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軟X線背景放射と電荷交換反応

2

時間変動する謎の軟X線背景放射の発見 (ROSAT衛星で発見)
起源の一つに電荷交換反応からの輝線

Aq+ + B → A(q-1)+ + B+ + hν
太陽風に含まれるイオン ( Cq+, Nq+, Oq+ 等 ) による電荷交換反応

cosmological distances, i.e., the large population of AGN.
Most of the rest is known to originate in the local
universe as it has a significant flux of oxygen emission
at zero redshift (McCammon et al., 2002). The likely origin
is therefore either a Galactic halo or the local group.
Perhaps 10% of the flux is also due to unresolved point
sources, this time stars in our own Galaxy (Kuntz and
Snowden, 2001).

Fig. 49 provides an example of how the cosmic spectrum
varies over the sky. Plotted are data from a relatively bright
region within Loop I and from a typical region at high
latitude. At energies less that 1.5 keV the spectra are
dominated by lines and complexes of lines, which are
smeared out by the intrinsic energy resolution of the
detectors. The spectra agree well with each other at
energies above 2 keV where they are dominated by the
extragalactic background from the superposition of un-
resolved AGN. The fact that the spectra are also relatively
consistent below 0.5 keV is an artifact of the detector
response that is dropping rapidly at lower energies. At
1
4 keV the high-latitude spectrum would be almost three
times brighter than the ‘‘bright’’ region. Also plotted in
Fig. 49 is a spectrum from the same high-latitude region
taken during a period of significant SWCX emission. The
SWCX spectrum is also strongly dominated by line

emission in this energy range with no distinguishing
characteristics compared to the spectra of the cosmic
background.

ARTICLE IN PRESS

Fig. 49. XMM-Newton MOS spectra from two directions on the sky are
plotted. The blue spectrum is from a relatively bright region near the
Galactic center (l,b!348.6,22.4) while the red and black spectra are from a
relatively dim region at higher latitude (l,b!125.9,54.8). The excess of the
red spectrum over the black is from SWCX. The Al Kalpha and Si Kalpha
lines are instrumental but the other lines are astrophysical in origin.

Fig. 48. Same as Fig. 47 except for the RASS 3
4 keV band.

A. Bhardwaj et al. / Planetary and Space Science 55 (2007) 1135–1189 1177

ROSAT衛星による 3/4 keVの軟X線背景放射の全天探査
Snowden et al. 1997



anism] could not be distinguished from a
multiline spectrum. The CXO measured
soft x-ray spectra from comet C/LINEAR
1999 S4 (22), with high enough resolution
for several lines to be evident (Fig. 2).
Spectra of Hyakutake from the EUVE sat-
ellite were also reported and show individ-
ual transition lines (28).

Comets and the Solar Wind
The solar wind plays a central role in sev-
eral of the proposed x-ray production
mechanisms. The solar wind originates in
the 106 K solar corona and is a highly
ionized but tenuous gas (i.e., a plasma)
(29). The solar corona is collisionally ion-
ized, but as it flows out into the solar
system, it becomes increasingly dilute and
collisions become infrequent. The corona
is a powerful x-ray source. Active regions,
which are associated with closed loops of
magnetic field, are hotter [i.e., temperature
(T) ! 2 " 106 K] and brighter in x-rays
than are quiet regions (T ! 106 K). The
composition of both the solar wind and
corona is “solar”—92% hydrogen, 8%
helium, and 0.1% heavier elements, by
volume. Heavier species are highly charged
(e.g., have oxygen in the form of O7#

or O6# ions, retaining only one or two
orbital electrons) due to the high tempera-
tures (25, 29).

The solar wind makes a transition from
subsonic to supersonic near the Sun (30,
31), and the gas also cools as it expands
such that by the time 1 astronomical unit
(AU) is reached, the temperature has
dropped down from !106 K to a cool 105 K
(32). However, the composition and
charge-state distribution are frozen in at

coronal values because of the
rapidly decreasing collision
frequency (33). The solar
wind contains structure, such
as slow (400 km/s) and fast
(700 km/s) streams, most of
which can be mapped back to
the Sun. The solar wind even-
tually collides with the inter-
stellar medium at a distance
from the Sun of about 100 AU
(34 ), although interaction
with interstellar neutral spe-
cies occurs closer to the Sun.
A very small part of the solar
wind encounters, and interacts
with, the planets and comets.

