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ABSTRACT

Aims. A novel method of using hard X-rays as a diagnostic for chromospheric density and magnetic structures is developed to infer
sub-arcsecond vertical variation of magnetic flux tube size and neutral gas density.
Methods. Using Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) X-ray data and the newly developed X-ray
visibilities forward fitting technique we find the FWHM and centroid positions of hard X-ray sources with sub-arcsecond resolution
(∼0.2′′) for a solar limb flare. We show that the height variations of the chromospheric density and the magnetic flux densities can
be found with an unprecedented vertical resolution of ∼150 km by mapping 18−250 keV X-ray emission of energetic electrons
propagating in the loop at chromospheric heights of 400−1500 km.
Results. Our observations suggest that the density of the neutral gas is in good agreement with hydrostatic models with a scale height
of around 140 ± 30 km. FWHM sizes of the X-ray sources decrease with energy suggesting the expansion (fanning out) of magnetic
flux tubes in the chromosphere with height. The magnetic scale height B(z) (dB/dz)−1 is found to be of the order of 300 km and a
strong horizontal magnetic field is associated with noticeable flux tube expansion at a height of ∼900 km.
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1. Introduction

Chromospheric magnetic fields are notoriously difficult to mea-
sure and their detailed structure is effectively inaccessible with
modern observations. The difficulties of various line spectro-
scopic techniques (e.g. Solanki et al. 2006) occur because the
magnetic field is relatively weak, so the observed spectral lines
are consequently broad and insensitive to the field. The computa-
tion of chromospheric vector magnetic fields from spectral lines
is also an ill-conditioned inverse problem (e.g. Metcalf et al.
1995). In addition, current ground based vector magnetograms
have a spatial resolution comparable to the vertical size of the
chromosphere itself, 2−3′′ (Lagg 2007). Therefore, various in-
direct techniques are often employed to determine the magnetic
field in the chromosphere: optical observations of photospheric
magnetic fields combined with extrapolation into the chromo-
sphere (e.g. McClymont et al. 1997) or radio observations of
gyroresonance emission (Lang et al. 1993; Aschwanden et al.
1995; Vourlidas et al. 1997; White & Kundu 1997).

The solar chromosphere being only about 2000 km thick
(∼3′′) strategically covers the layer where the solar atmosphere
turns from the gas-dominated lower chromosphere/photosphere
into the magnetic field dominated upper chromosphere/corona.
Gabriel (1976) has proposed that the magnetic field in the
chromosphere fans out (canopies) and Giovanelli & Jones
(1982) have found that the canopy height should be typically
300−400 km. However, polarisation measurements by Landi
degl’Innocenti (1998) suggest a very small horizontal compo-
nent of the magnetic field and Schrijver & Title (2003) argue that

the “wine-glass” shaped magnetic field should return to the pho-
tosphere near their parent flux tube. In addition, different mag-
netic field models predict different canopy heights (Solanki et al.
1999).

The transport of both thermal and energetic charged particles
in the solar atmosphere is governed by individual magnetic flux
tubes. Therefore flare accelerated electrons one-dimensionally
propagating along magnetic field lines can trace individual flux
tubes from the electron acceleration site in the corona down
to the deep layers of chromosphere where electrons emit hard
X-ray emission. The asymmetry of hard X-ray footpoint sizes of
a flaring loop (Melrose & White 1979) could be a measure of
the ratio of magnetic field strengths in the X-ray loop footpoints
(Schmahl et al. 2007). The simple dependency of the X-ray
emission maximum location on the photon energy and den-
sity structure in the low corona/chromosphere due to Coulomb
collisions (Brown et al. 2002), has allowed Aschwanden et al.
(2002) to infer the chromospheric density structure from Reuven
Ramaty High Energy Solar Spectroscopic Imager RHESSI (Lin
et al. 2002) X-ray observations.

