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ABSTRACT

Spectral line profiles of filaments/prominences to be observed by the Fast Imaging Solar Spectrograph
(FISS) are studied. The main spectral lines of interests are He, Ca 1T 8542, and Ca IT K. FISS has a high
spectral resolving power of 2x10°, and supports simultaneous dual-band recording. This instrument
will be installed at the 1.6m New Solar Telescope (NST) of Big Bear Solar Observatory, which has a
high spatial resolution of 0.065” at 500nm. Adopting the cloud model of radiative transfer and using the
model parameters inferred from pre-existing observations, we have simulated a set of spectral profiles
of the lines that are emitted by a filament on the disk or a prominence at the limb. Taking into account
the parameters of the instrument, we have estimated the photon count to be recorded by the CCD
cameras, the signal-to-noise ratios, and so on. We have also found that FISS is suitable for the study of
multi-velocity threads in filaments if the spectral profiles of Ca II lines are recorded together with Ho

lines.
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I. INTRODUCTION

Filaments/prominences are known to be composed
of fine threads. Because of the limitation in the spa-
tial and spectral resolution of observing instruments, it
has been difficult to find out physical parameters of the
threads in detail up to now. The New Solar Telescope
(NST) under construction at Big Bear Solar Observa-
tory is to have a high spatial resolution of up to 0.065”
at 500nm with the aid of adaptive optics (Denker et al.
2006, Goode et al. 2003). On the other hand, the Fast
Imaging Solar Spectrograph (FISS) under development
as one of the post-focus instruments of NST is to have
a high spectral resolution. Therefore, we expect the
FISS on NST will yield data of high spatial and high
spectral resolutions that are useful for the study of fil-
aments/prominences.

The solar astronomy group in Seoul National Univer-
sity is developing the FISS in collaboration with Solar
and Space Weather Group in Korean Astronomy and
Space Science Institute. FISS uses an Echelle grat-
ing as the main disperser. A section of a paraboloid
mirror of 1.5m focal length is used as both a collima-
tor and an imager. The expected resolving power is
2x105. Spectral lines at two different spectral bands
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are recorded simultaneously with two identical CCD
cameras. If spectral lines emitted by different atomic
species are recorded, it is useful not only for discrimi-
nating the thermal broadening and non-thermal broad-
ening, but also for inducing physical parameters such as
temperature and number density. For example, Zhang
et al. (1987) used Ho and Ca II K lines to deduced the
two-dimensional distributions of physical parameters in
prominences. Zhang et al. (1987) used multi-line spec-
tra to obtain the non-LTE semi-empirical model of a
prominence. These results demonstrate clearly the im-
portance of multi-line observations.

Many studies have been performed to analyze struc-
fures of filaments/prominences (Stellmacher & Wiehr
1973, Engvold et al. 1978, Kubota 1980 and so on).
Engvold et al.(1978) suggested that prominences may
consist of multiple components. For a couple of rea-
sons, we expect that our new instrument will pro-
vide many valuable data on the fine structure of fil-
aments/prominences so that we may reveal their phys-
ical nature. Firstly, it will produce data with high spa-
tial and spectral resolution. It will also record simulta-
neously two spectral bands.

Since low spatial and spectral resolution cause over-
lapping of threads, it has been difficult to resolve
threads individually. Thus, unless their bulk veloci-
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ties exceed the limit of Gaussian distribution, several
threads could be bundled as a ‘velocity thread’, which
has similar motions. Each of the threads constituting
a velocity thread is called as a ‘density thread’. Each

density thread is characterized by density and temper-
ature (Mein & Mein 1991).

The purpose of this study is to simulate spectral
profiles of lines formed in filaments/prominences. The
spectral lines of our interest are Ha, Ca II 8542, and
Ca II K. In addition, we have considered instrumental
specifications of FISS so as to find out the capability
of FISS in these lines. Finally, we point out the ad-
vantages of Ca II lines over Ha for distinguishing each
velocity thread component from spectral line profiles.

