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ABSTRACT. We present extreme ultraviolet (EUV) transmission measurements of two thin-film
filters designed to obtain improved images of plasmaspheric Heþ, and the first global
images of Oþ∕Oþþ in the dense oxygen torus. Compared to previous Heþ 30.4 nm
imaging that used an Al filter, we show that a combined Al+C filter achieves superior
rejection of 58.4 nm background from neutral helium (He I). We show that an indium
filter provides both the required transmission at 83.4 nm and adequate rejection of
brighter He I (58.4 nm) and H I (121.6 nm) background emissions. We find that the
In transmission at 58.4 nm is a factor of ∼16 lower than predicted based on optical
constants that rely on interpolations at λ < 68 nm. We show that the observed lower
58.4 nm transmission is consistent with alternative optical constants derived from
previous lab measurements.
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1 Introduction
The extreme ultraviolet (EUV) spectral regime (10 to 121 nm) is well-suited for remote obser-
vations of the Earth’s plasmasphere—the population of cold, dense plasma that extends several
Earth radii (RE) from the planet. Important plasmaspheric ion species including helium (Heþ)
and oxygen (Oþ and Oþþ) have bright emission lines in this wavelength range.1,2 The EUV
imager on NASA’s IMAGE mission first obtained routine global images of 30.4 nm light res-
onantly scattered by plasmaspheric Heþ ions, allowing the density and distribution of the plasma
to be monitored at 10-min time resolution.3 The IMAGE EUV imager’s three-camera design was
updated to a single camera with a wider field of view (FOV); this augmented design is referred to
as D13.4 The D13 camera design implemented small modifications to IMAGE EUV to improve
the FOV, resolution, and sensitivity to achieve 1-min resolution, which could help answer a num-
ber of outstanding science questions such as how the plasmasphere is eroded and redistributed
during geomagnetic disturbances.2 One of the D13 design modifications is the addition of a thin
carbon layer to the aluminum filter at the IMAGE EUV entrance filter, leading to a predicted
factor-of-five reduction in transmittance of the neutral helium emission at 58.4 nm—reducing
a significant background signal for 30.4 nm images. The technique of adding C layers to Al to
attenuate longer-wavelength light was used previously for the filters on the EUVE mission.5
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The D13 camera design was further optimized/reconfigured to image 83.4 nm light; this
updated design is referred to as G18.6 The G18 camera uses the identical optical design as
D13, but selects alternate filter and mirror coating materials in order to image 83.4 nm emissions
fromOþ andOþþ within the dense oxygen torus. The dense torus is a region of enhanced oxygen
ion densities in the outer plasmasphere that has been detected by in situ instruments during or
after storms, but has not yet been imaged.7–10 A wide-field imager capable of detecting light at
83.4 nm would achieve the first global view of the oxygen torus, addressing basic questions
about its distribution and formation.6

One of the key challenges of 83.4 nm imaging is that few filter materials transmit well at that
wavelength. One identified option for dense torus imaging is indium,6 owing to its relatively high
transmittance at 83.4 nm and good rejection of Lyman alpha at 121.6 nm. However, previous
transmission measurements of thin film indium filters have found large variance among measure-
ments of the absolute transmission around 75 to 90 nm, although the shape of the transmission
versus wavelength curve is generally consistent with the predictions.11–13 The exception to this
shape concordance is an apparent discrepancy between the previously measured transmission at
58.4 nm and the modeled transmission curve based on optical constants obtained via synthesis of
experimental data and theoretical photoabsorption calculations.14 That is, the measured relative
transmission of 58.4 nm (compared to that at 83.4 nm) is lower than predicted.13,15 If this apparent
transmission minimum at 58.4 nm is real, it further increases the attractiveness of indium as a filter
material for imaging of the 83.4 nm Oþ∕Oþþ plasmasphere emissions, since bright helium emis-
sions at 58.4 nm are expected to contribute significantly to the background in such images.

In this paper, we present new transmission measurements of thin film Al/C and In filters,
demonstrating that they meet the requirements of both transmission of on-band photons, and
filtering of off-band photons, for imaging plasmaspheric Heþ and Oþ∕Oþþ, respectively.

2 Filter Performance Requirements
When assessing the performance of the thin film filters, we assume they are used in the D134 or
G186 optimized version of the IMAGE EUV optical design (Fig. 1). Light falling within the
40 deg FOV passes through an annular filter onto the spherical primary mirror, and is reflected
toward a spherically slumped microchannel plate (MCP) detector. We assume that the imager
targeting 30.4 nm (hereinafter EUV-He) uses the D13 periodic Mg/SiC multilayer mirror coat-
ing,4 and the 83.4 nm imager (EUV-O) uses the G18 aperiodic Al-Mg/SiC multilayer coating.6

MCP detectors are often coated with a photocathode material to increase the quantum efficiency
in the targeted spectral region. For example, the MCP detector for Juno UVS (cf. Sec. 3) is
optimized for the far ultraviolet through the use of a CsI photocathode.16 In contrast, IMAGE
EUV used a bare MCP detector for reduced Lyman alpha sensitivity with good EUV response
near 30.4 nm.3 For our EUV filter design, we assume both EUV-He and EUV-O use bare MCPs,
as baselined for the G18 imager.6

