Telescope

| - | —

Multi-telescope on a single S/C bus

* Multiply Grasp (Grasp is a function of F/#, not dia.)
* Diameter: 30-50 cm

Simple long slit spectrograph, but with
* High-spectral resolution (R>50k)
Wide FoV: >30 arcmin in length (4-40 arcsec in width)
Slit mask changing mechanism
e Multi-slit or single slit. (Multi-slit + Multi-Aper.: pseudo-IFS)
« Slit-width options: Sensitivity <-> spectral resolution
Grating changing mechanism
* Wide wavelength coverage (100 nm — 400 nm)
* Central wavelength selection (LOS velocity)

Spectrograph I

Spectrograph
Spectrograph
Spectrograph

Spacecraft Bus

10



Ardua UV Instrument Concept — Multi-Aperture, Multi-Slit CGM Mapping Machine ﬂ-—‘-
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N telescopes & N spectrographs

Concept Maturity Level 2-3

Fast Telescope/Spectrograph -> High Etendue (Grasp)

Telescope Telescope Telescope Telescope

| — | —

Multi-telescope on a single S/C bus

* Multiply Grasp (Grasp is a function of F/#, not dia.)
* Diameter: 30-50 cm

Simple long slit spectrograph, but with
* High-spectral resolution (R>50k)
Wide FoV: >30 arcmin in length (4-40 arcsec in width)
Slit mask changing mechanism
e Multi-slit or single slit. (Multi-slit + Multi-Aper.: pseudo-IFS)
« Slit-width options: Sensitivity <-> spectral resolution
Grating changing mechanism
* Wide wavelength coverage (100 nm — 400 nm)
* Central wavelength selection (LOS velocity)

Spectrograph |

Spectrograph
Spectrograph
Spectrograph

Spacecraft Bus

Astronomer (observer)’s Wishlist -> Instrument Scientist’s Wishlist



An Example Telescope+Spectrograph Design E‘L

OF ARIZONA.

Spot diagram on detector
08): 0.0000, 0.2740 (deg)

Optical Design Requirement Trace Matrix

=

IMA: -0.199, -3.374 mm

0B): 0.0000, 0.0000 (deg)

Requirement / driver Trace to Current design Verification method Status
Z Sensitivi tion:
Surface-brightness £2Mmax, Nenzsul\gty egu? |c;n §
R-01 | sensitivity F/7 Cassegrain Telescope design v S“tnw oLy, | CALCPASS o
107° erg s~ cm™2 arcsec™ L= 2 _SUtsit ~
g Ageoﬂsllt 4 (206265) (F/#)Z
R = 50,000 - . :
R-02 Av =6 km s~ < 30 km s~ R = 48,300~51,750 for 103-104 nm Zemax Optical design PARTIAL 1
IMA: O.000, -0.000 mm
Field of view FoV: 33'x 1.6" and slit size: 24.1mm * 20 um . .
R-03 | 515" x 15' (Multi aperture) | design for 103-104 nm (TBD) Zemax Optical design PARTIAL
DBJ: D.0000, -0.2740 (deg)
Broad FUV coverage with 103-104 nm for O VI, will have more coverage Zemax Optical design multi-config
R-04 o ) . . ; OPEN
controlled calibration with multi-aperture or Beam splitter approach uration

Wyant College
of Optical Sciences

A

SPIE Optics + Photonics 2026

Slide from Dr. Changgon Kim’s SPIE O+P 2026 Talk

IMA: 0,098, 3.384 mm 12



Comparison with Current / Planned State of Art A

THE UNIVERSITY
OF ARIZONA.