II. CLOUD MODEL

To calculate the intensities of spectral lines formed
in filaments/prominences, we have applied a sim-
ple radiative transfer model which regards a fila-
ment/prominence as a cloud (Beckers 1964). Even
though many studies regarded the source function of
filaments/prominences as a variable function of opti-
cal depth (Tziotziou et al. 2001, Zhang et al. 1987,
Zhang & Fang 1987), we have assumed that the source
function is invariant with optical depth for simplicity.
This assumption is known to be valid unless the layer
is optically thick or large velocity gradients exist (e.g.,
Tziotziou 2007).

From the radiative transfer equation

dI,
=TS, (1)

we obtain the expression of the observed intensity /%,
9 = I ™ 4+ S5 (1 —e™ ™). (2)

Here, 1™ is the incident intensity from the photosphere.

It is convenient to define contrast C'y with respect
to the intensity I3"
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where I is continuum intensity. The data of >~ were

adopted from Wallace et al. (1993) for near-infrared
wavelengths and Wallace et al. (1998) for visible wave-
lengths (See Figure 1.).

The source function, S), depends on incident in-
tensity (I}*) from the background and on the way of
redistribution. Insofar as the way of redistribution is
concerned, this source function can be thought to be
a result either of complete redistribution{CRD) or co-
herent scattering or partial redistribution(PRD) which
is a mixture of CRD and coherent scattering. Theo-
retically, CRD is known to be the most suitable for
Ha and Ca II line core (Vardavas 1974), in which case

the source function is independent of wavelength. Note
that the CRD is applicable within a wavelength range
of 3 or 4 of Doppler width (Thomas 1957, Vardavas
1974). Since we know that Ii™ is close to the intensity
at the line center (o) within this range, we adopt the
values I g as references of S).

If we assume that S) is mainly contributed by the
scattering from background (photosphere), the source
function of the cloud can be determined from the mean
intensity of the background. In the case of He, %

is about 0.08 (Heinzel 1994), which corresponds to
22 = (.5 (Heinzel 2006). This is physically reasonable,

§
b)e\;:ause roughly half side of a filament is illuminated by

the light from the photosphere. Since the same argu-
ment may be applicable to Ca Il lines, we will adopt
this ratio to the Ca II lines. That is, we assume that
the source function is half of the line center intensity
for Ca II lines as well as Ha.

Therefore, the source function can be expressed as

follows
Sy = al, = bly, (4)

where I, indicates intensity at the line centers, and
we adopt b = 3 (Heinzel 2006).

Finally, this yields another form of contrast equation

Cy = (aé; — 1) (1—e™™) = (b% ~ 1) (1 ~6_T;5)).

To determine 7y for a single velocity thread, we as-
sume a Gaussian profile

(6)

where ) represents the wavelength measured from the
line center, Ap is the Doppler shift of the spectral line
due to the bulk motion, and AAp is the Doppler width

given by
X [2kT '
Alp = E\[— + 623 (7)

m

where m is the mass of an element which emits the
spectral line and £ is non-thermal turbulent velocity.

If multiple velocity threads exist along the line of
sight (e.g., red-shifted, blue-shifted, stationary), the to-
tal optical thickness 7, can be represented as

) = Tre_(%%)z + Tse”(ﬁy + Tbe_(%‘%)ga (8)

where A, and Ay stand for the shifts of line components
due to the bulk motion of filaments/prominences, re-
spectively.

JII. RESULT

(a) Single Component Case

Assuming that there exists a single velocity thread

along the line of sight, we have simulated spectral pro-
files of spectral lines - Ha, Ca II 8542, and Ca II K.
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Fig. 1.— % of each spectral line (Wallace et al. 1993,

Wallace et al. 1998). Two Ca II lines have less values at the
line centers than Ha. This can result in more noise levels
in terms of contrast profiles.

