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Abstract

There is a thin transition region (TR) in the solar atmosphere where the temperature rises from 10,000 K in the
chromosphere to millions of degrees in the corona. Little is known about the mechanisms that dominate this
enigmatic region other than the magnetic field plays a key role. The magnetism of the TR can only be detected by
polarimetric measurements of a few ultraviolet (UV) spectral lines, the Lyα line of neutral hydrogen at 121.6nm (the
strongest line of the solar UV spectrum) being of particular interest given its sensitivity to the Hanle effect (the
magnetic-field-induced modification of the scattering line polarization). We report the discovery of linear polarization
produced by scattering processes in the Lyα line, obtained with the Chromospheric Lyman-Alpha Spectro-
Polarimeter (CLASP) rocket experiment. The Stokes profiles observed by CLASP in quiet regions of the solar disk
show that the Q/I and U/I linear polarization signals are of the order of 0.1% in the line core and up to a few percent
in the nearby wings, and that both have conspicuous spatial variations with scales of ∼10arcsec. These observations
help constrain theoretical models of the chromosphere–corona TR and extrapolations of the magnetic field from
photospheric magnetograms. In fact, the observed spatial variation from disk to limb of polarization at the line core
and wings already challenge the predictions from three-dimensional magnetohydrodynamical models of the upper
solar chromosphere.

Key words: magnetic fields – polarization – Sun: chromosphere – Sun: transition region – Sun: UV radiation

1. Introduction

The upper layers of the solar chromosphere, and the
transition region (TR) in particular, are key to understanding
several of the most fundamental problems in astrophysics such
as the source of the solar wind, the energization of the corona,
or the acceleration of energetic particles (e.g., Priest 2014).
Most of what we know about this puzzling atmospheric region
has been learned from ground-based observations in the Hα
line (e.g., Kneer 2010; Rutten & Rouppe van der Voort 2017)
and by combining space-based observations of the radiation
intensity in ultraviolet (UV) spectral lines and magnetohydro-
dynamical numerical simulations (e.g., Hansteen et al. 2014;
Pereira et al. 2014). Yet, we lack quantitative information on
the single most important physical parameter: its magnetic
field. To explore the magnetic field of the upper solar
chromosphere and TR requires spectropolarimetry, i.e., the

ability to detect the polarization state of photons in magneti-
cally sensitive spectral lines, at UV wavelengths where photons
are relatively scarce. In particular, the magnetic field of the
rarified plasma of the chromosphere–corona TR can be probed
only through a handful of UV spectral lines sensitive to the
Hanle effect (the magnetic-field-induced modification of the
line scattering polarization; see Landi Degl’Innocenti &
Landolfi 2004), but their observation and modeling are not
easy (e.g., Trujillo Bueno 2014). On the one hand, these
wavelengths cannot be observed from the ground, which poses
a clear instrumental and observational challenge; on the other,
the formation of the polarization profiles of these lines involves
complex atomic and radiative mechanisms whose impact is
only known theoretically, since the physical conditions of the
TR are not accessible in terrestrial laboratories. These
difficulties have left the strength and geometry of the magnetic
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1 2N�( ). In some places, even in the Lyα line core, LP is anti-
correlated with the intensity (Figure 4(C)). The fact that regions
with lower line intensity are, on average, more polarized than the
high-intensity regions had been predicted by radiative transfer
investigations of the Lyα scattering polarization in 3D models of
the solar atmosphere (Štěpán et al. 2015).

The CLASP slit-jaw system also, serendipitously, provided
images of the broadband Q/I fractional polarization (Figure 1
(Ab)), in addition to the intensity images (Figure 1(Aa)). Since
the Lyα Q/I amplitudes are much larger in the wings than in
the core, the broadband Q/I signal that results from the
wavelength-integrated Stokes I and Q profiles is dominated by

Figure 1. CLASP data. (A) Broadband Lyα (a) intensity and (b) Q/I images taken by the CLASP slit-jaw camera. The black line in (a) indicates the spectrograph’s
slit, which covers 400arcsec. (B) Variation along the slit of the intensity (I) and fractional polarization (Q/I and U/I) profiles of the hydrogen Lyα line observed by
the CLASP spectropolarimeter. The solar limb is at +175arcsec. (a) Stokes I in logarithmic scale, (b, c) Stokes Q/I, and (d, e) Stokes U/I. The fractional polarization
is clipped between ±6% in (b) and (d) for an optimal visualization of the wings and between ±0.6% in (c) and (e) for the line core. The reference directions for
positive Stokes Q and U are indicated by the red arrows in the corresponding (B) panels.

