
show a favorable intensity ratio of the cor- 
responding features. However, the band po- 
sitions of the ionized species are shifted only 
slightly [80 cm-' or less (20)] with respect 
to the neutrals. It still remains to be shown 
that ionized gaseous PAHs do not carry the - 
strong 5- to 6-km emission. 

Fulara et al. (26) have measured the 
near-IR, visible, and UV suectra emission 
from a different class of molecules, highly 
unsaturated hydrocarbons [C,H,,, n = 2 - 
12 (even), m < 31. They showed that the 
near-IR and visible features correspond to 
15 DIBs. However, the absorption lines in 
the UV are inconsistent with astronomical 
observations. Nevertheless, this class of 
molecules also should be considered as pos- 
sible carriers of the UIRs. IR emission spec- 
tra of these species as well as emission spec- 
tra from large neutral PAHs (for example, 
coronene or larger) and ionized PAHs must 
be measured to further explore the possible 
connections of these molecules with the 
UIRs and DIBs. 
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X-ray Variability in the Hot Supergiant t; Orionis 
Thomas W. Berghofer and Jurgen H. M. M. Schmitt 

Hot massive stars represent only a small fraction of the stellar population of the galaxy, 
but their enormous luminosities make them visible over large distances. Therefore, they 
are ideal standard candles, used to determine distances of near galaxies. Their mass loss 
due to supersonic winds driven by radiation pressure contributes significantly to the 
interstellar medium and thus to the chemical evolution of galaxies. All hot stars are soft 
x-ray sources; in contrast to the sun with its highly variable x-ray flux, long time scale x-ray 
variability is not common among hot stars. An analysis is presented here of an unusual 
increase in x-ray flux observed with the roentgen observatory satellite during a period of 
2 days for the hot supergiant 6 Orionis, the only episode of x-ray variability that has been 
found in a hot star. These observations provide the most direct evidence so far for the 
scenario of shock-heated gas in the winds of hot stars. 

X-ray observations carried out with the 
Einstein Observatory ( 1  ) and the roentgen 
observatory satellite (ROSAT) (2) have 
shown that all hot stars are soft x-ray sourc- 
es with = l o p 7  (the typical range for the 
solar value is to of their total 
luminosity emitted as soft x-rays (1-3). Ear- 
ly attempts to explain the observed x-ray 
emission in hot stars by a thin, hot corona 
at the base of the wind (4), similar to the 
solar x-ray corona, have become untenable. 
First, the absorption of the x-ray emission 
by the overlying wind requires an enormous 
emission measure of x-ray-emitting materi- 
al (5). However, the search for the green 
corona emission line (Fe XIV, 530.1 nm),  
which is a direct indicator of pas at coronal 
temperatures, in the optical spectra of hot 
stars has been unsuccessful (6) and could 
not provide any observational evidence for 
the kxistence of hot eas in massive stars. 
Second, x-ray spectra of hot stars show no 
evidence for absorption at the 0.6-keV K 
shell ionization edge of oxygen (7) predict- 
ed in coronal models. Third. in contrast to 
cool stars like our sun, with its h~ghly vari- 
able coronal activity, our long-term x-ray 
variability studies provide no evidence for 
x-ray time variability for hot stars over time 
scales of up to several years (2 ,  8).  

Max-Planck-lnst~tut fur Fxtraterrestrische Physik, 85740 
Garching bei Munchen, Germany. 

The theory of stellar winds driven by 
line radiation (9, 1 O), developed to explain 
the mass loss from hot stars, provides a 
different mechanism for the generation of 
x-rays in hot stars: The winds of hot stars 
are driven by the absorption of stellar radi- 
ation in a multitude of ultraviolet spectral 
lines, and stabilltv analvses show that such 
line-driven winds are extremelv unstable 
(1 1). In a more phenomenological way, 
Lucy and White (12) postulated (as a con- 
sequence of these instabilities) the presence 
of hot gas (and hence the x-ray emission) 
generated by shocks in the hot star winds. 
Detailed time-dependent calculations ( 1  3) 
show that the growth of instabilities natu- 
rally leads to the production of strong 
shocks that arise from the deceleration of 
high-speed wind material that impacts on 
slower material (thus driving a reverse 
shock). The combination of this effect with 
the results of our long-term x-ray variability 
studies of hot stars (2, 8) ,  which indicate 
that the x-ray emission of hot stars remains 
very constant over long time scales, makes 
it seem likelv that the observed x-rav emis- 
sion is the average output from a larger 
number of shocks distributed in the wind of 
these stars. 