The solar wind becomes
contaminated with cometary
ion species when cometary
neutrals are ionized either by
solar radiation or by the solar
wind. The addition of mass
slows down the solar wind
(35), and a bow shock forms

upwind of the comet (Fig. 3). The flow
changes from supersonic to subsonic across
this shock, located at r ! 4 " 105 km for
comet Halley. Closer to the nucleus, inside
a boundary called the cometopause, the
cometary gas density is high, collisions are
frequent, and the flow almost completely
stagnates (36, 37 ). The x-ray brightness
peak resides within this boundary. Magnet-
ic field lines pile up into a magnetic barrier
in this stagnation region and drape around
the head of the comet, forming in the down-
wind direction an observable (in visible
light) magnetic/plasma tail, which is dis-
tinct from the dust tail (38).

Proposed X-ray
Mechanisms
Possible mechanisms for co-
metary x-rays included ther-
mal bremsstrahlung associat-
ed with collisions of solar
wind electrons with cometary
neutral gas or dust (39–44),
microdust collisions (45), K-
shell ionization of cometary
neutrals by electron impact
(46), scattering or fluores-
cence of solar x-rays by co-
metary gas or by small dust
grains (46, 47), and the solar
wind charge exchange
(SWCX) mechanism (48–
54). In the thermal brems-
strahlung mechanism, fast
electrons are deflected in col-
lisions with charged targets,
such as the nuclei of atoms,
and emit continuum radiation
(46). Electron energies in ex-

cess of 100 eV are needed (i.e., T $ 106 K) for
the production of x-ray photons. In the K-shell
mechanism, a fast electron collision removes an
orbital electron from an inner shell of the target
atom. An early evaluation of these various
mechanisms (46, 55) favored just two of them:
the SWCX mechanism (48) and the scattering
of solar radiation from small [i.e., attogram
(10%19 g)] dust grains.

A problem with mechanisms involving
solar wind electrons (i.e., bremsstrahlung
or K-shell ionization) is that the predicted
luminosities are too small by factors of 100
to 1000, because the fluxes of high-energy
electrons measured near comets are inade-
quate (4, 54, 56 ). Another difficulty is that
x-ray emission has been observed out to
great distances from the nucleus (105 to 106

km), beyond the bow shock, and the un-
shocked solar wind electrons at these dis-
tances are known to have energies of only
about 10 eV. In addition, the observed
spectra showing multiple emission lines
have finally put to rest the idea that a
continuum-type mechanism, or a mecha-
nism producing only a couple of K-shell
lines, can be the primary source of co-
metary x-rays.

Mechanisms based on dust grains also
have run into a number of problems. When
applied to ordinary cometary dust grains
(i.e., about 1 &m in diameter), these mech-
anisms cannot produce the observed Lx. To
overcome this difficulty, a population of
attogram grains was invoked (46, 47 ); how-
ever, the abundance of these grains is not
known. X-ray emission is observed to vary
with a comet’s gas production rate and not
with the dust production rate (54, 55); fur-
thermore, observed time variations of x-ray

Fig. 2. Intensity versus photon energy. Soft x-ray spectrum of
comet C/LINEAR 1999 S4 obtained on July 14, 2000, by the
Chandra X-ray Observatory ACIS-S instrument. The solid red
line is from a six-line best-fit “model” in which the line
positions were fit parameters. The observational full-width
half-maximum energy resolution was 'E ( .11 keV. The
positions of several transition lines from multiply charged ions
known to be present in the solar wind are indicated but were
not part of the data fit. Adapted from (22).

