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ABSTRACT

In this paper we study the soft X-ray (SXR) signatures of one particular prominence. The
X-ray observations used here were made by the Hinode/XRT instrument using two different fil-
ters. Both of them have a pronounced peak of the response function around 10 A. One of them
has a secondary smaller peak around 170 A, which leads to a contamination of SXR images. The
observed darkening in both of these filters has a very large vertical extension. The position and
shape of the darkening corresponds nicely with the prominence structure seen in SDO/ATA im-
ages. First we have investigated the possibility that the darkening is caused by X-ray absorption.
But detailed calculations of the optical thickness in this spectral range show clearly that this
effect is completely negligible. Therefore the alternative is the presence of an extended region
with a large emissivity deficit which can be caused by the presence of cool prominence plasmas
within otherwise hot corona. To reproduce the observed darkening one needs a very large exten-
sion along the line-of-sight of the region amounting to around 10° km. We interpret this region
as the prominence spine, which is also consistent with SDO/ATA observations in EUV.

Subject headings: Sun: filaments, prominences — Sun: X-rays — Sun: corona — methods: observational —
techniques: imaging spectroscopy

1. Introduction

Solar prominences observed above the limb are
typically seen in emission against the dark coronal
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background. This is the case of monochromatic
imaging in spectral lines formed at low tempera-
tures like e.g. the hydrogen Ha line or transition-
-region spectral lines formed at temperatures of
the prominence-corona transition region (PCTR).
In the latter case we see bright UV or EUV promi-
nences still against the dark corona which is not
emitting in such lines. However, at coronal tem-
peratures, highly ionised atoms emit radiation in
various lines of different species and we thus see
the bright corona extending to large altitudes. In
lines which have wavelengths below the Lyman
limit of the neutral hydrogen (912 A), we can often
see prominences as dark structures against such
bright coronal background. This ’reversed’ visibil-
ity of prominences in EUV coronal lines is mainly
caused by the absorption of the background coro-
nal radiation by cool hydrogen and helium plasma,
where the neutral hydrogen (H I), neutral helium
(He 1) and singly ionised helium (He II) are pho-
toionised at wavelengths below 912 A, 504 A and
228 A, respectively, depending on the wavelength
of the coronal line under consideration. For the
limb prominences, this was quantitatively studied
by [Kucera et all (1998) and later by several other
authors. The photoionisation process is detailed
in [Anzer & Heinzel (2005) who also described an
additional mechanism of EUV prominence dark-
ening. The later was initially called emissivity
blocking, but in [Schwartz et al! (2015) the more
appropriate term emissivity deficit is introduced
since the blocking may evoke the situation when
the background coronal radiation is somehow ob-
scured by the prominence which is actually the
case of the photoionisation absorption described
above. Therefore we will continue in using of the
term ‘emissivity depression’ also in this work.

Many nice examples of dark EUV promi-
nence structures, both quiescent as well as erup-
tive, have been detected by by the Atmospheric
Imaging Assembly (AIA | |[Lemen et all 12019)
EUV imager on board of the Solar Dynamics
observatory (SDO) satellite, or Extreme Ultra-
Violet Imager (EUVI, [Wuelser et all 12004) in-
strument of the SECCHI instrument suite on-
-board of the Solar Terrestrial Relations Observa-
tory (STEREO, [Driesman et all 2008) satellites.
Similar observations were made in earlier times
also by the Extreme ultraviolet Imaging Telescope

(EIT, Delaboudiniere et alll1995) onboard the So-

lar and Heliospheric Observatory (SOHO) satel-
lite or Transition Region and Coronal Ezxplorer
(TRACE, see http://trace.lmsal.com).

Prominences are also seen in rasters of the
EUV Imaging Spectrometer (EIS,
M) onboard the Hinode satellite
). The natural question then arises how far in
EUV wavelengths can we detect such absorption
and/or emissivity depression. This was studied by
[Anzer et all (2007) who used the SOHO/EIT im-
ages of a quiescent prominence, together with soft
X-ray images obtained by Soft X-ray Telescope
(SXT, [Tsuneta. et all [1991) onboard the Yohkoh
satellite.  While in the 171A and 193A EIT
channels the prominence was clearly visible as a
dark absorbing structure, the co-aligned SXT im-
age shows no signature of such darkening, per-
haps except a weak visibility of the coronal cav-
ity surrounding the prominence. Therefore, these
authors have concluded that there is a negligi-
ble absorption at wavelengths around 50 A where
the SXT image was taken. This was confirmed
by numerical estimates performed according to
Anzer & Heinzel (2005), under typical prominence
conditions. Nevertheless, the emissivity depres-
sion can not be excluded and in fact it was used by
Heinzel et. all (2008) and by [Schwartz et _all (2015)
for analysis of dark features on the limb where
both the prominence and cavity were observed.