To determine the required thicknesses of the filters to be tested, we considered the instrument
sensitivity, Sλ, defined as the expected count rate per resolution element for a source emitting at
wavelength λ with intensity 1 R (where 1R ¼ 106∕4π photons cm−2 s−1 sr−1). The EUV sensi-
tivity is estimated to be3
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Fig. 1 D13 and G18 optical design. D13/G18 are improved/updated versions of IMAGE EUV; see
text. (a) Cutaway view. (b) Ray trace diagram. EUV light within �20 deg of the optical axis transits
the annular filter and is focused by the spherical mirror onto a spherically slumped MCP detector.
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EQ-TARGET;temp:intralink-;e001;117;512Sλ ¼ Aωελτλρλ106∕4π; (1)

where A is the open aperture area, ω is the angular size of a resolution element, ελ is the detector
quantum efficiency, τλ is the filter transmission, and ρλ is the mirror reflectance. For A and ω we
use the D13 values of 30 cm2 and ð0.45 degÞ2, respectively.4 We use ελ values for bare boro-
silicate MCP detectors17 and mirror reflectivity (ρλ) data from D134 and G186 for EUV-He and
EUV-O, respectively. We calculate the predicted transmission (τλ) of Al/C and In filters from
their UV optical constants,14 adjusting the filter thicknesses to optimize the transmission at the
target wavelength (30.4 or 83.4 nm), while achieving the required rejection of the background
58.4 and 121.6 nm emissions.

The background rejection factors (defined as Sλ ÷ S30.4) required for the EUV-He 30.4 nm
imager are ð4 × 10−3; 7 × 10−6Þ for (58.4, 121.6) nm. For this study, we chose to test an EUV-He
filter consisting of a 244 nm Al film combined with a 29 nm thin film of carbon, which is
expected to achieve these requirements with considerable margin (see Table 1).

Plasmaspheric oxygen imaging requires background rejection factors (defined as Sλ ÷ S83.4)
better than ð10−3; 10−6Þ for (58.4, 121.6) nm, which may be achieved using an indium filter with
thickness in the range 270 to 330 nm.6 The expected performance of a 303.2 nm indium filter is
shown in Table 1. This initial estimate of optimal filter thickness (OFT) of 303.2 nm is chosen
based on theoretically-predicted indium transmission; later in Sec. 5.1, we use filter transmission
measurements to refine the OFT estimate. The EUV-O mirror coating has a high reflectivity (0.6)
at 121.6 nm, making the filter performance particularly critical at this wavelength. To minimize
the effects of any pinholes due to micrometeoroids hitting the filter in flight, we suggest the use of
two half-thickness filters rather than a single filter. The probability of dust impact damage leading
to significant 121.6 nm light leaks is thereby reduced since particles must impact with the correct
velocity to penetrate both filters (faster particles vaporize on the front filter18) and at a small
enough angle that on-axis light encounters both pinholes. The two-layer filter as a pinhole mit-
igation technique was implemented for the Multi-Spectral Solar Telescope Array.19 For EUV-O,
we therefore chose to test half-thickness (303.2 nm ÷ 2) indium filters, i.e., 151.6 nm (�5%).

3 Filter Transmission Measurements
We measured the EUV transmission of Luxel Al/C and In thin film filters with thicknesses of (a)
244 nm ðAlÞ þ 29 nm ðCÞ for EUV-He, and (b) 152 nm (In) for EUV-O. The thickness tolerance
(as quoted by Luxel) on each material was �5% and each filter was supported by a 70 line-
per-inch nickel mesh, providing an open area fraction of 82%. Note that for the Al/C filter,
a single C layer was added to the Al, rather than a C/Al/C configuration. (See discussion of
oxide layer, Sec. 4.1.)

Table 1 Estimated sensitivity of EUV-He (30.4 nm) and EUV-O (83.4 nm) imagers, using theo-
retical transmissions.

Imager Filter

Wave-
length λ
(nm)