In this letter, we show that X-rays can be a diagnostic tool
for the analysis of not only energetic electrons in solar flares but
of the magnetic flux tubes and density structure in the chromo-
sphere. We analyse the spatial and energy distribution of hard
X-ray sources using RHESSI data to infer chromospheric den-
sity and magnetic field structure. Our results show that the den-
sity distribution of neutral hydrogen in the flaring loop has a
scale height of 140 km and the magnetic flux tube of the flaring
loop fans out by a factor of ∼3 at the height of around 900 km.
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Fig. 1. Cartoon of a magnetic loop and electron precipitation along the
loop. The spatial size of the X-ray emission decreases with height,
indicating the changing magnetic loop width.

2. Electron precipitation in magnetic loops

Accelerated electrons follow magnetic field lines towards the
denser layers of the atmosphere, losing energy to binary col-
lisions and scattering in angle en route. In the first instance
we follow Brown et al. (2002) and neglect scattering. Then the
flux F(E, z) (electrons s−1 cm−2 keV−1) of electrons of energy E
at depth z from the acceleration point z = 0, is

F(E, z) = FINE
(√

E2 + 2KN(z)
)−δ−1

, (1)

where N(z) is the column depth N(z) =
∫ z

0
n(z)dz, K = 2πe4 lnΛ,

e is the electron charge, lnΛ is the Coulomb logarithm (Brown
1973; Kontar et al. 2002) and we have assumed an injected
flux of accelerated electrons F(E, z = 0) = FINE−δ (elec-
trons keV−1 cm−2 s−1) at z = 0. The hard X-ray flux from
depth z is

I(ε, z) =
n(z)
4πR2

∫ ∞
ε

F(E, z)σ(ε, E)dE (2)

where ε is the photon energy and σ(ε, E) is isotropic
bremsstrahlung cross-section (Haug 1997). Since the den-
sity n(z) increases with z while the electron flux F(E, z) de-
creases, I(ε, z) thus exhibits a maximum for a fixed ε at a
depth zmax(ε) that increases monotonically with ε (Brown et al.
2002). Lower energy electrons lose their energy faster, with
higher energy electrons propagating deeper into the atmosphere
and the higher energy X-ray emission should come from lower
layers of the solar atmosphere.

If the magnetic field strength B(z) increases with depth
(Fig. 1), the cross-sectional area A(z) of the flux tube will obey
the principle of magnetic flux conservation B(z)A(z) = const.
(e.g. Melrose & White 1979). The size of the X-ray source at
energy ε becomes a measure of A(z) at zmax(ε) for limb events
(Fig. 1), which are unaffected by albedo effects (Kontar et al.
2006). We assume in the first instance that the electrons move
parallel to the field so they experience no mirror force although
B(z) varies. Electrons contributing most to radiation at zmax(ε)
will still be close to their initial energies and thus mostly still
moving along their initial directions (Brown 1972; Leach &
Petrosian 1981; MacKinnon & Craig 1991).

3. RHESSI X-ray observations

We selected a large GOES M6 class X-ray flare that appeared
at the eastern limb on January 06, 2004 with a hard X-ray
peak at ∼06:23 UT. The flare has an extended coronal source
visible in soft X-rays and two hard X-ray footpoints (Fig. 2).
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Fig. 2. RHESSI CLEAN (Hurford et al. 2002) X-ray images of the
January 6, 2004 limb event. The contours show hard X-ray emission
integrated for the impulsive phase of the flare (06:22:20−06:23:00 UT)
from the footpoints in 30−35 keV (solid blue line) and 80−120 keV
(dot-dashed green lines) ranges. The background image shows subse-
quent softer thermal emission (06:24:00−06:24:40 UT) in 10−18 keV
range.

The “southern” footpoint is 5−10 times stronger than the north-
ern footpoint, which seems partially occulted at energies above
∼120 keV. This flare seems ideal for our analysis since it is a
limb event with one dominant source of hard X-ray emission
seen in images up to ∼300 keV. In addition, the spatially inte-
grated count rate suggests emission above 800 keV. The spa-
tially integrated photon spectrum for the same time interval
(06:22:20−06:23:00 UT) has been fitted using an isothermal plus
thick-target model (Fig. 3). The X-ray emission above 18 keV
(Fig. 3) is dominated by the footpoint thick-target emission and
can be used for our analysis. At these energies the “southern”
X-ray source is the brightest and is used for detailed imaging
analysis in different energy ranges.