Going to shorter X-ray wavelengths around
10A, the Hinode/XRT has surprisingly revealed
dark prominence features quite similar to those
visible in EUV. It is therefore the aim of the
present study to understand the nature of those
SXR structures. We first consider the absorp-
tion of coronal SXR radiation by cool prominence
plasmas, although this was shown to be negli-
gible around 50 A where only hydrogen and he-
lium was considered (Anzer et all 2007). How-
ever, at the XRT X-ray wavelength range where
the transmittance peaks around 10A, the ab-
sorption is much more complex. This was con-
sidered by wvarious authors who demonstrated
the importance of soft X-ray absorption for
heating of the solar chromosphere and chromo-
spheric flare ribbons (Henoux & Nakagawal 1977

isherl [1992; [Berlicki & Heinzel 2004).
The absorption below 50 A is enhanced, or even
dominated, by various metals - for stellar appli-

cations see e.g. [London et all (1981). A presence
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of such kind of absorption in prominences, if any,
could thus play a role in their energetics. We
thus carefully compute the absorption by hydro-
gen, helium and important metals under typical
prominence conditions in this study. We also pro-
vide a first observational evidence of the emissivity
deficit effect. The paper is organised as follows:
The SXR and EUV observations of a quiescent
prominence are described in the next section and
in section Blits visibility in SXR images taken by
XRT is shown. In section [] and its subsections,
three different mechanisms possibly leading to vis-
ibility of the prominence in XRT images are stud-
ied and results are compared with observations.
Section [l gives the discussion and our conclusions.

2. Observations

A quiescent prominence at the North-West so-
lar limb (position around 330 deg) was observed
on 22 Jun 2010 by the Solar Optical Telescope
(SOT, [Suematsu et all 2008), and in soft X rays

SXR) by X-Ray Telescope (XRT,

) both on board the Hinode satellite and by
the SDO/AIA EUV imager. Observations of the
prominence in the 304, 171 and 193 A AIA chan-
nels are shown in Fig. [[I Blue rectangles in the
images mark the area which was used in calcula-
tions of the optical thickness 7193 of hydrogen and
helium plasma by |Gunar et all (2014) which we
use in this study. This optical thickness should be
better denoted as Ty1410(193 A) but we will use a
shorter and more simple name 7193 further in this
paper. The whole extended prominence is seen in
the ATA 304 A image, while only a narrow vertical
dark feature is visible in the 193 A channel. This
thin dark structure is seen as well in the ATA 171 A
but also extended parts of the prominence are vis-
ible in emission in this channel which is the mani-
festation of a PCTR (seeParenti et alll2012). The
thin dark structure visible in EUV images from
ATA can be identified with the filament spine seen
edge-on on the limb using observations in 304 A
channel made by the EUVI imager onboard the
STEREO A satellite shown in Fig. STEREO
A was positioned at such angle (approximately
75deg from Hinode when viewed from Sun) that
the prominence was seen as a filament. The EUVI
observations were made close in time to the ATA
observations. On the other hand, filament barbs
seen in Fig.[2 are most probably extended parts of

the prominence.

XRT observed the corona at the prominence lo-
cation and its vicinity in SXR using two of its
focal-plane analysis filters Al-mesh and Ti-poly.
XRT observations were made between 13:18:13
and 17:39:31 UT with exposure times from 4.1 up
to 16.4s. Field of view (FOV) of the observed
images is 788arcsec x 788 arcsec and dimensions
of one pixel is 2.06 arcsec x 2.06 arcsec. The data
were processed using standard data reduction rou-
tines in SolarSoft (Freeland & Handy [1998) pro-
vided by the XRT team (Kobelski et all 2014).
Observations in the two filters made at 15:37:45
and 15:37:58 UT, respectively, are shown in Fig.
There is a time-dependent contamination layer on
the CCD (seeNarukage et alll2011,2014) and con-
tamination spots which manifest as small dark ar-
eas in XRT observation images. Especially, the
original Al-mesh image was studded with many
such spots. In both images in Fig.Bl spots were re-
touched by an interpolation to see better the dark-
ening occurring at the prominence spine. In the
Al-mesh image in the left panel of the figure, dark
radial structure (seen in the ATIA 193 A and 171 A
images) at spine is clearly visible, while in Ti-poly
it is much weaker. Because the response of both
filters to SXR is rather similar (peaked around
10 A), an additional darkening in the Al-mesh im-
age is most probably caused by a secondary peak
in its transmittance function - we address this ef-
fect in the present paper.