Detect- or
efficiency ελ

Theoretical
Filter trans-
missiona τλ

Mirror
reflect-
ivityb ρλ

Sensitivity
Sλ

ðRspixÞ−1

Model-expected
background
(BG) rejection
Sλ ÷ Starget

Required
BG

rejection

EUV-He Al ð244 nmÞ þ
C ð29 nmÞ

58.4 0.12 0.0036 0.01 7.0 × 10−4 5.3 × 10−4 4 × 10−3

30.4 0.2 0.14 0.32 1.34 — —

121.6 0.01 1.0 × 10−13 0.05 7.7 × 10−15 5.8 × 10−15 7 × 10−6

EUV-O In (303 nm) 58.4 0.12 1.3 × 10−3 0.004 7.7 × 10−5 2.0 × 10−4 1 × 10−3

83.4 0.085 0.12 0.32 0.38 — —

121.6 0.01 7.8 × 10−8 0.60 1.2 × 10−7 3.2 × 10−7 1 × 10−6

aFilter transmission values: from UV optical constants.14
bMirror reflectivity values: from D134 for EUV-He and G186 for EUV-O.
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All measurements were performed in the Ultraviolet Radiometric Calibration Facility (UV-
RCF)20 at the Southwest Research Institute (SwRI) in San Antonio, TX. The SwRI UV-RCF
(Fig. 2) consists of a 0.75-m diameter, 2-m long vacuum chamber connected to an evacuated
beam line. A collimated monochromatic beam of light is provided by a 10-cm diameter off-axis
parabolic collimator mirror fed by a differentially-pumped hollow-cathode UV light source and
a UV vacuum monochromator (Acton Research Corporation VM-502).21 The beam flux is
monitored with a windowless NIST (National Institute of Standards and Technology) calibrated
photodiode (International Radiation Detectors, model AXUV-100G), mounted on a motorized
arm to allow movement in and out of the beam as required. Four different gases are available
for use in the lamp: argon (Ar), neon (Ne), carbon dioxide (CO2), and a 95% heliumþ5% hydro-
gen mix (H2∕He).

For each test, the filter being measured was mounted in the UV-RCF vacuum chamber facing
the beam. A flight spare Juno UVS MCP detector16 was placed behind the filter to detect photons
passing through the filter, and Al foil was fitted around the filter mount to reduce scattered light.
Exposure times are given in Table 2. In principle, the filter transmission can be determined by
comparing the photon flux observed by the Juno UVS detector to the flux measured by the beam
monitoring NIST-calibrated photodiode. However, this approach requires reliable knowledge of
the EUV quantum efficiencies (QEs) of both the MCP detector and the photodiode. Furthermore,
input beam levels that provide sufficient signal-to-noise on the photodiode will saturate the MCP
detector readout, making cross-calibration without a transfer standard difficult. The Juno UVS
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Fig. 2 The SwRI UV-RCF test facility.

Table 2 Exposure times for measurements with Al/C (EUV-He)
and In (EUV-O) filters.

Exposure times

Emission line wavelength (nm) Al/C filter (s) In filter (s)

30.4 300 —

46.1 60 150

58.4 300 300

74.0 300 300

83.0 300 —

83.4 — 300

93.0 — 300

105.0 — 300

121.6 60 60
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MCP has only been calibrated for λ > 115 nm. Rather than attempting to extrapolate the detector
QE curve to our wavelength range, we made a pinhole in each filter that would allow us to
compare directly the filtered and unfiltered regions of the images obtained by the detector.
Since the QE is expected to remain approximately constant versus detector position for any given
wavelength, the estimated filter transmission is simply the ratio of the filtered and unfiltered
count rates per unit area. An example image obtained through the Al/C filter at 30.4 nm is shown
in Fig. 3, with regions used to measure filtered, unfiltered, and background count rates indicated
by the colored rectangles. We used the pinhole method rather than a simpler “filter in, filter out”
approach (i.e., moving the filter in and out of the beam via a motorized stage) for two reasons.
(1) We were concerned that exposing large regions of the detector to some of the brighter
unfiltered emissions (e.g., Lyman-α) could produce excessively high global count rates, which
(b) could cause gain sag and dropped counts that degrade the reliability of the comparison with
filtered images, and (a) might potentially damage the MCPs. (2) Installation of a vacuum-com-
patible motion stage was not practical within this project’s modest budget and schedule.

The monochromator physically prevents undesired diffraction orders from reaching the col-
limator, unless there happens to be an order corresponding to an integer divisor of the selected
wavelength. We chose not to add an additional bandpass filter to the system, because the uncer-
tainty of that added filter’s transmission would add significantly to that of our measurement, and
the added filter would also reduce throughput. We are confident that no second-order emissions
affect our hydrogen/helium and CO2 measurements because published EUV spectra show no
lines that could contribute in the second order.22,23 We measured the second-order Lyman-α and
found the flux was reduced by a factor of about 12. Any higher orders would be reduced by even
larger factors, and we would expect negligible impact on the measured fluxes. For Ne and Ar,
we are less confident about possible higher-order contamination since fewer published spectra
are available. Spectra for Ar∕H2 and Ne∕H2 mixtures within 25 to 50 nm23 do not permit assess-
ment of the relative first- and second-order intensities, and it is unclear if these published data are
applicable to spectra of pure Ar and Ne. If the filter transmission at the second-order wavelength
is significantly higher than at the first-order wavelength, second-order contamination can lead to
overestimation of the transmission at the primary wavelength. This situation does not occur for
any of the Indium Ar/Ne wavelengths. For the Al/C 83.0 and 74.0 nm measurements, the second-
order transmissions do exceed those of the primary wavelength, and consequently, these mea-
sured transmissions might be overestimated. Quantifying the uncertainty associated with this
possible overestimation requires reliable values of detector quantum efficiency and intensity
at the second-order emission wavelengths, which should be pursued in future work.