A recentlv obtained ROSAT uosition 
sensitive proportional counter (PSPC) 
spectrum of the hot prototype star 5 Puppis 
(14) clearly shows the "self-absorption" of 
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the observed x-ray emission by the stellar 
wind; the PSPC spectrum can be explained 
by the assumption that the x-ray emission 
arises from hot shocks distributed throueh- - 
out a cool wind. However, all model calcu- 
lations for such a scenario are based on 
assumed shock structures; the only method 
to check these assumptions is the search for 
time variability in the x-ray output of these 
stars. 

The star 5 Orionis has been multiply 
observed with the PSPC onboard the 
ROSAT (15-17). In this report, we con- 
centrate on the observations of ( Orionis 
during September 1992 and thereafter; 
during the observations from September 
1990 to September 1992, the x-ray emis- 
sion of 5 Orionis remained at a constant 
flux level (8). In Fig. 1, we present the 
x-ray light curve of 5 Orionis, which had 
its background subtracted and was cor- 
rected by vignetting, that was observed 
during this time in the total (0.1 to 2.5 
keV), hard (0.65 to 2.4 keV), and soft 
(0.15 to 0.51 keV) energy bands. The 
x-ray count rate in the hard band (and 
therefore in the total band) increased by 
-30% from the value on 23 to 25 Sep- 
tember 1992 (Fig. 1). During the obser- 
vations in February 1993 and September 
1993, the count rate in the hard energy 
band decreased to a value consistent with 
the count rate before the observed in- 
crease in September 1992. Until the end 
of September 1992, the count rate in the 
soft energy band did not vary at all. Com- 
pared to September 1992 values in Feb- 
ruary 1993 the x-ray count rate in the soft 
energy band is enhanced by -20% and 
decreased in September 1993 to a value 
that is consistent with the observed rate 
in September 1992. Thus, in September 
1993 5 Orionis showed the same flux 
levels in all of ROSAT's energy bands as 
before the increase in September 1992. 

The scenario for x-ray production in hot 
stars indicates that the enhanced x-rav 
emission of ( Orionis is a strong shock wave 
propagating and cooling in the wind. On 
the basis of model calculations (13), one 
would expect the x-ray emission to arise 
when fast-moving rarefied material impacts 
on more slowly moving, denser shells. For 
simplicity, we model this heated post-shock 
gas as an expanding shell in the stellar wind 
and calculate the spherically symmetric ra- 
diative transfer for the x-ray emission in 
an expanding shell absorbed by the cool 
overlying wind. Ignoring for the moment 
any change in the underlying wind speed, 
we adopt a wind density, nwind, scaling 
with radius r as nwind = nor:/r2 and a shell 
density (of the post-shock gas) as 

where no = M / ( 4 ~ p v , ~ ~ ~ r ; )  denotes the 
wind density at some reference radius r,, 
rSh,,, is the shell radius, vWind is the wind 
velocity, C,  and C, (below) are constant 
scaling factors, and p is the mean ionic 
weight. On the assumption of optically thin 
emission, the emission measure EM of the 
shell scales as 

In our simplified model, the whole prob- 
lem can be characterized by one single di- 
mensionless parameter given by the radius 
of the shell rshell divided by the distance, 
rT=,, where the optical depth, 7, along the 
line of sight toward the center of the star 
becomes unity. The resulting flux of the 
shell, fshell, then becomes 

fshell = f(rshel,/r~ = 1) = ldEMAel1 ' - '.' 
(3) 

where T~~~~ denotes the optical depth from 

Fig. 1. The x-ray light curves (total, 2.0 I 
hard, and soft ROSAT bands) of 5 
Orionis during September 1992 
(Sep 92), February 1993 (Feb 93), 
and September 1993 (Sep 93). . . .  .... 

..... ...... 

...... 
..... 