3. Soft X-ray Visibility of Prominences

In order to investigate darkening in the SXR
images in detail, we made cuts tangentially to the
limb in both Al-mesh and Ti-poly images taken
at 15:37:45 and 15:37:58 UT, respectively, at four
different heights as shown in Fig.[dl Heights above
the limb at which the cuts were made were cho-
sen so that they would not intersect any contam-
ination spot at least at places of the prominence
location and its vicinity. Three cuts were made
close to each other at heights 14500, 17000 and
19500km and the fourth one at a larger height of
31000km. Resulting intensity plots along cuts are
shown in Fig. Bl A noticeable decrease in the in-
tensity occurs at position of the prominence spine
in Al-mesh filter in all four cuts. In Ti-poly along
the four cuts a decrease also occurs at position



SDO AIA_4 304 SDO AIA_2 193
22—Jun—2010 15:37:50.110 22—Jun—2010 15:37:54.620

1000 1000

900 900
i i
o o
0 0
S S
~ 800 ~ 800
5 5
©° ©°
n n

700 700

300 400 500 600 700 300 400 500 600 700
solar X [arcsec] solar X [arcsec]
SDO AIA_3 171

22—Jun—=2010 15:37:47.100
1000

. 900
O
(93
w
o
2
~ 800
5
°
1)
700

300 400 500 600 700
solar X [arcsec]

Fig. 1.— Prominence observations made by the AIA instrument are shown in its three wavelength channels:
304 A (the left upper panel) dominated by the He II Lyman « line, 193 A (the right upper panel) where
mainly radiation of the Fe XII and Fe XXIV lines are detected and 171 A (the lower panel) where the Fe IX
and Fe X lines contribute. In the 304 A channel image whole prominence is seen well in emission while in
193 A and 171 A images mainly its spine is seen as dark structure. Prominence barbs are seen in emission in
the 171 A channel due to the Fe IX line formed in PCTR.
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Fig. 3.— XRT images of the X-ray corona at place of the prominence and its vicinity made with the Al-
-mesh (the left panel) and Ti-poly (the right panel) focal-length filters made at 15:37 UT. Other Al-mesh
and Ti-poly images of the prominence place made between 13:18:13 and 17:39:31 UT look similar as these

two images.
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Fig. 2.— The prominence observed as filament
at 304 A by the EUVI instrument on-board of the
STEREO A satellite. The image was made close
in time to XRT and ATA observations. Filament
structures are faint and geometrically thin so much
that area in which the filament occurs should be
marked by white border. Nevertheless long spine
on one end of the filament and two barbs on the
other are well distinguishable.

of the dark prominence structure, but somewhat
shallower than in the case of Al-mesh data.

There are two known mechanisms that can
be responsible for the darkening: absorption of
background coronal radiation by the cool promi-
nence plasma and/or the so-called coronal emis-
sivity deficit (formerly called volume or emissivity
blocking). Although [Anzer et al! (2007) already
showed that there is a negligible amount of ab-
sorption in the hydrogen and helium prominence
plasma at wavelengths around 50 A (they used the
Yohkoh observations), we can expect some addi-
tional opacity due to metals around 10 A where
both XRT filters have their peaks in the X-ray
domain. Moreover, the line of sight crosses an
extended volume occupied by a cool prominence
plasma not emitting in SXR that can cause lower
intensities in the corona — the coronal emissivity

deficit.

However, the two filters we used have quite
different responses to the EUV part of the spec-
trum. While the Ti-poly transmittance has mainly
one peak around 10 A, the Al-mesh filter has two
transmittance maxima, one also around 10 A and
the other one around 171 A. This then means that
apart from the absorption and emissivity deficit,
a more pronounced darkening in Al-mesh can be
explained by a contamination from the secondary
EUV peak of the filter. In the following subsec-




tions we first estimate the total prominence opac-
ity in the X-ray domain taking into account several
important metals and then explain the darkening
in Ti-poly alone. In the last subsection we show
how the Al-mesh images are affected by the sec-
ondary EUV transmittance peak.