For most measurements, we used a slit width of 325 μm to maximize the photon flux (and
the SNR). The one exception was a narrowed, 100-μm slit width used for the 46.1 nm image
through the Al/C filter, implemented to mitigate the risk of excessive counts to the detector from
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Fig. 3 Example image using Al/C filter. (a) Image obtained through the Al/C filter at 30.4 nm.
Labeled rectangles indicate the areas used to measure: the unfiltered count rate (I), the filtered
count rate (II), and the background count rate (III). (b) Counts per image row in the portion of
the image spanning the width of rectangles I and II.
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the combination of the bright emission and the relatively high transmission of the filter at that
wavelength. For reference, the total count rate in that 46.1 nm image was ∼13 kHz with 100-μm
slit width, quite comparable to the ∼1.1 kHz count rate for the 58.4 nm image using a 325-μm slit
(325% wider) width. The monochromator full-width dispersion is (1.3 nm, 0.4 nm) for a
ð325; 100Þ μm slit. Most lines in the emission spectra of the gases used are separated by much
larger wavelength distances. The presence of close multiplets (i.e., multiple lines passing through
the slit in a single image) could add uncertainty to the measurement if the multiplet spans a
wavelength range where there is a very sharp change in the transmission of the filter. Most
of the argon and neon emissions we used are close multiplets, but they only overlap with a steep
slope in transmission for the In filter at 74 nm. If the brighter 73.6 nm dominates over the 74.4 nm
emission, the measured transmission curve might require a very minor adjustment; 74 nm is not
a critical wavelength for our EUV-O imager.

We measured filter transmissions at emission line wavelengths between 30.4 nm and
121.6 nm, as listed in Table 3. Images similar to that of Fig. 3(a) were obtained for each filter
at the wavelengths indicated. When the lamp was used with either the H2∕Hemix or CO2, excess
scattered background was sometimes seen by the detector due to particularly strong emissions of
neutral hydrogen (121.6 nm) and neutral oxygen (130.4 nm), from excited gas downstream of
the monochromator. We therefore obtained background images at two wavelengths where no
emission lines were expected, such that all signal detected in the image may be assumed to
originate from glowing residual gases within the test system. The two wavelengths selected for
background images are:

1. 35 nm. We used the NIST Atomic Spectra Database24,25 to identify and select the EUV
wavelength of 35 nm for our background image with no expected H or He emission. The
35 nm background image was subtracted from images using the H2∕He gas.

2. 78 nm. We obtained CO2 background images at 78 nm, because although the full EUV
spectrum of CO2 contains many emission lines, the ∼72 to 80 nm range is expected to be
free of emission lines from CO2.

22 The 78 nm background image was subtracted from
images using CO2.

Ne and Ar gas measurements exhibited no significant excess scattered background. Future
calibration of a flight instrument might include an additional filter or grating to attenuate scat-
tered light. As noted above, for our measurement we chose not to include this extra filter, to avoid
added uncertainty and reduced throughput.

Extended use of CO2 can cause buildup of UV-absorbing contaminants on surfaces within
the UV-RCF system, due to reactions between the dissociation products of the gas and any
residual atmospheric gases such as H2O. To minimize the likelihood of contamination, we used
CO2 only to determine the In transmission for the EUV-O target 83.4 nm Oþ∕Oþþ emission.

Table 3 Measured transmission values of Al/C (EUV-He) and In (EUV-O) filters.

Emission line wavelength (nm) Gas Al/C transmission (%) In transmission (%)

30.4 H/He 23.47� 5.17 —

46.1 Ne 2.94� 0.83 0.44� 0.13

58.4 H/He 0.47� 0.14 0.19� 0.07

74.0 Ne 0.69� 0.20 2.99� 0.85

83.0 Ar 0.15� 0.05 —

83.4 CO2 — 28.17� 7.52

93.0 Ar — 14.83� 4.20

105.0 Ar — 5.74� 1.63

121.6 H/He ≤2.72 × 10−5 0.032� 0.011
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Since 83.4 nm is a less important wavelength for the Al/C filter, we instead obtained images of
faint neutral Ar emissions at 83.0 nm. The nominal monochromator dispersion (for slit width
325 μm) of 1.3 nm (full width) includes four Ar lines: (82.5, 82.6, 83.4, 83.5) nm (according to
the NIST database). We consider these measurements less reliable than the equivalent CO2 mea-
surements, since the NIST database also lists argon ion emissions in the 40–42 nm range that may
contribute to the 83.4 nm signal to second order.

We chose to use CO2 to make 83.4 nm light for the In filter transmission measurement.
Based on the theoretical In curve’s shape near 83.4 nm (Sec. 4.2), one would expect a very
similar In filter measurement at 83.0 nm using Ar. Our In measurement did not use Ar
83.0 nm light to avoid the contaminant buildup, because the Ar 83.0 nm emission may include
second-order light contamination from possible Ar ion emissions in the 40 to 42 nm range that
we are currently unable to characterize. Neither the Juno detector nor the beammonitoring photo-
diode are properly calibrated at these wavelengths. The CO2 is therefore more reliable for the In
filter measurement. Based on published EUV CO2 spectra,

22 we are confident there is minimal
second-order 40 to 42 nm contamination when using CO2. We were unable to find equivalent
published Ar spectra. Before future calibration of a flight instrument, we intend to characterize
the full EUVargon spectrum to determine whether the neutral Ar emissions may be reliably used
instead of CO2.