This thread is assumed to have proper Doppler mo-
tion. From this simulation, we could construct 1) con-
trast profiles at the disk filament, 2) absorption inten-
sity profiles from the disk filaxnent, 3) emission inten-
sity profiles from the limb prominence. By comparing
these results, we will be able to choose the spectral
line which is the most advantageous in discriminating
filaments/prominences from background.

Since many physical parameters of filaments/promi-
nences are required to draw a spectral profile, we have
set these values based on literatures and observations.
For example, to define Doppler widths of a velocity
thread, we have adopted typical physical parameters for
filaments/prominences (T=8500K, é= 4km/s). And to
determine Doppler shift (Ap) and optical thickness at
the line center of Ha and Ca II 8542 (Toma, Tossa2)s
we have referred to the spectral profiles from obser-
vations (Tziotziou et al. 2001, Molowny-Horas et al.
1999). In the case of finding 7og, and Togsae, a fit-
ting method has been applied to match our model with
these observation profiles. To find out optical thick-
ness of Ca II K (79k), we have referred to several ob-
servations (Gouttebroze, Vial, & Heinzel 1997, Kubota
1980) which gave information on the ratio of emission

energy (integrated line intensity) between Ca TI 8542
and Ca IT K (Fx = 10Eg542). Note that under the op-
tically thin approximation, the integrated line intensity
is proportional to the product of center optical depth,
Doppler width and the source function.

Considering all these constraints, we have con-
structed contrast profiles of disk filaments and inten-
sity profiles for filaments/prominences in Figure 2.
The result of determining Doppler velocity and optical
thickness of each spectral line center was 79z, =0.91,
To8542=0.52, Tox= 6.6 and Doppler velocity deduced
from Ap = -0.94km/s-

In all the spectral lines, contrasts near line center
show negative values, which means that filaments are
darker than background. Also, we can expect that Ca
I1 8542 may show less contrast than He, which is consis-
tent with observation (Tziotziou et al. 2001; Molowny-
Horas et al. 1999), while Ca II K may have higher dis-
tinction than Ha and Ca II 8542. Limb prominences
also show that Ca II 8542 is expected to emit much
less intensity than Ha and this tendency is consistent
with observation (Stellmacher, & Wiehr 2000), while
the intensity of Ca II K is comparable to He.

(b) Distinguishing Bulk Motion Components

We tried to construct spectral profiles in the case
of multi-velocity threads. According to Chae et al.
(2007), dynamic threads may be typically modeled by a
superposition of three velocity components which have
Doppler velocities of -15km/s, Okm/s, 15km/s and op-
tical thickness ratio of 1:2:1, respectively. Adopting the
optical thicknesses of single component case, the optical
thickness values of our model cloud are 0.46, 0.91,0.46
in Ha, 0.26, 0.52, 0.26 in Ca II 8542, and 3.3, 6.6, 3.3
in Ca II K, respectively. Using this configuration, we
have plotted spectral profiles for the same spectral lines
in Figure 3.

As we see in Figure 3, Ha is a poor indicator to re-
solve Gaussian components with proper bulk motions.
In Ca II lines, on the other hand, red-shifted and blue-
shifted components seem to be easily identified. It is
mainly due to small Doppler width of Ca II, because
Ca ions have heavier mass than hydrogen atoms.

(c) Instrumental Photon Count

To record dual-band spectra, we adopted two iden-
tical imaging CCD cameras — ixon DV887 of ANDOR
Technology. This has a frame rate of 32~263fps, which
is suitable for fast imaging. Its main specifications are
described in Table 1.