4. Mechanisms of prominence SXR dark-
ening

4.1. Soft X-ray absorption

The absorption of X-ray background coronal ra-
diation is caused by hydrogen and helium reso-
nance continua and by continua of some metals
(the process called photoionisation). The cross
sections and total optical thickness at resonance
continua of hydrogen and helium mixture have
been calculated by |Anzer & Heinzel (2005) for
cool gas located at the corona. Cross sections of
neutral hydrogen and singly ionised helium at a
given wavelength () of the resonance continuum
are proportional to A3

3
our(A) = 0o gur(A) (9—1\2) (1)

and

AP

orerr(A) = 16 09 guerr(A) (912> ; (2)
where 912 presents the Lyman limit of the neu-
tral hydrogen in units of A. Here o9 = 7.91 x
10718 cm~2, gy is the hydrogen Gaunt factor (see
Karzas & Latter M), and chH(/\) = gHI(4 /\)
The cross section of neutral helium is obtained

from Fig. 2 in Brown & Gould (1970).
The optical thickness of hydrogen and helium

mixture at SXR spectral range (seelAnzer & Heinze
) is given by

TH+He(A) = Nu {(1 — i) our(A) + rue [(1— 3)
—j1 — J2) orer(A) + J1 onert(N)]}

where Ny is the total hydrogen column den-
sity (Nu = Nur + Np), Nur and N, are neu-
tral hydrogen and proton column densities, re-
spectively, i is the ionisation degree of hydro-
gen defined as the ratio between the proton
and total hydrogen column density, rge is the
abundance of the helium relative to hydrogen
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Fig. 4— The original (before retouching the con-
tamination spots) XRT Al-mesh image taken at
15:37 UT. Intensities along cuts made tangentially
to limb in four heights are used for estimations
of depth of depression at the place of prominence
spine. The cuts are marked by black solid lines
and tangent to the limb at the prominence spine
by dashed black line. Cuts at the same heights
were made also in the Ti-poly image taken almost
13 seconds later.
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Fig. 5.— Intensity distributions along the four cuts made at heights 14500, 17000, 19500 and 31 000km
above the limb in the Al-mesh and Ti-poly images taken at 15:37 UT. Depression at the prominence spine
(positions along the cuts 110 000—120 000 km) is seen well in data from both filters in all four heights although
it is much shallower in the Ti-poly data. For estimating of the quiet-corona intensity along each cut, an
average value at positions around 50000 km along the cut outside contamination spots was used.



(Nue/Nu) and ionisation degrees of neutral and
singly ionised helium ji,j2, respectively, are de-
fined as j1 = Nuerr/Nue , j2 = Nuerrr/Nue , where
Nite = Ner + Nuerr + Nuerrr- For three typical
values of Ny (10'7,10',10%* cm~2) taken from
Gouttebroze et all (1993), hydrogen and helium
mixture with rg.=0.1, ¢=0.3, j1=0.3 and j2=0,
the optical thickness is calculated between 5 and
50 A as shown in Fig. B (thin dashed lines for
various Npy).

X-ray absorption by hydrogen and helium at
50 A was computed already by Anzer et al! (2007).
Here we extend the wavelength range below 50 A
and add contributions of eight metal continua, i.e.
C, N, O, Ne, Mg, Si, S, Fe. Photoionisation cross
sections of these eight abundant metals are com-
puted using an approximate formula which de-

pends on the energy F (see London et alll[1981))

Er\’® Er\*
a<E) +(1 a)<E>
Here Et and or are the threshold energy and
threshold cross section, respectively, and a is a pa-
rameter chosen to match the slope near the thresh-
old (see Table 3 in [London et al![1981). Compari-
son of cross sections of metals between the approx-
imate formula given by [London et al! (1981) and
Fig. 2 in Brown & Gould (1970), which is mostly
cited in the literature, gives a difference of the or-
der of 10%. The best agreement is for Si (1 %)
and the worst for S (21 %). Optical thickness of
metals is expressed in the form

o(E)=or . (4)

8
™" =Nu Y oi(E)A;, (5)
i=1

where A; represents the abundance of a chosen
metal marked by subscript ¢ given in Table 3 of
London et all (1981). Optical thickness is calcu-
lated for all eight abundant metal elements un-
der the condition E > Er, otherwise o(F)=0.
Note that in our calculations we used the pho-
tospheric abundances of metals; the coronal abun-
dances would lead to even smaller opacities. Note
here that the metallic opacity is not sensitive to
the ionisation degree of individual metals, because
we are dealing here only with the inner-shell elec-
trons (see also London et all[1981).