General contamination mitigation strategies for the Al/C and In filters were employed as
follows. The filters were never exposed to unfiltered air. They were removed from their shipping
containers in a class 10,000 (ISO7) clean tent by personnel wearing full cleanroom suits and were
never handled with bare hands or without face masks. When not being tested, the filters were
stored in a dry nitrogen purge cabinet inside the clean tent. The purge cabinet was next to the UV
test chamber, minimizing any time out of the nitrogen purge during the experimental setup. The
test chamber was kept at ultrahigh vacuum (∼10−6 Torr) except when changing the experiment
configuration, at which time it was backfilled with nitrogen. For flight instrumentation, we
further reduce the risk of contamination by storing filters and other optics in vacuum chambers.
We are not currently able to quantify directly any contamination present; however, if we notice
a degradation of filter performance during repeat tests, we can make use of plasma cleaning
facilities similar to those demonstrated by previous work to improve EUV transmission by
50% to 500%.26

4 Results
The measured EUV transmission values for the two filters are given in Table 3 and described in
the following subsections. For most wavelengths, measurements have sufficiently high count
rates that counting statistical uncertainties only contribute a few percent (at most) to the total
uncertainty estimates, and the largest source of error is spatial nonuniformity of the beam.
(The beam was temporally stable within 2% after a warm-up period of 10 to 15 min.) We esti-
mated the magnitude of the beam spatial variation as follows. We obtained an unfiltered image of
the beam (i.e., with no Al/C or In filter, and split the image into 10 regions distributed evenly
across the full width of the beam. From each region, we extracted vertical beam profiles similar to
Fig. 3(b), and calculated the mean and standard deviation of the count rate in each profile, exclud-
ing the edge regions indicated by the dashed lines in Fig. 3(b), where an artificially increased
count rate is caused by pile-up effects typical of MCP detectors.16 The measured standard devi-
ations varied from 12% to 27% of the mean flux in each image slice, with an average standard
deviation of 19%, which we rounded up to 20% for our uncertainty estimates. We therefore
calculated most transmission uncertainty values assuming a 20% variation in beam flux. We
assume this 20% uncertainty in both the filtered and unfiltered count rates, and then combined
the two in quadrature to yield error bars of about 28%. These 28% error bars were applied to most
wavelengths, except for Al/C transmission uncertainty at 30.4 nm that was calculated from
Poisson statistical uncertainty of the observed count rates, and Al/C transmission at 121.6 nm
whose measurement is an upper-limit estimate, as described in Sec. 4.1. As noted above,
for measurements away from 30.4 nm (with sufficiently high count rates), counting statistics
was not a dominant source of error.
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4.1 Al/C Filter Transmission
The measured Al/C transmission values are listed in Table 3 and plotted in Fig. 4. Also plotted are
two theoretical transmission curves: one (“Henke”) based on the atomic form factors for Al and
C,14 and the other modeled using the IMD software package,27 which includes compilations of
optical constants of materials commonly used for optical coatings and filters. Note that our
models do not explicitly include the oxide layer that is inevitably present on Al films exposed
to air, but IMD uses optical constants from laboratory measurements where available. The
presence of the oxide layer in these laboratory measurements may explain why the IMD model
generally predicts lower transmission than the Henke model. Modeling the oxide layer and
comparing our current results to a C/Al/C filter are topics for future work.

The measured transmission values generally follow the decreasing trend of the models
between 30.4 and 83.4 nm, although no single model is consistent (within errors) with all of
the data points. The measurements at 30.4 nm and 58.4 nm agree well (within one error bar)
with the Henke or IMD models, respectively. Slightly worse agreement (within two error bars)
with the Henke or IMD models is found at 46.1 and 74.0 nm. At 83.0 nm the measurement is
two decades from the nearest model value (IMD). The transmission values measured at (30.4,
58.4) nm are ð0.235; 4.72 × 10−3Þ.

At wavelengths longer than ∼80 nm, the theoretical transmission of the Al/C filter drops
steeply, from ∼10−3 to ∼10−9 between 80 and 90 nm, and a less steep decrease continues through
at least 122 nm. Earth H Lyman-α dayglow is a major background source for EUV-He, but as
previously noted in the literature,3 measurement of strongly-attenuated 121.6 nm transmission is
difficult in the laboratory. The theoretically-expected (model) Al/C transmission at 121.6 nm is
below about 10−13 (Fig. 4). Accurate measurement of such small transmissions is difficult with
our equipment and method, because of negligible photon count rates in the filtered portion of the
lab images. For an unfiltered signal count rate of 104 s−1 (the maximum input rate of our detector
system), the theoretical transmission of 10−13 requires an integration time of ∼109 s (32 years) to
accumulate one count. To collect counts for exposure times of 60 s–300 s (Table 2) means
a measurable transmission lower limit between 3 × 10−7 and 2 × 10−5. Based on the theoreti-
cally-predicted value of ∼10−13, the filter transmission at 121.6 nm (H Lyman-α) was almost
certainly far below our measurement limit. Our measured value of ∼3 × 10−7 should therefore
be considered an upper-limit estimate to the actual transmission at 121.6 nm. The upper-limit
nature of this measurement is indicated by the downward-pointing arrow (Figure 4).