One of the purposes of this study is to estimate
the photon count from filaments/prominences for each
spectral line, so that we can suggest the proper expo-
sure time for any required signal-to-noise (S/N) ratio.
Since the biggest source of noise originates from Pois-

son noise and readout noise (Ng = %2¢— full frame

with a readout rate of 10MHz, where M is multipli-
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Fig. 2.— Expected spectral profiles for single component case. Top: Contrast profiles of disk filaments(solid) compared
to the observation data(diamond) taken by Tziotziou et al. (2001) and by Molowny-Horas et al. (1999), Middle: Intensity
profiles of disk filaments(solid) with intensity from the photosphere(dashed), Bottom: Intensity profiles of limb prominences

TABLE 1.
SPECIFICATION OF IXON DV887
Parameters Values
Active pixels 512x512
Pixel size(um) 16x16
Image area(mm) 8.2x8.2
Active area pixel well depth 220,000 e~
Gain register pixel well depth 800,000e~
Max readout rate 10MHz
Frame rate 32~263fps
Readout noise < 1~62 at 10MHz
Electron multiplier gain 1~1000
Digitization at 10MHz 14bit
Dark current 0.5e~ /pix/sec

cation factor of electron-multiplying CCD (EMCCD)
method), it is important to know photon count for an
exposure.

There are many factors which contribute to the pho-

ton count. The photon (electron) count at the contin-
uum (N.) may be expressed as follows;

Ic

T AQANAAAL 9)

N, = qTatmTins

A T
= qTatmeSICﬁzAxAym A)NAL. (10)
The definitions of the factors and their values are de-
scribed in Table 2.

In addition, we can determine S/N values of fila-
ments/prominences from N,. If we are to measure con-
trast of disk filaments, it is meaningful to calculate S/N
of contrast. In this case, S/N can be represented as fol-
lows

Nout _Nin )
sﬂV_]CA'_ G 8 YO
5C ang VN NZ|

where Ni* = N, L= Nout — N lewt jmplying photon
A 1. A 1.

count from background and filaments, respectively, and
N _ B62e—
R= "pa-

In the case of limb prominences, we can calculate
S/N of photon count directly

S N N;)\ut N;\)ut ( 2)
= = . ].
/ SNgW \/Ng® N2

The estimation of S/N for filaments/prominences are
shown in Figure 4.
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Fig. 3.— Expected spectral profiles for multi component case. Top: Contrast profiles of disk filaments, Middle: Intensity
profiles of disk filaments(solid) with intensity from the photosphere(dashed), Bottom: Intensity profiles of limb prominences

As seen from Figure 4, Ca 11 has weaker signal-to-
noise ratios than Ha. This is mainly because the values
of the source function in Ca II lines are low, which are
regarded to be strongly coupled with intensity at the
line centers.

As it is well known, the S/N value increases if we
take a longer exposure time. In this case, it is not de-
sirable because it limits fast imaging feature of the spec-~
trograph. Instead, if we utilize electron-multiplying
CCD (EMCCD) method, S/N can be enhanced due
to lower readout noise.

Then, let us estimate optimum camera parameters
to make S/N ratio as high as possible. Within the
limit of pixel well depths (220,000e™ for active area,
800,000e~ for gain register) and maximum ADU count
(2'4=16,384), we can adjust gain and electron multi-
plication. Maximum multiplication factors (M) have
been selected so as to fill up gain register pixel well
(800,000e™). In this case, we only considered the inten-
sity near the line centers (-1A< A < +1A) and bright-
ening of filaments/prominences has been ignored. Due
to fast image scanning purpose, exposure time has been
set as 0.02s. The suggested parameters are shown in
Table 3. and Table 4. As seen from these tables, EM-
CCD is helpful to increase S/N values, because in these

cases readout noises (%2¢—) are comparable to Poisson
noises, which are causeﬁ[ by the electron counts them-

selves.

IV. DISCUSSION

We have deduced parameters like optical thickness
from the data given in previous observational studies
(Tziotziou et al. 2001, Molowny-Horas et al. 1999).
The question is then whether these parameters would
be suited for FISS which will have higher spatial reso-
lution and higher spectral resolution than these obser-
vations. There is a concern that the adopted optical
thickness (0.91 in Ha) may be overestimated.

A single thread would appear blurred in low resolu-
tion observations, resulting in low contrast and small
optical thickness. In this case, high resolution observa-
tions will yield higher contrast and larger optical thick-
ness. This seems to be the case that is observed in high
spatial resolution images (Lin et al. 2004).