X-ray visibilities (2-dimensional spatial Fourier compo-
nents) (see Schmahl et al. 2007) in ten different hard X-ray en-
ergy ranges from 18 to 250 keV have been forward fitted using
a single circular Gaussian source (Fig. 3). Although the figure
shows the fitted source matching the imaged footpoint loca-
tion, the fit has been conducted on the X-ray visibilities from
which the images are derived, not the images themselves. The
X-ray images per se are generally a poor indicator of the source
size (Hurford et al. 2002; Emslie et al. 2003). Visibility for-
ward fit however provides reliable spatial measures and clear
statistical uncertainties for all the fit parameters. These fits pro-
vided us with the centroid positions of the Gaussian source (x(ε),
y(ε)), and its Full Width at Half-Maximum (FWHM) size s(ε).
Assuming a vertically emerging magnetic field and calculating
the radial distance measured from the disk centre of the Sun
R(ε) =

√
x(ε)2 + y(ε)2 we can readily find the height of the

X-ray source h(ε) = R(ε) − R0, where R0 is the radial distance
of the bottom of the loop. The typical uncertainties on radial dis-
tance measurements R(ε) are around 0.2′′ ∼ 150 km. R0 is poorly
known (Aschwanden et al. 2002) but is crucial for the detailed
analysis, therefore we incorporate it as a fit parameter. We as-
sume the neutral hydrogen density profile to be

n(h(ε)) = n0 exp (−(R(ε) − R0)/h0) (3)

where h0 is the density scale height, and n0 is the number den-
sity at height h = 0. Various chromospheric models A-F from
Vernazza et al. (1981) provide slightly different values of n0
though most are very close to n0 = 1.16 × 1017 cm−3. Therefore
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Fig. 3. RHESSI MEM NJIT (Schmahl et al. 2007) images in 3 en-
ergy ranges (top to bottom: 20−22 keV, 35−43 keV, 55−75 keV) inte-
grated for the impulsive phase of the flare (06:22:20−06:23:00 UT). The
FWHM circular source size found by forward fitting the X-ray visibili-
ties, which were also used to make the background images, are shown
by the overplotted contours (orange lines).

we use this n0 as a boundary condition to find the characteristic
scale-height as well as R0. Using Eq. (3) to fit the maximum of
the flux spectrum given by Eq. (2) with lnΛ = lnΛeH = 7.1
(Brown 1973; Kontar et al. 2002) and using the spectral index
found from the spatially integrated spectrum δ = 3.2 (top panel
Fig. 4) we find R0 = 975.3 ± 0.2′′ and h0 = 140 ± 30 km. Using
these fitted parameters we can now plot the centroid height h
against energy (Fig. 4, middle panel), with the fitted model over-
plotted, finding that the height decreases by less than 500 km
between 20 keV and ∼200 keV.

The FWHM sizes s(ε) of the source, found from forward fit-
ting the visibilities, decrease with energy from 6.2′′ (4.5 Mm)
to 2.3′′ (1.7 Mm) (Fig. 4, bottom panel). Estimation of the mag-
netic field structure and density structure is shown in the top and
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Fig. 4. Top: spatially integrated RHESSI X-ray spectrum (histogram)
of the flare’s impulsive phase (06:22:20−06:23:00 UT) fitted with an
iso-thermal plus thick target model fit (solid line). The fit provides a
temperature 1.65 keV (19 MK), emission measure 2 × 1048 cm−3 (dot-
ted lines) and spectral indices δ = 3.2 below 191 keV and 3.9 above.
Middle: “Southern” hard X-ray source height as a function of energy,
h(ε) = R(ε) − R0, where R0 = 975.3′′ . Bottom: FWHM circular source
size as a function of energy.

bottom panels of Fig. 5 respectively. We find that the magnetic
field structure widens with increasing height and that the density
decreases by over 2 orders of magnitude from a height of 1 Mm
above the photosphere.