4.2 Indium Filter Transmission
The measured In transmission values are listed in Table 3 and plotted in Figure 5, along with two
theoretical transmission curves.14,28,29 The solid curve gives the Henke-model14 transmission

Al/C Filter for EUV-He   244 nm (Al) + 29 nm (C) 

30.4
46.1

58.4 74.0
83.0

121.6

Fig. 4 EUV-He filter transmission. Measured Al/C filter transmission, compared to modeled trans-
mission using two different sets of optical constants. Note: bandpass purity is ≤1.3 nm (based on
monochromator dispersion; cf. Sec. 3). Horizontal extent of error bars in plot is graphically
arbitrary.
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based on atomic form factors. These atomic form factors were derived from experimentally-
determined photoabsorption cross sections where data were available, but relied on theoretical
interpolations elsewhere, including at EUV wavelengths shorter than 68 nm. However, optical
constants based on lab measurements of indium films are also available in compilations28,29 that
incorporate measured values of extinction coefficient (k) in the 41 to 77 nm range from earlier
work.30 The dashed curve in Fig. 5 shows the “Lynch & Hunter” (or “LH”) model, using these
compilation optical constants.

As with the results for Al/C, the measured In transmission values generally follow the shape
of one or the other of the model curves, although (again) no single model is consistent (within
errors) with all of the data points. The measurements at 46.1 and 83.4 nm each agree well (within
one error bar) with both models (Henke and LH). At 74.0 and 93.0 nm, the measurements agree
(within one error bar) with the LH model, but not the Henke model. The measured value at
121.6 nm agrees with the Henke model, but not the LH model. At 105.0 nm the disagreement
is slightly worse for both models; ∼2 error bars below the Henke model, and a factor of three
above the LH model. At 58.4 nm, the measured value of 1.9 × 10−3 is a factor of ∼16 lower than
predicted by the Henke model, but agrees well with the LH model using the compilation optical
constants. For the EUV-O imager, this measured 58.4 nm transmission represents significantly
improved rejection of a major source of background light from neutral He.

5 Discussion

5.1 Background Rejection
To determine whether the measured filter transmissions provide the required background rejec-
tion for the EUV-He and EUV-O imagers, in Table 4, we repeated the instrument sensitivity
calculation of Table 1, replacing the theoretical filter transmissions with the measured values.
For each wavelength, we calculated a minimum and maximum sensitivity based on the estimated
transmission uncertainties. Sensitivity estimates were used to calculate minimum and maximum
rejection ratios of light at 58.4 and 121.6 nm relative to the transmission at the target wavelength
of the imager [(30.4, 83.4) nm for (EUV-He, EUV-O)].

The results of the calculation are listed in Table 4. The Al/C filter achieves the required
background rejection ratios at both 58.4 and 121.6 nm. The indium filters we measured were
half the estimated required thickness for EUV-O, with the intention of using two filters separated
by a small gap to mitigate the risk of pinholes in flight (cf. Sec. 2). Table 4 includes imager
sensitivity estimates using both the measured 152 nm transmission, and the estimated transmis-
sion of an In filter 278 nm thick. Note that 278 nm is identified in Sec. 5.2 as the refined
(measurement-based) estimate of OFT for EUV-O. Here, transmission is calculated to vary with
thickness b as

Henke model @58.4nm: 
~16 × data

Indium (In) Filter for EUV-O   152 nm

58.4

74.0

83.4

121.6

105.0

93.0

46.1

Fig. 5 EUV-O filter transmission. Measured In filter transmission, compared to modeled transmis-
sion using two different sets of optical constants. Note: bandpass purity is ≤1.3 nm (based on
monochromator dispersion; cf. Sec. 3). Horizontal extent of error bars in plot is graphically
arbitrary.

Molyneux et al.: New extreme ultraviolet transmission measurements. . .

J. Astron. Telesc. Instrum. Syst. 015003-9 Jan–Mar 2024 • Vol. 10(1)



EQ-TARGET;temp:intralink-;e002;114;477τ ¼ ðτ0Þn; (2)

where n ≡ ðb∕b0Þ and τ0 is the known transmission at thickness b0. The 152 nm filter achieves
the required 58.4 nm rejection, but not the required 121.6 nm rejection. The 278 nm filter meets
or exceeds both rejection requirements.