Fig. [6] presents the optical thickness versus
wavelength below 50A for three values of Ny.

A (A)

Fig. 6.— Plot of the optical thickness due
to metals as a function of wavelength marked
with thin solid line. Lower set of curves is for
Nup=10'""cm~2, middle for Np=10"cm—2 and
upper for Ny=10%! ecm~2. From 5 A we also mark
the optical thickness due to partially ionised hy-
drogen and helium mixture (with rge = 0.1, i =
0.3, j1 = 0.3, jo = 0) marked with thin dashed
line. The total contribution of hydrogen, helium
and metals between 5 and 50 A is marked by thick
solid line.



Contribution of metals is marked with thin solid
line. Small ”jumps” on the curves occur when
metals stop to contribute above certain wave-
length (their Et). The total contribution of hy-
drogen and helium mixture and of all metals is
presented by thick solid lines. Above 20 A the con-
tribution of metals is negligible compared to hy-
drogen and helium mixture. It is well seen that to-
tal 7y (hydrogen, helium and metals all together)
is practically negligible in the SXR domain.

From the amount of EUV coronal emission at
wavelengths below 912 A absorbed by the hydro-
gen and helium prominence plasma,
(1998) and |Golub et all (1999) found the hy-

drogen column density 10'®-10""cm=2 in qui-

escent prominences. The hydrogen column den-
sities in the same range were estimated also by
Schwartz et all (2015) from observations of six
quiescent prominences in EUV, SXR and Ha.
Even if one considers a limiting value 102! cm™—2
which, for example, would correspond to hydro-
gen density 10'! cm ™3 and the prominence exten-
sion of 10° km, the optical thickness around 10 A
(where both Al-mesh and Ti-poly filters have the
maximum responsibility) is below 0.02. Therefore
the absorption mechanism can not explain the ob-
served darkening and we must turn our attention
to the effect of emissivity deficit.

4.2. Emissivity Deficit

In EUV and SXR, the prominence will appear
dark in the coronal line/continuum emitted at
temperatures higher than 106 K. We assume that
this is due to the absorption and emissivity deficit,
ie.

Torom(A) = Tig(A) + Tng(A) exp (=7) ,  (6)

where It (A) and Ipg () are intensities of the radi-
ation emitted by the corona in front and beyond
the prominence, respectively. Assuming the most
simple case when these intensities are equal (sym-
metric corona), we can write

Torom(A) = Ic(A) [L+exp(=ma)],  (7)
where I, = Ity = Ipg.
In this paper we express the prominence dark-

ening in terms of the intensity ratio R which we
define as

1
R = prom 8
ot (®)

where [y is the coronal intensity measured close
to the prominence. In the case of a negligible ab-
sorption, R = 21./Iy which demonstrates the ef-
fect of emissivity deficit, i.e. the lack of hot coro-
nal emission at the volume occupied by the cool
prominence material - see below. Sometimes it is
also useful to express the prominence darkening
in terms of the contrast, which can be defined as
C =1— R. C is zero in the case of no promi-
nence visibility. If there is a negligible absorption,
C =1-2I./Iy and, on the other hand, for large
7,C =1—1./I. In case of I, = Iy/2 (no deficit
effect) the latter will give C' = 1/2.

The coronal intensity I, at the prominence lo-
cation is obtained by integration of the coronal
emissivity along the line of sight (LOS), from mid-
dle of the (symmetrical) cool structure positioned
at the limb to coronal boundaries

n(H)

Ne

I.(\) = /000 Cx(ne,T) n2dl, (9)

where [ is the position along the LOS expressed as

L= \/r2 = (Rsun + 1)°. (10)
Here r is radial position in the corona, Rs,, the
solar radius and h the height above the limb.
ne and ny are the electron and hydrogen densi-
ties, respectively, T is the kinetic temperature and
C is the contribution function calculated using
the statistical equilibrium and CHIANTI atomic
database version 7 (Dere et all [1997; [Landi et all
2012). For the ratio n(H)/ne a common coronal
value 0.83 is adopted. Distributions of the tem-
perature and electron density with height above
the solar surface in the quiet corona were taken
from |[Lemaird (2011) and [Saito et al! (1970), re-
spectively. In Eq. (@) we first integrate from the
middle of the cool prominence structure up to its
boundary Dgeom/2 (where Dgeom represents the
total LOS extension of the prominence), this au-
tomatically accounts for the emissivity deficit be-
cause C) is there essentially zero. From the coro-
nal part we get actual I.. In the quiet corona
outside the prominence, this integral gives simply
Iy/2. Finally, the signal measured by XRT is cal-
culated by the integration of I(\) multiplied by




the filter response function f(A) over the wave-
length range of the filter.