Mapping time vs. sensitivity at O VI 1032 A

FUV Spectral Resolutlon VS. Grasp (@103 2 nm) S/N = 3 per, sampllng element

~ 10° 5
< Al’dua R2.5K B pomtlngs for 15 x15
& Ardua Goal Capability © 108 —— HWO MOS x1 (9330) |
o Y— — = HWO MOS x4 (2335)
pust — — Ardua R50k (315)
N"U 104 { & — — Ardua R2.5k (16)
- g 6
L Ardua R50k @ o 10
—
< 103 { =
"5 3 HWO/MOS (4 shutters in spec. dir.) —
c X @ 4 4
L) e HWO/MOS (2 shutters in spec. dir.) Vo) 10 R
- — 1,000 hr
= 2 @ HWO/MOS s
» 10 E © Aspera (1 shutter in spec. dir.) 3 \)( " 100 hr
E 1 in10? - :
L [(\ggglgglfggggigtlon element) — //
g @ FIMS/SPEAR HWO/IFS @ Ardua (14.3) Q
> 101 @ HWO/MOS (0.05") ©
O e FUSE @ Aspera (607) -
L @ HWO/IFS (0.02") o 100 4
@ FIMS/SPEAR (3007)
= (grasp 0.039) @ HST/COS G130M (2.57) -~
q‘uloo M | M M PR T R B | M M PR TR T | g ALL L L b 4 Lasaa o o o a.f.... PR Laaa s o o o s o o
103 104 10° = 10° 104 103 102 10! 10°
FUV Spectral Resolution R (A/AA, Diffuse Source) Line surface brightness [LU = ph s~ cm~2 sr~1]
Ardua: Single telescope grasp x Ny HWO (3%): 1 MOS shutter base (0.12” x 0.24” element)

Ardua (8%): N1,=30, N¢;;=20 (2.9”x 14” element)
13



Roman is to HST, as Ardua is to HWO

HUBBLE SPACE TELESCOPE

WIDE FIELD CAMERA 3 (WFC3)

WFC3 UVIS
Two 2,048 x 4,096
pixel sensors

0.2 to 1.0 micron
wavelength range

WFC3 NIR
One 1,024 x 1,024
pixel sensor

Hubble's primary mirror is
made of fused silica glass
with a thin coating of
aluminum and magnesium
fluoride. It collects 100,000
times more light than

the human eye.

0.8 to 1.7 micron
wavelength range

PRIMARY MIRROR
79 feet (2.4 meters)

0.04 arcsec/pixel
Resolution

0.13 arcsec/pixel

Arcsecond (arcsec): Resolution

An angular measurement equal to 1/3600th of a degree
or 1/60th of an arcminute. This is about the apparent diameter
of a U.S. quarter viewed from a distance of 3 miles (4.8 kilometers).

ROMAN SPACE TELESCOPE

WIDE FIELD INSTRUMENT (WFI)

WFI
Eighteen 4,096 x 4,096
pixel-sensors

075 to 2.3 micron
wavelength range

The Nancy Grace Roman Space
Telescope's primary mirror is the
same size as Hubble's but only one-fourth
the weight, due to advancements in
technology. It will provide the same sharp
resolution in infrared while surveying

the cosmos hundreds of times faster.

PRIMARY MIRROR
79 feet (2.4 meters)

0.1 arcsec/pixel Image Credit:
Resolution NASA GSFC

A

THE UNIVERSITY
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Hubble Space Telescope Roman Space Telescope

WFC3 UVIS: 162” x 162” ; ;
FoV WEC3 NIR: 130” x 130" WFI: 2700” x 1380
WFC3 UVIS:
F/#, N ~F/32, Two 2k x 4k, 15 um WEFI:
detector WFC3 NIR: ~F/7.9, Eighteen 4k x 4k, 10 um
~F/11, One 1k x 1k, 18 um
Other ACS, COS, STIS Coronagraph
Instr.

Habitable World Observatory

(EAC 4/5)

UV MOS as long slit:

Ardua (UV)

FoV (0.12”7-2.4")x 180" (4” - 40”) x 1500”
UV IFS: 3” x 3”
F/#,N UV MOS: F/19 F/3-F/6
detector UV IFS: ~F/95 (?) Multi-Aperture, Multi-Slit
Other 5 others
Instr.




Roman is to HST, as Ardua is to HWO

HUBBLE SPACE TELESCOPE

WIDE FIELD CAMERA 3 (WFC3)

WFC3 UVIS
Two 2,048 x 4,096
pixel sensors

0.2 to 1.0 micron
wavelength range

WFC3 NIR
One 1,024 x 1,024
pixel sensor

Hubble's primary mirror is
made of fused silica glass
with a thin coating of
aluminum and magnesium
fluoride. It collects 100,000
times more light than

the human eye.