5.2 Optimization of Filter Thicknesses
Figure 6 plots estimates of signal-to-background ratio (SBR) versus filter thickness, for the
EUV-He [Fig. 5(a)] and EUV-O [Fig. 5(b)] imagers. SBR is calculated from expected counts,
as follows. The per-pixel count rate [in ðs pixelÞ−1] is computed as the product of sensitivity Sλ
[cf. Eq. (1), in ðR s pixelÞ−1] and expected brightness (B). The SBR is then the ratio of signal
counts to background counts. Minimum and maximum values of SBR are defined as

1

10

100

190 240 290 340

(b) EUV-O Imager

83
.4

nm
  ÷

  b
ac

kg
ro

un
d

Thickness of EUV-O (In) Filter  (nm)

peak
(260nm, 17)

(278nm, 3)

Signal-to-Background Ratio (SBR)

(a) EUV-He Imager
104

150

30
.4

nm
  ÷

  b
ac

kg
ro

un
d

Thickness of EUV-He (Al/C) Filter  (nm)

103

102

101

100

10–1

250 350 450

peak
(393nm, 463)

(453nm, 17)

Total-background SBR:

58.4nm 121.6nm MCP Dark Noise

eH-VUE O-VUE

Single-background SBR:

MCP Dark Counts
0.002 (pix s)–1

MCP Dark Counts
0.002 (pix s)–127

3n
m

27
8n

m

15
2n

m

200 R  58.4 nm
50 R  58.4 nm

1 kR
  121

.6 nm

400 R
  121

.6 nm

MCP max 83.4
100 mR   83.4 nm

20 mR   83.4 nm

MCP min 83.4

100
 mR   83.4

 nm

20 
mR   83.

4 nm

8 R  58.4 nm

25 R  58.4 nm1 kR
  12

1.6 
nm

MCP max 30.4

400
 R  1

21.6
 nm

50 mR   30.4 nm

 1 R   30.4 nmMCP
min 30.4

50 mR   30.4 nm

 1 R   30.4
 nm

Fig. 6 Optimization of filter thickness: SBR for (a) EUV-He and (b) EUV-O imagers. In each plot,
shaded region shows expected range of the ratio of signal (30.4 or 83.4 nm) to total background
count rates. Peaks indicate optimum filter thickness. Diagonal lines plot SBR for individual back-
ground sources (58.4 nm, 121.6 nm, and MCP dark counts).

Table 4 Estimated sensitivity of EUV-He (30.4 nm) and EUV-O (83.4 nm), based on measured
transmission values.

Imager rilter
Wavelength λ

(nm)
Filter

transmission (%)
Sensitivity
ðRspixÞ−1

Estimated
BG rejection
Sλ ÷ Starget

Required
BG rejection

EUV-He
Al ð244 nmÞ þ
C ð29 nmÞ

30.4 23.5� 5.2 2.21� 0.49 — —

58.4 0.47� 0.14 ð9.1� 2.7Þ × 10−4 2 × 10−4 to 7 × 10−4 4 × 10−3

121.6 ≤ 2.7 × 10−5 ≤ 2.0 × 10−8 ≤ 1 × 10−8 7 × 10−6

EUV-O
In (152 nm)

83.4 28.2� 7.5 0.91� 0.24 — —

58.4 0.19� 0.07 ð1.1� 0.4Þ × 10−4 6 × 10−5 to 2 × 10−4 1 × 10−3

121.6 ð3.2� 1.1Þ × 10−2 ð2.3� 0.8Þ × 10−4 1 × 10−4 to 5 × 10−4 1 × 10−6

EUV-O
In (278 nma)

83.4 9.8� 2.6 0.32� 0.08 — —

58.4 ð1.0� 0.4Þ × 10−3 ð5.9� 2.2Þ × 10−7 9 × 10−7 to 3 × 10−6 1 × 10−3

121.6 ð3.9� 1.3Þ × 10−5 ð2.8� 1.0Þ × 10−7 5 × 10−7 to 9 × 10−7 1 × 10−6

aEstimated as τ ¼ ðτ0Þn with n ≡ ðb∕b0Þ; cf. text.
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EQ-TARGET;temp:intralink-;e003;117;736SBRmin ¼ ðsignal countsÞmin ÷ ðback ground countsÞmax; (3)

EQ-TARGET;temp:intralink-;e004;117;707SBRmax ¼ ðsignal countsÞmax ÷ ðback ground countsÞmin: (4)

In Fig. 6, diagonal lines are SBRs for individual background sources (58.4 nm, 121.6 nm,
and MCP dark counts); for each background source, (minimum, maximum) values are plotted as
(dashed, solid) lines. Each line is labeled with its corresponding background B value. For exam-
ple, the dashed red line labeled “1 kR” in Fig. 6(a) gives the ratio of 30.4 nm minimum-signal
(B30.4 nm ¼ 50 mR; see below) counts to 121.6 nm maximum-background (B121.6 nm ¼ 1 kR)
counts. For MCP dark-noise background, the two diagonal lines (dashed and solid) share the
same dark rate [0.002 ðs pixelÞ−1], per the G18 estimate,6 and differ only by the signal brightness
(minimum or maximum).

The overall instrument SBR (including all background sources) is given by the shaded
region in each plot. The (lower, upper) edges of the shaded region are the (minimum, maximum)
SBR for the range of expected signal brightness: (50 mR, 1 R) for 30.4 nm, and (20 mR, 100 mR)
for 83.4 nm.3,6 For example, the lower edge labeled “20 mR” in Fig. 6(b) gives the ratio of
83.4 nm minimum-signal (B83.4 nm ¼ 20 mR) counts to total (from 58.4 nm, 121.6 nm, and
MCP dark noise) maximum-background counts.