E:/I()\)f()\) d\ (11)

where I()) is either Iprom, Ic or Iy. Response func-
tions f(A) for both Al-mesh and Ti-poly filters are
shown in plots in Fig. [

Length 1.8x10%km of the prominence spine in
projection on the solar disc was measured in im-
age Fig. @ made at 304 A with the EUVI instru-
ment onboard the STEREO A which observed the
prominence as filament. But real length of the
spine can be larger. Moreover, it can be possible
for the prominence on-limb observations that the
line of sight was not passing along whole length of
the spine or part of the spine could be hiden be-
hind the limb. Therefore, length estimated accord-
ing to STEREO A observations cannot be used as
Dgeom. For correct derivation of Dgeom view from
minimum three angles is necessary and only two
are available (edge-on viewed from Earth direction
and from above). Unfortunately, STEREO B was
positioned by 75deg from Earth in opposite di-
rection than STEREO A and therefore the whole
prominence was behind the limb for STEREO B.
Thus, we used Ti-poly observations to estimate
Dgeom at four heights where the cuts have been
made. Dgeom Was optimized in order to achieve the
best fit between the observed and computed ratio
R. Note that in the case of Ti-poly filter, the latter
is equal to 2E./Ey because the absorption at 10A
is considered to be quite negligible and contribu-
tion of EUV radiation to measured signal is under
1%. The resulting Dgeom are shown in Table [I]
and is used in the next subsection to evaluate the
darkening in the Al-mesh images where the filter
has a secondary peak in EUV which contributes
to the integral in Eq. ([II). All resulting values of
Dgeom are of order of magnitude of 10°km that
is close to length of the spine measured in EUVI
image (Fig.2) from the STEREO A satellite. But
it has to be also noted that any of them do not ex-
ceed the spine length as measured in the STEREO
A image.

4.3. EUV Contribution from the Al-mesh
Secondary EUV Peak

To evaluate the intensity ratio R in the case of
Al-mesh filter, we proceed in the same way as in

10

previous subsection. The only difference is that we
can not neglect the absorption because in the EUV
domain around 170 A, where the secondary peak
of the Al-mesh filter contributes to the measured
signal (see Fig. [0), the absorption of coronal ra-
diation by cool hydrogen and helium prominence
plasma can be significant. Although response for
the Al-mesh filter around 170 A is almost three
orders of magnitude lower than at 10 A, as shown
in Fig. [ the quiet corona in EUV around 170 A
is approximately 40 times as intensive as its X-
-ray radiation at 10A. Thus, contribution from
EUV to signal measured using the Al-mesh fil-
ter at the quiet corona cannot be neglected. And
subsequently, decrease of this contribution due to
the absorption at the prominence can have re-
markable impact on the intensity ratio R. The
map of the optical thickness 7193 at 193 A of the
prominence studied here has been already calcu-
lated by (Gunar et all (2014) using the SDO/AIA
observations in the 193 A channel (upper right
panel of Fig.[Il), SXR data from XRT (Fig. ) and
the method of Schwartz et all (2015). Because of
the assumption of symmetrical distribution of the
coronal emissivity, factor of the coronal asymme-
try « equal to 0.5 was used. The 7193 map is shown
in Fig. Bl Position and shape of an area with 7193
above 2 corresponds well to the dark radial struc-
ture of prominence visible in the ATA 193 A and
XRT Al-mesh images. Thus, the minimal R of the
XRT data for both filters corresponds well with
the maximum 793 at all heights above the limb.
They can be transformed to other wavelengths by
multiplying with the 7g4pm0(193 A)/Tlgg ratio ob-
tained from Eq. @) for estimation of the theo-
retical optical thickness of hydrogen and helium
plasma Ty4me(193 A) see e.g. |Anzer & Heinzel

). In calculations of Ty, 1c(193 A) in wave-
length range from 1 to 300A (from X rays up
to EUV) we adopted the same values of helium
abundance and ionisation degrees (rg.=0.1, i=0.3,
j1=0.3 and j2=0) as in section LIl Resulting ratio
is plotted in Fig.[dl Maximum values of 7193 occur-
ring at the prominence spine are within an interval
1.4-2.7 for heights 14 50031000 km what corre-
sponds to optical thickness at wavelengths around
170 A of approximately 0.8—2.2. Such an optical
thickness produces remarkable decrease of inten-
sity and subsequently smaller EUV contribution
(only 7-8%) to signal measured at the promi-