Fig. 3. Scheme of the solar wind/comet interaction. The location
of the bow shock, magnetic barrier, and tail are shown. Also
represented is a CT collision between a heavy solar wind ion and
a cometary neutral water molecule, followed by the emission of
an x-ray photon. The Sun is toward the left.
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電荷交換反応の観測の例

3

低速 300-400 km/s (約 0.6 keV/u)
高速 700-800 km/s (約 3.0 keV/u)

Chandra 衛星で彗星周辺のH2Oとの電荷交換反応で説明されるX線放射を観測

Suzaku 衛星で地球近傍の中性水素との電荷交換反応で説明されるX線放射を観測

R E V I E W : P L A N E T A R Y S C I E N C E

X-ray Emission from Comets
T. E. Cravens

The discovery of x-ray emission from comet Hyakutake was surprising given that
comets are known to be cold. Observations by x-ray satellites such as the Röntgen
Satellite (ROSAT) indicate that x-rays are produced by almost all comets. Theoretical
and observational work has demonstrated that charge-exchange collisions of highly
charged solar wind ions with cometary neutral species can explain this emission. X-ray
observations of comets and other solar system objects may be used to determine the
structure and dynamics of the solar wind.

Extreme ultraviolet (EUV) radiation, with
wavelength (!) ranging from "10 to 120
nm, and x-ray radiation, with ! between

about 0.01 and 10 nm, are important for solar
system and astrophysical applications because
the photons are sufficiently energetic to ionize
neutral atoms and molecules (1). X-ray emis-
sion in space is generally thought to originate
from hot collisional plasmas, such as the 106 K
gas found in the solar corona (2) or the 108 K
gas observed in supernova remnants (3). The
Sun is not the only source of x-rays in the solar
system (4). X-rays are observed in the aurora at
Earth and at Jupiter, and solar x-rays scattered
off the surface of the Moon have been ob-
served. Nonetheless, the 1996 discovery, using
ROSAT (5), of strong x-ray emission from
Hyakutake was surprising because cometary
atmospheres are cold (6). The total x-ray pow-
er, or luminosity, of Hyakutake was measured
to be about 109 W. EUV emission from Hya-
kutake was also seen by ROSAT (5) and by the
Extreme Ultraviolet Explorer (EUVE) satellite
(5). Hard x-rays with energies in excess of
about 2 keV were not observed (7).

Shortly after the Hyakutake observations,
soft x-ray emission from five other comets
was also found, in the archived ROSAT ob-
servational database (8). EUV and soft x-ray
emissions were then reported from several
other comets (9), for a total of 14 comets. We
now recognize that x-ray emission is a char-
acteristic of all active comets.

Comets and Their X-ray
Characteristics
A comet is a mixture of frozen H2O, CO,
CH4, H2CO, NH3, and dust, with an ice-to-
dust ratio of about unity, although it differs
from comet to comet (10–13). When a comet
(i.e., the nucleus, which is only a few km
across) is far from the Sun, the mixture re-
mains frozen, but the surface heats up, and
volatiles are released (11) as the comet enters
the inner solar system. The vapor produced
by the now-active nucleus escapes into space,
where it becomes the cometary coma, or at-
mosphere. The neutral gas coma extends far
out into space (106 km), and the gas density
varies inversely as the square of the cometo-
centric distance (14 ). The gas atoms and
molecules can be photodissociated or photo
ionized by solar radiation, creating additional
neutral and ion species. The outflowing gas

carries large quantities of dust along with it
(15). What we see as a “visible” comet is
mainly sunlight reflected from the extensive
("105 km) dust coma and tail, created when
solar radiation pressure pushes dust grains
antisunward.