What if not a single thread, but a bundle of threads
are observed? What is important is the spatial distri-
bution of the threads. One extreme case is when all
the threads are along the line of sight. In this case,
the average optical thickness of each thread should be
equal to our value (e.g, 0.91) divided by the number
of threads. According to several previous studies (En-
gvold et al. 1989, Mein & Mein 1991, Mein et al. 1994,
Chae et al. 2007), the number of velocity threads along
the line of sight in previous observations ranges from 3
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TABLE 2.
LINE-SPECIFIC AND COMMON VALUES TO CALCULATE N,

Parameter Name Ha Call842 CallK
q quantum efficiency at the CCD 0.9 0.55 0.5
Tatm atmospheric transmissivity 0.699 0.706 0.423

AX (A) spectral coverage of a pixel 0.028 0.046 0.017
Ie Intensity of continuum (erg - cm~2 str—! sec™! A~1) 2.9x10%  1.78x10°  4.41x10°
N, photon count of continuum 2.51x105 2.03x10° 4.67x10*
Tins instrumental transmissivity 0.25
Az physical width of a CCD pixel 16m
Ay physical height of a CCD pixel 16um
At exposure time 0.02s

F focal ratio of incident beam at the entrance slit of FISS 26

to 6, and each thread has an optical thickness of from
0.2 to 0.3. The number of density threads may be even
bigger and the optical thickness of a density may be
even smaller, since each velocity thread may consist of
several density threads. When several threads are along
the line of sight, the integrated effect of threads may
be incorporated by including more terms in equation
(8). The cloud model in equations (2) and (3) criti-
cally depend on the assumption of the constant source
function, which may be valid unless the integrated op-
tical thickness is much bigger than unity.

On the other hand, we note one important aspect
of high spatial resolution. That is, the line of sight is
more strictly defined than in low resolution observa-
tions so that the line of sight may contain less threads.
Namely, the effect of line-of-sight overlapping will be
reduced in high resolution observations. It would be
quite interesting to see how the velocity threads and
density threads would be observed with FISS having
high spatial resolution.

If we apply the cloud model to the observational
data taken by Tziotziou et al. {2001) and Molowny-
Horas et al. (1999), we find that optical thickness of
Ha (0.91) and Ca IT 8542 (0.52) are in the same order

of magnitude, yielding ratio of % = 11& That is

why the two spectral line profiles show similar contrast
values.

However, in general, the ratio may differ from re-
gion to region. According to Stellmacher (2000), the
ratio of integrated intensity between Ca II 8542 and
Hg differs among individual prominences. The study
compared two prominences - a bright prominence and
a faint one. The ratio of %}"ﬁf ranges from 0.28 for the

bright prominence to 0.63 for the faint one. And gg p

was between 6 and 12 for the bright prominence. This
implies that % also does not have a fixed value but

has a range. On average, the ratio of ;Z’:; was approx-

imately 30. If we assume that the prominences are op-
tically thin, so that optical thickness is proportional to

intensity and if we consider the ratio of Doppler width

for Ha and Ca II 8542 as AA/\)‘I’)’;;; = %Z—), the estimated

ratio of optical thickness is about lef;;—f; = %, which
is differ from our expectation.

The discrepancy in terms of optical thickness ratio
may signify that the temperature of filament threads
varies from region to region. Since most of filaments/
prominences have arc shapes in the chromosphere, they
can be exposed to different temperatures. Usually, the
higher chromosphere region has a higher temperature.
So this can change the ratio of Ha absorbers to Ca
II 8542 absorbers. The lower energy level of Ca II
8542 is 1.69eV from the ground and the lower level of
Heo is 10.6eV. Therefore, in the high chromosphere re-
gion, the number density of electrons which contribute
to Ca II 8542 can decrease considerably due to exci-
tation to upper levels. On the other hand, the lower
chromosphere region can have abundant Ca II 8542 ab-
sorbers/emitters. Figure 7 of Tziotziou et al. (2001)
supports such an explanation. The lower region (barbs)
of the filament look thicker than the central parts in Ca
II 8542, but the filament in Ha does not seem to have
much variation along it.