TABLE 1

COMPARISON OF OBSERVED AND CALCULATED INTENSITY RATIOS (R) AT THE PROMINENCE SPINE FOR
THE AL-MESH AND TI-POLY FILTERS.

h R from observations Dygeom maximum Ti93 R from calculations
[km|  Ti-poly Almesh  [10*km] Ti-poly  Al-mesh
14500 0.83 0.77 7.8 2.01 0.83 0.80
17000 0.82 0.79 8.3 2.67 0.82 0.79
19500 0.81 0.76 8.9 2.13 0.81 0.78
31000 0.78 0.78 10.0 1.40 0.78 0.76

nence spine using the Al-mesh filter than for the
quiet corona (the contribution of 11 % at heights
14500-19500km, 9% at the height 31000km).
Then again the signal Epom registered at the
prominence by the Al-mesh filter is calculated
by integration along the wavelength of Iprom(A)
multiplied by the instrument response f(\) (see
Fig.[), similarly as in the case of Ti-poly. Finally,
the theoretical intensity ratio R = Eprom/Ep at
the prominence position is calculated. Note that
the emissivity deficit is properly accounted for by
using the values of Dgeom Obtained in the previous
subsection.

For Al-mesh filter we compare the observed val-
ues of R with those calculated assuming the EUV
contamination in Table [l For values of Dgeom
of the order of 10° km and maximal 793 between
1.4 and 2.67 a good agreement between calculated
and observed values of R was achieved for the four
selected heights above the limb - see Table 1..

5. Discussion and Conclusions

In this paper we studied SXR visibility of the
prominence observed on 22 June 2010 during the
coordinated campaign. We noticed that a dark
structure resembling the prominence spine is well
visible in Hinode/XRT images obtained with Al-
-mesh and Ti-poly filters. Positions of the dark
structure at all heights above the limb correspond
to the maximal 7193 as estimated by
(@) for the same prominence. We examined
three possible mechanisms of SXR prominence
darkening: absorption of X rays around 10A by
the resonance continua of hydrogen, helium and
selected metals, influence of the coronal emissiv-
ity deficit and the effect of a contamination by the
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Ties

height [1000 km)

120
position [1000 km]

Fig. 8.— Map of the 793 optical thickness ob-
tained by (Gunér et all (2014) from amount of ra-
diation from behind the same prominence in res-
onance continua of hydrogen and helium assum-
ing symmetrical distribution of coronal emissiv-
ity along the line of sight. For calculations the
method of [Schwartz et all (2015) and AIA 193 A
and XRT Al-mesh data shown in Figs [0 and Hl
respectively, were used. Gray areas mark posi-
tions of contamination spots in the Al-mesh image
where the data are corrupted.
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Fig. 7.— Intensities of the quiet corona within interval of wavelengths 1-300A calculated using Eq. (@)
for height 14 500km above the limb. Plotted intensities are mean values of spectral intensities within 20 A
interval bins. Al-mesh (left panel) and Ti-poly (right panel) filter responses are also plotted. Although
the response in EUV peak at 170 A is almost thousand times lower than for X rays at 10 A for Al-mesh,
intensities around 170 A are approximately 40 times as large as those at 10 A. Thus, contribution of the EUV
radiation from wavelengths around 170 A to the measured signal is around 11 % that cannot be neglected.
Similar EUV contribution was calculated for the quiet corona also at heights 17000 and 19 500 km while at
height 31 000km the contribution was only 9%. In the other hand, the response at 170 A for the Ti-poly
filter is four orders of magnitude lower than at 10 A, thus EUV contribution to the measured signal is under

1%.

300

Fig. 9.— The Ttue()\) /103 ratio plotted within
wavelength range 1-300A (from hard X rays
up to EUV). Values of the optical thickness
T+He(A) were computed using the theoretical for-
mula Eq, @) for 74me(A) calculation for the com-
mon solar helium abundance of 0.1 and ionisation
degrees of helium and hydrogen i=0.3, j;=0.3 and
J2=0.
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secondary EUV peak in the case of the Al-mesh
filter.