Figure 2. Examples of I, Q/I, and U/I profiles observed by CLASP. (A) Intensity, (B) Stokes Q/I, and (C) Stokes U/I at three different positions on the solar disk:
+152″ (red), +86″ (green), and −36″ (blue) in Figure 1(B); these correspond to cos 0.2N Rw � , 0.4, and 0.6, respectively (θ being the heliocentric angle). To
increase the signal-to-noise ratio, 21 pixels (23 arcsec) along the slit have been averaged. The vertical error bars show the standard deviation. The spatial average
between −198″ and +164″ in Figure 1(B) is shown by the black curves.
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transmit the extraordinary ray !e ray" undeviated, and to re-
flect the ordinary ray !o ray" at 104° with respect to the
incident light ray. The additional Glan–Taylor prism in the
reflected ray eliminated the spurious e-ray component. Each
of the e ray and the o ray was focused by a lens onto the

entrance surface of an optical fiber having 400 µm core di-
ameter. The positions of the entrance surfaces of the optical
fibers were carefully adjusted, and the plasma areas viewed
by the both rays were confirmed to be almost identical; this
was done with the He–Ne laser light. Both lines of sight had
a field of view with 55, 68, and 84 mm diameters at the
outer, central, and inner regions, respectively.

The optical fibers of 12 m length transmitted the light to
a Czerny–Turner-type spectrometer !f =1.33 m" equipped
with an 1800 grooves/mm grating. The slit width was 30
µm. The linearly polarized components at the input side of
the optical fibers were randomized during the transmission
through the optical fibers. The polarization degree of each
component at the exit side of the optical fibers was less than
0.06. This residual polarization does not affect the result ex-
cept for the apparent relative efficiency of the e-ray and
o-ray signals even though our spectrometer has a small dif-
ference for different polarizations.

The linear dispersion was 0.3120 nm/mm at ! 656.3 nm
in first order. No appreciable emission lines were found in
the wavelength regions of the second and third orders. Spec-
tra dispersed by the grating were recorded with a charge-
coupled device detector, !CCD: 1024"1024 of 13 µm
square pixels". The overall instrumental function was close
to a Gaussian profile with a full width at half maximum
0.0115 nm or 3 pixels. A fast mechanical shutter of a 25 mm
aperture was introduced on the light path in order to avoid

FIG. 1. !a" Map of the magnetic surfaces and field strength for the configu-
ration of Rax=3.6 m and Bax=2.75 T. The R and Z axes indicate the major
radial direction and the direction perpendicular to the equatorial plane, re-
spectively. The line at Z=0.026 m indicates the line of sight of the present
polarization separation observation. The large open circles indicate the lo-
cations of the H# line emission and their diameters are proportional to the
fitted emission intensities at the inner and outer points. The closed circles
indicate the location of the He I !728.1 nm !21P-31S" emission line re-
ported in Ref. 22 for comparison. The diameter ratio between H# intensity
and He I intensity are arbitrary. !b" The variation of the field strength, !c" the
pitch angle $ of the magnetic field from the horizontal plane, and !d" the
yaw angle % between the projection of the magnetic field vector on the
horizontal plane and the perpendicular direction to the line of sight.

FIG. 2. An example of H# line profiles observed without polarization
separation.

FIG. 3. Top view of 1-O port of the LHD. Dotted line shows the line of
sight into the plasma.

FIG. 4. Polarization separation optics !PSO". GTP: Glan–Taylor prism. L:
Lens. OF: optical fiber of 400 µm core diameter. SP: Spectrometer. CCD:
charge-coupled device.
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the smear on CCD images. The exposure time of CCD was
478 ms and the repetition frequency was 2 Hz.