4. Discussion and conclusions

Forward fitting X-ray visibilities allow simple and reliable mea-
surements of not only locations of the emission maxima but
also the characteristic sizes of hard X-ray sources. By using this
visibility analysis on a good candidate limb flare we have sub-
stantially improved the earlier chromospheric height and density
measurements of Aschwanden et al. (2002), reducing the uncer-
tainty of emission maximum positions to ∼0.2′′. Assuming col-
lisional transport in neutral hydrogen it can be concluded that
the chromospheric density is consistent with a gravitationally
stratified atmosphere of density scale height 140 ± 30 km. We
show for the first time that not only is the higher energy X-ray
emission produced continuously deeper in the chromosphere but
the X-ray source sizes decrease from ∼6.2′′ to ∼2.3′′. The pre-
cise measurement of the characteristic sizes allows us to con-
clude that the magnetic field directing the energetic electrons
converge, with the magnetic flux tube shrinking from FWHM ∼
3.5 Mm at h ∼ 1 Mm to FWHM ∼ 2.5 Mm at h ∼ 0.8 Mm
above the photosphere. The magnetic scale height estimated
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Fig. 5. Top: chromospheric magnetic flux tube FWHM at various heights
with FWHM for the density fit given by Eq. (3) (solid line). Bottom: the
chromospheric neutral number hydrogen density as a function of height;
best fit with the neutral gas density profile given by Eq. (3) (solid line),
density model C from Vernazza et al. (1981) (dashed line).

using flux conservation B(h) ∼ FWHM(h)−2 as the ratio of areas
B(h) (dB/dh)−1 = −FWHM(h)dh/dFWHM(h)/2 is found to be
of the order of 300 km. This confirms the fanning out (canopies)
of the chromospheric magnetic fields (Gabriel 1976).

Our deduced density structure agrees quite well with inde-
pendent estimations from other methods, possibly a surprising
conclusion in view of the simple treatment of electron trans-
port, completely neglecting any pitch-angle changes. As already
noted, collisional scattering will modify the range only by a fac-
tor of order unity but magnetic moment conservation might have
a greater effect, unless fast electrons all start with velocity vec-
tors parallel to B. Large pitch angles would develop via colli-
sional scattering only as electrons reach the end of their ranges,
and the mirror force would be similarly unimportant most of the
time. Such a concentration at small pitch angles seems at odds
with findings of a nearly isotropic electron distribution from
studies of photospheric albedo (Kontar & Brown 2006). The
magnetic field convergence we find here however offers a sim-
ple solution. The flux tube implied by our HXR source FWHMs
imply magnetic field lines substantially inclined to the vertical,
possibly by as much as 60% on average at the outer edge and
in addition are likely to be twisted. The HXR polar diagram of
electrons populating the whole of an ensemble of field lines, with
such a range of angles to the vertical, would be much closer to
isotropic than expected for vertical field lines. The presence of
magnetic canopies, then, appears to be a critical factor for inter-
preting HXR images and even spectra, but one that needs a much
more substantial and detailed modelling effort than we attempt
here.

While the X-ray diagnostics of the chromospheric magnetic
field is an extremely attractive new technique, we emphasise that
the morphology of X-ray sources should be further scrutinised.

We note that the shape of the hard X-ray sources is more ellipti-
cal (Fig. 3) rather than circular suggesting that the vertical extent
of X-ray sources is governed by the spatially varying magnetic
field (convergence and a twist of the flux tube), through the con-
servation of the electron magnetic moment. This complicates the
interpretation of the HXR source sizes beyond the simple ideas
embodied in (1) and (2) but brings new diagnostic potential. This
requires a more complicated electron dynamic and forward fit-
ting elliptical sources to the X-ray visibilities, which will be the
subject of future work.

The method of measuring magnetic field using X-rays can
be viewed as a unique tool of loop width measurements in the
chromosphere comparable to using TRACE data to measure the
widths of flux tubes in the corona (Watko & Klimchuk 2000).
While it is often argued that the heights of line formation should
not be assigned due to the fact that very distinct layers of the at-
mosphere could be sampled (e.g. Sanchez Almeida et al. 1996),
X-rays are uniquely related to the magnetic field lines connect-
ing the photosphere and the electron injection site in the corona
and weakly sensitive (via Coulomb logarithm dependency) to
the temperature variations in the chromosphere. Therefore hard
X-ray emission is likely to be a valuable diagnostic for mapping
chromospheric magnetic field and density structures.
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