X-ray emission has been observed from
14 comets, and any physical mechanism
that purports to explain this emission must
account for four primary features of these
observations: total luminosity, spatial mor-
phology, temporal variation, and energy
spectrum. The observed x-ray luminosity
(Lx) of comet Hyakutake (5) was 4 # 108

W, for an aperture radius at the comet of
1.2 # 105 km (16 ). Observations of several
comets have demonstrated that Lx corre-
lates better with the gas production rate (Q)
than it does with the dust production rate
(5, 8, 17–21). All cometary EUV or x-ray
images obtained so far (5, 8, 17 ), including
recent images of comet C/LINEAR 1999
S4 from the Chandra X-ray Observatory
(CXO) (22, 23), exhibit similar spatial mor-
phologies (Fig. 1). The x-ray brightness
gradually decreases with increasing come-
tocentric distance (r), with a dependence of
about r$1 or r$2 (20), merging with the
background emission at distances of 105 to
106 km (8, 24 ). The region of peak emis-
sion is crescent shaped with a brightness
peak displaced toward the Sun. Cometary
x-ray emissions also vary with time (5, 18,
25) and have been shown to correlate with
the solar wind flux. Until a year or so ago,
all published cometary x-ray spectra had
very low spectral/energy resolution (5, 26,
27 ), and any continuum emission [such as
that produced by the thermal bremsstrah-
lung (German for braking radiation) mech-

Fig. 1. (A to C), images of comet C/LINEAR 1999 S4 from July 2000 (22).
(A) Chandra X-ray Observatory ACIS-S soft x-rays (energies 0.20 to 0.80
keV ). (B) EUVE satellite EUV fluxes (energies 0.09 to 0.25 keV ). (C)
Visible light image, showing a coma and tail. (D) shows a simulated

image of comet Hyakutake from an MHD model [adapted from (49)]. The
Sun is toward the left in each case, the plus signs mark the position of the
nucleus, and a spatial scale is shown for the observations. The scale for
the simulation is approximately the same.

University of Kansas, Department of Physics and As-
tronomy, Malott Hall, Lawrence, KS 66045, USA. E-
mail: cravens@ukans.edu
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Fig. 5. Comparison of the “flare” spectrum with the best-fit model
for the “stable” spectrum plus additional power-law component during
the “flare” in the 0.2–2 keV energy range. The vertical arrows indicate
line-like structures in the residuals.

Fig. 6. “Flare” spectrum and best-fit model spectrum. The model
spectrum is the sum of the best-fit model for the “stable” spectrum plus
an additional power-law component during the “flare”, shown with a
thin solid curve (same as that shown in figure 5), and nine emission
lines, shown with dotted curves. The best-fit parameters of the nine
emission lines are summarized in table 3.

In the fourth column of table 3, we show probable identi-
fications of lines. The lowest energy line below the carbon
edge at 269 ± 4 eV is considered to be a sum of multiple L
emission lines. The line at 455 + 5

−13 eV is most likely the n = 4
to 1 transition (Lyγ ) of C VI at 459 eV, since the line energy
is consistent within the statistical error and there are no other
likely emission lines at this energy. If we introduced two lines
at 436 eV (C VI Lyβ; n = 3 to 1) and 459 eV (C VI Lyγ ) instead
of one line of variable energy, the normalizations of these lines
became 1.93 + 0.75

−0.99 and 1.68 + 0.76
−0.71 photonscm−2 s−1 sr−1, respec-

tively. Therefore, C VI Lyβ could have a comparable contri-
bution. In either case, we definitely need the C VI Lyγ line.
Dennerl et al. (2003) attributed a weak-peak structure found in
the XMM-Newton spectrum of comet C/2000 to a sum of C VI
Lyβ and Lyγ , and C VI Lyγ due to charge-exchange emission

between the highly ionized solar wind and exospheric or inter-
planetary neutrals during an XMM-Newton observation of the
Hubble deep field north, which was reported by Snowden,
Collier, and Kuntz (2004). This NEP observation, however,
seems to be the clearest detection so far. We have also detected
O VII to Mg XI lines. The lines at 796 and 882 eV are likely to
represent complex structures due to the Fe L and other lines.

3. Discussion

The short (∼ 10 minutes) time-scale variations observed
during the enhancement of the X-ray intensity imply that the
size of the emission region is no larger than 10 light minutes.
On the other hand, the apparent size of the emission region
must be equal to, or larger than, the XIS field of view (18′).
These factors require the emitter of the X-ray enhancement to
be within a distance of 10 light minutes/18′, or ∼ 10−3 pc.
Because the enhanced X-ray emission consists of emission
lines from C VI to Mg XI, this requires an ion source within
10−3 pc. There is only one ion source in this distance range.
That is the Sun.