Therefore, it is possible for the two spectral lines
to see different heights of filaments/prominences. That
can be a reason for Ca IT 8542 to be prominent near the
barbs, since it has lower energy level than Ha. Wang
et al. (1998) gives a good insight for that. Figure 1 of
this paper shows that Ha and He II 304 A are emitted
from different regions in filaments/prominences. The
higher region where He II 304 is intense has a weak
emission from Ha. On the contrary, lower chromo-
sphere has a strong Ho emission while He II 304 is
faint. This is mainly because the emissivity of He II
304 peaked near the temperature of 80,000K, while Ho
is strong near 10,000K. The temperatures correspond
to the energy level where the electrons are abundant.
He 1T 304 has a higher energy level than He. Since fil-
aments/prominences can have both low and high tem-
peratures, the higher region of filaments/prominences
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Fig. 4.— Expected photon count and corresponding signal-to-noise ratio. Top and middle : Photon count and signal-to-
noise ratio in the case of observing filaments at the disk center. Bottom: Photon count and signal-to-noise ratio in the case

of observing prominences at the limb. Exposure time is 0.02s.

will be prominent in He II 304, middle region in He,
and low region in Ca 11 8542.

Our consideration on the relative intensity above is
based on previous observations that did not resolve
threads. It would be also interesting to see how the
ratio varies from thread to thread using high spatial
resolution observations.

Finally, let’s think about the validity of the CRD
assumption we used. It is known to be valid within a
wavelength range of 3 ~ 4|AXp|. With this assump-
tion, the intensity of line center may be used to derive
the source function of fine threads within this wave-
length range. It may be appropriate for stationary com-
ponents to choose line center intensities as a reference of
source function, since spectral coverage of the threads
is within this range. In the case of moving threads, if
we refer to typical bulk motion speed of the threads,
the wavelength coverage may be out of 3 ~ 4|AAp|
from line center. Nevertheless, we have referred to line
center intensities for all the components, because the
intensities at the Doppler-shifted wavelength do not de-
viate much from that of line center. We can still ap-

ply constant source function regardless of wavelength
(CRD).

V. CONCLUSION

The purpose of this study is to estimate the spectral
line profiles of filaments/prominences in the spectral
lines Hey, Ca II 8542, and Ca II K. Instrumental specifi-
cations of NST/FISS have been considered to calculate
photon count and to determine optimal exposure time
for each line.

We expect that it will be possible to estimate tem-
perature and non-thermal turbulence through simulta-
neous recording of two spectral lines using dual cam-
eras. We also expect that it will be possible to study
fine structures of filaments/prominences by observing
Ca 1II spectra. According to our study, there is much
possibility of detecting multi-velocity threads in fila-
ments/proiminences. For this purpose, we have pre-
dicted the optimal parameters of NST/FISS to fulfill
our needs for good data quality. What should be done
from now on is to verify our prediction from real obser-
vations using NST/FISS.
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TABLE 3.
OPTIMAL CAMERA CONTROL PARAMETERS FOR MAXIMUM S / NS IN THE CASE OF FILAMENTS.
EXPOSURE TIME : 0.02s.

parameter Hao Call 8542 | Call K
Maximum electron count at +1A (e7) | 166,000 43,600 5,770
Line center photon count (e™) 26,300 10,900 1,060
Maximum multiplication factor 4 18 138
Gain (e~ /ADU) 40 47 48
Maximum S/N 101 37 62

TABLE 4.
OPTIMAL CAMERA CONTROL PARAMETERS FOR MAXIMUM S/NS IN THE CASE OF PROMINENCES.
EXPOSURE TIME : 0.02s.

parameter Ho Call842 | Call K
Line center photon count (e™) | 13,700 2,630 1,200
Maximum multiplication factor 58 304 666
Gain (e~ /ADU) 1 1 1
Maximum S/N 117 51 34
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