The overall SBR (shaded region) in each plot results from the interplay of external-light
background versus internal (MCP) background. As the filter gets thicker, SBR58.4 nm and
SBR121.6 nm increase because the filter attenuates the background more than the signal. But
as the filter thickens, SBRMCP decreases because the filter attenuates the signal but does not
affect the dark noise. Thus, each overall SBR plot contains a broad peak where the filter thickness
is optimized. Peak SBR performance lies in the range ∼390 to 450 nm for EUV-He, and ∼260 to
280 nm for EUV-O. For reference, the filter thickness values from Table 4 are indicated in the
figure for both imagers. Recall that for EUV-O, in Sec. 2 the initial OFT estimate of 303 nm
was obtained from model-derived transmission values. Based on our laboratory measurements of
indium filter transmission, that initial OFTestimate is here refined. Along the 20 mR (worst-case)
curve, the peak SBR, for which the background rejection requirement (≤10−6) is exceeded
(Table 4), occurs at filter thickness 278 nm [Fig. 6(b)].

To the left of the total SBR peak (where the slope is positive) in each plot, the curve asymp-
totically follows the dominant single-source background diagonal. In Fig. 6(a), the EUV-He
curve in the thickness range 150 to 250 nm follows the SBR58.4 nm diagonal because the
Al/C filter is more effective at reducing 121.6 nm than 58.4 nm. In Fig. 6(b), the EUV-O curve
for thickness <190 nm follows the SBR121.6 nm diagonal because the In filter attenuation is
comparable for 58.4 and 121.6 nm, and the latter background is brighter. Thus, the respective
(EUV-He, EUV-O) filter designs are driven by (58.4, 121.6) nm. EUV-He SBR is ample for a
broad range of Al/C filter thicknesses; EUV-O SBR is adequate for a much narrower range of
In filter thicknesses. Because this EUV-O performance is dominated by the 121.6 nm back-
ground, future work should attempt to improve 121.6 nm rejection. Alternately, EUV-O imaging
would benefit from simultaneous Lyman-α background imaging, so the large 121.6 nm back-
ground can be subtracted.

Table 5 computes EUV-He and EUV-O count rates and cadences, using measurement-
derived transmissions of Al ð244 nmÞ þ C ð29.2 nmÞ and In (278 nm) filters. Estimates are
provided for three signal values the minimum, the maximum, and the geometric mean of the

Table 5 Count rates and cadences of EUV-He (30.4 nm) and EUV-O (83.4 nm) imagers, using
measurement-derived transmissions of Al ð244 nmÞ þ C ð29.2 nmÞ and In (278 nm) filters.

Imager
Filter

transmission
Sensitivity
ðRspixÞ−1

Signal (R)
Count Rate
ðs pixÞ−1 Cadence

Min Max
geom
mean Min Max

geom
mean slowest fastest

geom
mean

EUV-He 30.4 nm 0.235 2.21 0.05 1.0 0.224 0.111 2.212 0.495 90 s 5 s 20 s

EUV-O 83.4 nm 0.098 0.32 0.02 0.1 0.045 0.006 0.032 0.014 26 min 5 min 12 min
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maximum and minimum. For this computation, each 2D pixel has solid angle ð0.45 degÞ2, i.e.,
the same as a resolution element (Sec. 2). The count rate is the per-pixel sensitivity times the
signal. Following previous work,6 cadence values assume a requirement of 10 counts per pixel,
per exposure; i.e., 32% counting error. EUV-He count rates of 0.1 to 2.2 ðs pixelÞ−1 are sufficient
for 5 to 90 s time resolution. EUV-O’s much lower count rates of 0.006 to 0.032 ðs pixelÞ−1 result
from both lower sensitivity and a much weaker expected signal range. EUV-O count rates are
sufficient for a much slower 5 to 26 min cadence. Clearly, imaging the dense oxygen torus is
more challenging than imaging the helium plasmasphere.6

6 Conclusions
We presented measurements of EUV transmission for two thin film filters designed to obtain
improved EUV-He images of plasmaspheric Heþ, and the first global EUV-O images of
Oþ∕Oþþ in the dense oxygen torus. We find that the measured filter performance meets or
exceeds background rejection requirements for both imagers, EUV-He and EUV-O. Compared
to previous Heþ30.4 nm imaging that used an Al filter, we find that a combined Al/C filter
achieves superior rejection of 58.4 nm background from neutral He. We also find that an In
filter provides the required 83.4 nm transmission and adequate rejection of brighter 58.4 and
121.6 nm background light. The measured In transmission at 58.4 nm is a factor of ∼16 lower
than predicted based on optical constants that rely on interpolations at λ < 68 nm. For the EUV-O
imager, this measured 58.4 nm transmission represents significantly improved rejection of a
major source of background light from neutral He. Because this EUV-O performance is domi-
nated by the 121.6 nm background, future work should attempt to improve 121.6 nm rejection.
Alternately, EUV-O imaging would benefit from simultaneous/companion Lyman-α background
imaging, so this large background can be subtracted.

Code and Data Availability
All data in support of the findings of this paper are available within the article, in Tables 1, 3, and 4.
The IMD software used to model filter transmission is available at the Reflective X-ray Optics
website (http://www.rxollc.com/idl/index.html).
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