The Sun may produce X-ray emission lines in our obser-
vations in two possible ways: scattering of solar X-rays by
the Earth’s atmosphere, and solar-wind charge exchange. In
the former case, the X-ray intensity is proportional to the
solar X-ray intensity multiplied by the sunlit atmospheric
column density. The solar X-ray intensity is continu-
ously monitored by the GOES (Geostationary Operational
Environmental Satellites),5 but the data show no correlation
with the enhancement. Moreover, using the MSIS atmosphere
model (Hedin 1991), we found that the column density of the
sunlit atmosphere varied by many orders of magnitude (109)
during the observations, but no correlation was found with the
observed X-ray intensity. Thus, scattering of solar X-rays can
be excluded.

In figure 1, we show the proton flux observed by the ACE
(Advanced Composition Explorer)6 together with the Suzaku
X-ray counting rate. The ACE data were shifted in time
to account for the propagation time from ACE to the Earth.
Clearly the proton flux was enhanced during the X-ray “flare”.
This is consistent with solar-wind charge-exchange model.

Charge-exchange X-ray emission is also strongly supported
by detection of the C VI n = 4 to 1 transition line (Lyγ ). In
CIE (collisional ionization equilibrium) thermal emission, the
Lyβ and Lyγ lines of C VI are suppressed relative to Lyα by
the Boltzmann factor in the distribution of exciting electrons.
In charge exchange between C VII and H I, the electron is
deposited primarily in the n = 4 level (Krasnopolsky et al. 2004
and references therein), and the X-ray lines are produced when
it cascades to the n = 1 level, guided only by branching ratios.
In high-energy collisions, angular momentum states tend to
be populated statistically by the weight of the state’s degen-
eracy, and electrons are primarily captured into maximal l,
where n can change only by 1 unit at a time during the
cascade (Beiersdorfer et al. 2001), again resulting in relatively
weak Lyβ and Lyγ . Behind the Earth’s bow shock, however,
5 The data available at 〈http://www.ngdc.noaa.gov/stp/GOES/goes.html〉.
6 The data available at 〈http://www.srl.caltech.edu/ACE/ASC/〉.
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地上実験の必要性

半導体マイクロカロリメータ + EBIT(Electron Beam Ion Trap)
　分光性能 ( 10 eV )　　　イオン速度 (遅い)

ASTRO-Hによる観測データとの比較

 LLNL (Lawrence Livermore National Laboratory)

 JPL (Jet Propulsion Laboratory)
Ge 検出器 + ECR (Electron Cyclotron Resonance) 型イオン源
　分光性能 ( 100 eV )　　  太陽風のイオン速度

10/09/19 23:38ASTRO-H完成予想図-4 | ASTRO-H

ページ 1/1http://astro-h.isas.jaxa.jp/gallery/satelite/04.html

画像ギャラリー 人工衛星

連絡先：webmaster@astro.isas.jaxa.jp

ASTRO-H完成予想図-4

拡大画像（JPG/508kb）

先行研究との比較

ASTRO-HのX線マイクロカロリメータによる分光観測

14 m

 我々のグループ
TESマイクロカロリメータ+ ECR型イオン源
　分光性能 ( 10 eV )　　　太陽風のイオン速度

地上でのTESマイクロカロリメータによる分光観測
スペクトルデータの比較

先行研究
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地上実験の概要

輝線の分布
反応断面積の解析

電荷交換反応の
物理的理解

高分光性能を誇るTESカロリメータを用いて
最も頻繁に起きているO7+ - Hによる電荷交換反応に迫る

③ECR型イオン源
②2段式断熱消磁冷凍機

多価イオン衝突装置
電荷交換反応中性ガス

(Electron Cyclotron Resonance)

入射窓

①TES型X線マイクロカロリメータ
(Transition Edge Sensor)