The emission profile was observed during the 40 s sta-
tionary phase of hydrogen discharges heated by neutral beam
injection !NBI". The input power of the NBI was #600 kW.
The gas-fueling rate was controlled so as to keep the line-
averaged electron density ne to be #1!1019 m−3 and the ion
temperature was Ti#1.5 keV.

The PSO could be rotated around the axis of the line of
sight during the discharge by a stepping motor which was
remotely controlled. The rotation angle of PSO, ", was de-
fined as the angle of the polarization direction of the o ray
with respect to the horizontal plane. !See Fig. 7 later." We
started the rotation at "=45° and stopped at −45° for a NBI
discharge plasma !shot No. 41 312". The time evolution of
the polarization resolved spectra of H" is shown in Fig. 5.
The spectral profiles vary with the rotation angle of the PSO.
The observed profile of the o-ray component at
"=45° is almost identical with that of the e-ray component
at "=−45° and vice versa except for the different relative
efficiency for the two rays. Both the e-ray and o-ray profiles
are similar at around "=0°. This fact suggests that the emis-
sion is localized at inner and outer regions where the pitch
angles of the magnetic field are of similar absolute values
with the opposite signs !see Fig. 1". It may be interesting to
note that the profiles at "#0° look rather similar to the
polarization integrated spectrum in Fig. 2.

An example of the observed H" line profiles is shown in
Fig. 6 at a particular angle "=−45°; Figs. 6!a" and 6!b"
shows the e-ray component and the o-ray component, re-
spectively. The upper panels show the spectra recorded dur-
ing the NBI injection. The spectra are for the time span from
t=1.000 to 1.478 s !shot No. 41 292".

The lower panels show the spectra in the recombining
phase; in this phase the plasma shrinks to the central axis,
where the magnetic field is almost in the horizontal direction.
See Fig. 1!c". Both the profiles in !a" and !b" show typical
normal Zeeman or Paschen–Back patterns. Since the radial
motion of the plasma can be neglected in this decaying
phase, the peak positions of the # components for the both
rays are used for the purpose of wavelength reference for the
upper panels of Fig. 6.

III. ANALYSIS OF THE ZEEMAN PROFILES AND
DISCUSSION

The H" line consists of 48 allowed and six $J-forbidden
Zeeman components. These are # and % polarized. !18# and
30% allowed, 2# and 4% $J forbidden".5–7 The correspond-
ing perturbed line strengths are calculated according to the
method described in Ref. 23.

The # components, corresponding to $M=0 transitions,
are linearly polarized in the plane containing the direction of
observation and that of B. The %+ components correspond to
$M=Mf−Mi=−1 and are shifted to higher energy, or to the
blue side of the # components. The %− components corre-
spond to $M= +1 and are shifted to the red side of the #
components. If the observation direction is orthogonal to B,
the polarization direction of %+ and %− components are per-
pendicular to B. If B points toward the observer, the %+ blue
components are left-circularly polarized and the %− red com-
ponents are right-circularly polarized. In the present experi-
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charges used in the present study. The plasma is sustained
by the electron cyclotron heating in this case as shown in
the top panel in Fig. 6. The bottom panel shows the Lyman-
α line intensity which is derived as an integral over the
entire measured spectrum. The intensity clearly shows a
modulation synchronized with the half-wave plate rotation
which indicates that the Lyman-α line is polarized.

We here assume that the polarization state is un-
changed during a quasi-steady-state of the plasma and fit
the temporal variation of line intensity I(t) with a function,

I(t) = f (t) [1 + Pabs cos (ωt + θ)] , (6)

where Pabs is the absolute polarization degree, ω is the an-
gular frequency of the polarized light rotation to be ob-
served, θ is the phase offset. The function f (t) expresses
a general temporal variation except the sinusoidal oscilla-
tion. The polarization degree Pabs is defined as

Pabs =
Imax − Imin

Imax + Imin
, (7)

where Imax and Imin correspond to the maximum and mini-
mum of the oscillating intensity. The line intensity is well
fitted by Eq. (6) with Pabs = 0.035. The fitted curve is
shown with the red solid line in Fig. 6.