Comparison was made for four heights above
the limb — three close to each other cutting the
prominence spine somewhere in the middle be-
tween its bottom (at the limb) and top and the
fourth close to its top. For the theoretical cal-
culations, distributions of electron densities and
temperature in the quiet corona were used and
for the absorption of EUV radiation by hydro-
gen and helium plasma, maximal 7193 values for
the four heights calculated for this prominence by
Gunar et all (2014) were scaled. Then, calculated
intensities were integrated along wavelength using
the XRT filter responses in order to obtain signal
that should be measured by the XRT instrument.

We found that both absorption in resonance
continua of hydrogen and helium of EUV radia-
tion that contaminates SXR data and EUV emis-
sivity deficit would lower R at the prominence
spine when using the Al-mesh filter. In case of
the Ti-poly filter, lowering of R due to absorption
of EUV radiation is negligible.

As for absorption of X-ray radiation by promi-
nence hydrogen and helium plasma, it is totally



negligible at 10 A. But when also continua of other
elements (metals) such as C, N, O, Ne, Mg, Si,
S, and Fe are taken into account, total optical
thickness cannot be neglected for hydrogen col-
umn density exceeding 10! cm 2. For the promi-
nence studied here we estimated the hydrogen col-
umn density at hydrogen and helium ionisation de-
grees 1=0.6, j1=0.5 and jo=0 from the 7193 map
constructed by [Gunar et al! (2014) and we found
a maximum column density of hydrogen being of
2 x 10" cm ™2 for this prominence. It means that
absorption of X rays at 10 A can be neglected for
the prominence studied here. Only when assuming
that the line of sight at the prominence location
is passing through a volume occupied by the cool
prominence plasma not emitting in EUV and X-
-rays, the contrast comparable to observations is
achieved due to the coronal emissivity deficit. For
simplicity position of the prominence exactly at
the limb was assumed. For the geometrical thick-
ness Dgeom of the prominence spine along the line
of sight of the order of 10° km, calculated intensity
ratios comparable to those obtained from obser-
vations were obtained for all four selected heights
(Table[d) for both Al-mesh and Ti-poly filters. Al-
though Dgeom is increasing with height, its varia-
tions are not exceeding 20 %. Thus, it can be just
due to noise in the XRT Ti-poly data. But in-
crease of Dgeom With height could be also a real
effect of the prominence shape. Unfortunately,
observations of the prominence only in two view-
ing angles are available — edge-on on the limb and
viewed as a filament projected on the disk from
STEREO A. Therefore it is not possible to in-
fer reliably its 3D shape and subsequently geo-
metrical thickness of the prominence at the four
heights. Thus, it is not possible to distinguish
whether increase of Dgeom with height is caused
by noise in the data or by shape of the promi-
nence. Although, such behaviour of the geomet-
rical thickness might conform a loop-like shape
of the prominence where at smaller heights the
line of sight is passing through its vertical parts
while in larger heights the line of sight is pass-
ing along its horizontal part. In case of the the
Al-mesh filter also the EUV transmittance peak
that contaminates the measured signal was taken
into account. Calculated EUV contribution to the
signal in case of the Al-mesh filter for the quiet
corona is 11% at heights 14500-19500 km. The
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EUV contribution at the prominence spine is 7—
8% in all four heights. This difference in EUV
contributions causes decrease of measured XRT
signal at the prominence spine together with the
emissivity deficit. Comparing contribution to the
signal from quiet-Sun radiation in X rays (main
peak of the Al-mesh filter transmittance within
wavelength interval 1-30A) and EUV (secondary
peak at 160210 A) it was found that contribution
of EUV to depression of measured signal in the
quiet corona decreases steeply with height. At the
height of 31000km the EUV contribution to the
signal in the quiet corona is lower — only 9 % while
at the prominence spine the contribution is the
same as at lower heights. Thus, lower EUV contri-
bution to the measured signal in the quiet corona
at h=31000km causes notably less dramatic in-
tensity decrease at the prominence for this height
than at lower heights as can be seen in Fig. Bl Al-
though mainly the coronal emissivity deficit is re-
sponsible for visibility of this prominence in XRT
images, in case of the Al-mesh filter a fraction of
16-25% of the total darkening comes from the
EUV contamination. Therefore depression of the
measured signal at the prominence in case of the
Al-mesh filter is more prominent and its variations
with height are larger than in case of the Ti-poly
filter. In contrast, the contamination of Ti-poly
signal by the EUV radiation is negligible and thus
the emissivity deficit only causes depression at the
prominence spine in XRT observations made with
the Ti-poly filter.
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