地上実験の目的
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首都大宇宙物理実験研究室

地上実験の概要

輝線の分布
反応断面積の解析

電荷交換反応の
物理的理解

高分光性能を誇るTESカロリメータを用いて
最も頻繁に起きているO7+ - Hによる電荷交換反応に迫る

地上実験の目的

②2段式断熱消磁冷凍機

入射窓

電荷交換反応

①TES型X線マイクロカロリメータ
(Transition Edge Sensor)
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首都大原子物理実験研究室

地上実験の概要

輝線の分布
反応断面積の解析

電荷交換反応の
物理的理解

高分光性能を誇るTESカロリメータを用いて
最も頻繁に起きているO7+ - Hによる電荷交換反応に迫る

地上実験の目的

③ECR型イオン源
(Electron Cyclotron Resonance)

中性ガス
多価イオン衝突装置

電荷交換反応



①TES型X線マイクロカロリメータ

TES : 超伝導遷移端の急激な抵抗変化を利用した温度計
世界記録はNASA/GSFCのΔE = 1.8 eV @ 5.9 keV (Bandler et al. 2008)

我々のグループ自作の素子でΔE = 2.8 eV @ 5.9 keV (赤松2010春年会)

温度感度

! 

" =
# logR
# logT 9

常伝導

超伝導
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log R

log T
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" =
# logR
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常伝導

超伝導

log R

log T

X線入射発熱

α

遷移端幅 
~ 数 mK

TES素子(200 µm × 200 µm)

200 µm

 Transition Edge Sensor 
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②２段式断熱消磁冷凍機 (dADR)
double Adiabatic Demagnetize Refrigerator
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GGG冷却 CPA冷却

GGGCPA

CPA : クロム カリウム ミョウバン
GGG : ガリウム ガドリニウム ガーネット

等温磁化

断熱消磁

40 cm

等温磁化

断熱消磁

２段での冷却に成功し、100 mKで約2時間の保持時間
現在、TESカロリメータを導入し、性能評価実験中

ASTRO-HのBBMとして開発
冷凍機の性能評価

開発目的

断熱消磁冷却時の温度分布

断熱消磁冷凍機 : 磁性体のエントロピーを利用した冷凍機
冷却原理は谷津講演参照

W27b



ECR  型イオン源 : 
磁場中でサイクロトロン運動する電子をマイクロ波により加速し

対象の原子、分子を逐次電離度を上げ、イオンを生成

③ECR型イオン源と多価イオン衝突装置

原子物理実験研究室保有
Analyzing 
magnet

Switching
magnet

ECR型イオン源

多価イオン衝突装置

Electron Cyclotron Resonance

Si(Li)検出器 多価イオン衝突装置

液体窒素タンク
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Si(Li)検出器 で分光観測
ΔE = 120eV @ 1.5 keV

2p → 1s

3p → 1s

4p → 1s

2pからの発光が強い

神田 2010 物理学会秋
.

0

0.2

0.4

0.6

0.8

1

400 500 600 700 800 900 1000

N
or

m
al

is
ed

 In
te

ns
ity

Energy(eV)

O8+ - H2 : 1300 km/s
O8+ - H2 : 1100 km/s
O8+ - H2 :   900 km/s

O8+ - He : 1300 km/s
O8+ - He :  900 km/s

Si(Li)検出器による予備実験

O7+ の生成 (O8+ も生成可)
H の生成

目標 : O7+ - Hによる電荷交換反応
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神田 2010 物理学会秋

TESカロリメータで分光観測
Δ E = 10eV を仮定

3p, 4pからの輝線を分離できる

O8+ - H2 : 1300 km/s
O8+ - H2 : 1100 km/s
O8+ - H2 :   900 km/s

O8+ - He : 1300 km/s
O8+ - He :  900 km/s
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まとめ
地上実験の目的
太陽風による電荷交換反応の物理的理解
( 輝線分布、反応断面積、イオン速度等 )

首都大宇宙物理実験研究室
TESカロリメータをdADRに導入し、性能評価実験中
　
首都大原子物理実験研究室

Si(Li)検出器で O8+ - H2、O8+ - He の 輝線を確認
　
2011年2月頃を目処に、TESカロリメータによる分光観測