0.8 to 1.7 micron
wavelength range

PRIMARY MIRROR
79 feet (2.4 meters)

0.04 arcsec/pixel
Resolution

0.13 arcsec/pixel

Arcsecond (arcsec): Resolution

An angular measurement equal to 1/3600th of a degree
or 1/60th of an arcminute. This is about the apparent diameter
of a U.S. quarter viewed from a distance of 3 miles (4.8 kilometers).

ROMAN SPACE TELESCOPE

WIDE FIELD INSTRUMENT (WFI)

WFI
Eighteen 4,096 x 4,096
pixel-sensors

075 to 2.3 micron
wavelength range

The Nancy Grace Roman Space
Telescope's primary mirror is the
same size as Hubble's but only one-fourth
the weight, due to advancements in
technology. It will provide the same sharp
resolution in infrared while surveying

the cosmos hundreds of times faster.

PRIMARY MIRROR
79 feet (2.4 meters)

0.1 arcsec/pixel Image Credit:
Resolution NASA GSFC

A

THE UNIVERSITY
OF ARIZONA.

Hubble Space Telescope Roman Space Telescope

Slow F/#

Small Field of View

Multi-purpose,
Multi instr./configs

Fast F/#

Wide Field of View,
Multi-detector

Survey focus,
Two instruments

Habitable World Observatory

(EAC 4/5)

Slow F/#

Small Field of View

Multi-purpose,
Multi instruments

Ardua (UV)

Fast F/#

Wide Field of View,
Multi aperture/detector

CGM Survey focus
(and more)




Key Technologies A
TRL
Technology (within 2 yrs] Status / note
XeLiF coating 3-4 [6] HWO dev., path, INFUSE sounding rocket
UV Coating
eLiF coating 6-7 [9] SISTINE, SPRITE & Aspera

16




Key Technologies A
TRL
Technology (within 2 yrs] Status / note
XeLiF coating 3-4 [6] HWO dev., path, INFUSE sounding rocket
UV Coating
eLiF coating 6-7 [9] SISTINE, SPRITE & Aspera
: Sub e- noise shown, readout speed in dev.
Detector Skipper CCD 4-> 16l [Flight-level characterization needed]
Micro Channel Plate 9 Flight-proven, multiple UV missions
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Key Technologies A
TRL
Technology (within 2 yrs] Status / note
XeLiF coating 3-4 [6] HWO dev., path, INFUSE sounding rocket
UV Coating
eLiF coating 6-7 [9] SISTINE, SPRITE & Aspera
: Sub e- noise shown, readout speed in dev.
Detector Skipper CCD 4-> 16l [Flight-level characterization needed]
Micro Channel Plate 9 Flight-proven, multiple UV missions
Sounding rocket missions
. E-beam Lithography 4-6 > 6,000 line/mm possible, low scatter.
Grating [High ruling density needed for compact spectrograph]
Holographically Ruled 9 Flight-proven, challenge to achieve > 6,000 line/mm
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Key Technologies A
TRL
Technology (within 2 yrs] Status / note
XeLiF coating 3-4 [6] HWO dev., path, INFUSE sounding rocket
UV Coating
eLiF coating 6-7 [9] SISTINE, SPRITE & Aspera
: Sub e- noise shown, readout speed in dev.
Detector Skipper CCD 4-> 16l [Flight-level characterization needed]
Micro Channel Plate 9 Flight-proven, multiple UV missions
Sounding rocket missions
. E-beam Lithography 4-6 > 6,000 line/mm possible, low scatter.
Grating [High ruling density needed for compact spectrograph]
Holographically Ruled 9 Flight-proven, challenge to achieve > 6,000 line/mm
UV Background, Limited knowledge, galactic !atltude depe'ndent (UV
Interplanetary Airelow N/A Background), order of magnitude uncertainty.
Knowledge P y Allg [Actual measurement needed]
Straylight Control N/A [Grating scatter characterization needed]

19




Summary E\.&

UV CGM line emission is extremely faint.
UV CGM emission at ~10 LU requires a fundamentally high-grasp observing architecture.

Ardua can cover large angular area with 10 LU sensitivity in reasonable time frame in UV.
» A fast, replicated multi-aperture/multi-slit spectrograph, while preserving useful spatial and spectral resolution.

Multi-Aperture is required, low detector/systematic noise is also required.

Key technologies are already coming along, technology needed.
» Skipper CCD, E-beam grating, UV background needs further investments.
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