The value Imin is recorded at the angle of 55.5 de-
gree which is measured in the clockwise direction from the
vertical upward axis when observed from the spectrom-
eter position. On the other hand, according to the mag-
netic equilibrium database TSMAP [12], the angle of the
magnetic field direction at the Lyman-α line emission, i.e.,
reff = 0.67 m, on the line-of-sight is 56.1 degree at the in-
board side and 108.5 degree at the outboard side. This re-
sult suggests that the polarization has a correlation with
anisotropy in EVDF regarding parallel and perpendicular

Fig. 6 Example of discharge for the measurement: (a) ECH
power and stored energy, (b) line-averaged electron den-
sity and central electron temperature, and (c) Lyman-α
line intensity of the present observation.

directions to the magnetic field and that the polarization is
mainly made at the inboard side rather than at the outboard
side. Under such a condition, Imax and Imin correspond to
I⊥ and I‖ in Eq. (5), respectively, and therefore P takes
negative values as P = −Pabs.

4. Results and Discussion
We have obtained P for a number of discharges in-

cluding some different plasma heating conditions. Figure 7
shows the results against the line-averaged electron density
ne. It is found that P shows a tendency to decrease with
increasing ne, while no clear dependence on the heating
conditions is seen.

We attempt a derivation of the EVDF anisotropy in
terms of T‖/T⊥ for each P in Fig. 7 with the help of the
atomic model introduced above. The ne and Te data by
Thomson scattering diagnostic are used as the local param-
eters at the emission location which is assumed to be fixed
at reff = 0.67 m for all the cases [10, 11]. Because the
Thomson scattering system in LHD dominantly measures
the perpendicular temperature with respect to the magnetic
field, Te data by Thomson scattering are taken as T⊥ in the
atomic model. The parallel temperature T‖ is then derived
such that the model gives the same polarization degree P
as the measurement with the fixed T⊥ and ne.

The results are shown in Fig. 8 where T‖/T⊥ is plot-
ted against the electron-electron collision frequency ν at
the expected emission location. It is observed that T‖/T⊥
decreases or the anisotropy becomes larger with lowering
ν.

This result is qualitatively understandable when the
confinement characteristics difference between the trapped
and passing particles are taken into account. Particles hav-

Fig. 7 Measurement results of the polarization degree plotted
against ne for some different heating conditions. The
red and green circles show results with the perpendic-
ular NBI and tangential NBI, respectively, and the blue
squares show results with the ECH.
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Fig. 8 Anisotropy in terms of T‖/T⊥ plotted against the electron-
electron collision frequency at the expected emission lo-
cation reff = 0.67.

ing a large velocity component in the direction perpendic-
ular to the magnetic field are called the trapped particles
because they are apt to be trapped in the magnetic field rip-
ples due to the mirror effect. On the other hand, particles
moving in parallel with the magnetic field are not influ-
enced by the magnetic field ripples and called the passing
particles. In the region where the Lyman-α line emissions
take place, the magnetic filed is open so that the passing
electrons are expected to be led to the divertor plates im-
mediately while trapped electrons could remain longer.

It is still an open question why an anisotropy is only
observed in the inboard side. A possible explanation is
that the line emission observed is actually dominated by
the line emission at the inboard side. The neutral flux gen-
erally has a poloidal asymmetry in LHD following an in-
homogeneous divertor flux, and a previous study of ours
demonstrated that the inboard side line emissions are larger
in the case of the present magnetic configuration [13]. It is
also possible that the anisotropy is smaller at the outboard

side even though line emissions at the outboard side sig-
nificantly contribute to the observed line intensity. There
is actually some difference in the connection length struc-
ture between at the inboard side and at the outboard side,
and this could cause different anisotropic states in these re-
gions.

Although further investigations are necessary for a
clear understanding of the obtained results, the observation
of polarized emission line itself is assured, and the present
results should be of significance in the study of anisotropy
in the magnetically confined fusion plasma.
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1. これまでの連携研究の成果 

2. これまでの連携研究に期待したこと，得られたこと 

3. これまでの連携研究を実施した枠組みや研究体制 

4. 今後の連携研究の展開や，新しく連携したい課題について 
それぞれの分野における具体的な課題をお互いに紹介する研究会があれば、
そこに出席することで自分の知識や経験が役立つところ、あるいは自分の抱
えている問題解決への手がかりが見つかることもあるかもしれない。