0.0 

65 70 75 80 85 90 245.5 435.5 
Julian date-- 2448800 

a given shell element to infinity. Figure 2 
schematically illustrates three stages of the 
expanding shell and the resulting x-ray flux: 
As long as the shell is close to the stellar 
surface (solid line), the optical depth is 
large and no radiation can escape. As the 
shell expands (long dashed line), larger and 
larger fractions of the shell become visible 
and hence the x-rav flux increases. Finallv. , , 

in the late stages of expansion (short- 
dashed line) the x-ray flux decreases again 
because EM,hell~r-2. 

The basic idea relating the above model 
to our observations is that each point in 
time is associated with some shell radius by 
the choice of a suitable expansion velocity. 
We fitted the observed 2-day increase in 
the hard x-ray band to this model and de- 
duced from the best fit (Fig. 2) of the shell 
radius after 2 days a shell velocity of 

where 

Note that our best fit model requires that 
the observed increase falls in the linearly 

Fig. 2. (Top) Model of an expanding shell of post- 
shock gas in the stellar wind. Solid, long-dashed, 
and short-dashed lines represent three different 
stages of the expanding shell. (Bottom) Model fit 
to the increase in the hard ROSAT band of 5 Ori- 
onis (horizontal error bar indicates the best fit with 
its uncertainties of the shell radius after 2 days). 
The dotted line shows the best fit for the case in 
which the shell is forced to the same velocity as 
that of the wind. 
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increasing part of our model, and so the 
maximal x-ray flux is not yet reached after 2 
days. Expressed in physical units, the shell 
velocity depends on the mass loss rate, Mil, 
the wind velocity, ~ i ~ , ~ ~ ,  in the x-ray-emit- 
ting region, and the energy-dependent ab- 
sorption coefficient, a, of the absorbing 
wind material. 

For r,=,/R, = 7.5, which is the mean 
radius of o ~ t i c a l  d e ~ t h  unitv for the wind 
properties o i  5 orionis (8) in the energy range 
of 0.6 to 1.0 keV. where the enhanced x-rav 
emission appeared during the first 2 days, wk 
derive a best-fit shell velocitv of 570 kmls. 
From the analytical velocity field v(r) '= 

v,(l - R,/r)P, which describes the velocity of 
the smooth wind in an 0-type star, we deter- 
mine a wind velocity of 1600 km/s in the 
vicinity of the shell after 2 days. Therefore, in 
the star's frame the post-shock gas moves 
outward but more slowly than the ambient 
wind (reverse shock). Using again 1600 km/s 
(in the star frame) as the characteristic s ~ e e d  
of unshocked wind material entering the 
shock, we deduce a shock velocitv of -1000 
km/s (in the star frame), which iQ consistent 
with the temperature of the x-ray-emitting 
material derived from a spectral fit of our 
PSPC data, given the errors of the deduced . - 
shock velocity. 

W e  emphasize that a model of a shell 
propagating with the velocity of the ambi- 
ent wind (thin dotted line in Fig. 2) cannot 
fit the observed increase in x-rav count rate. 
Such a model would lead to an increase and 
a disappearance of the shell's x-ray emission 
that are much faster than those observed. 
With our model of a propagating shock in 
the wind, we can explain the observed in- 
crease in x-rav count rate observed for I 
Orionis. The iesult of our calculations fo; 
the flow of the post-shock gas in the stellar 
wind of 5 Orionis confirms the results of the 
wind models that ~ r ed i c t  that reverse 
shocks in stellar winds are much stronger 
than forward shocks. Our ROSAT observa- 
tions of 5 Orionis provide the first direct 
observational evidence for the existence of 
propagating shock waves in the winds of 
hot stars. 
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Stabilization of Atomic Hydrogen in Both 
Solution and Crystal at Room Temperature 

Riichi Sasamori, Yoshihiro Okaue, Toshiyuki Isobe, 
Yoshihisa Matsuda* 

Atomic hydrogen has been stably encapsulated in both solution and crystal at room tem- 
perature. Upon y-ray irradiation of [(CH3)3Si]8Si80,,, which is the trimethylsilylated derivative 
of the silicate anion with a double four-ring (D4R) cage, electron spin resonance (ESR) spectra 
revealed that a single hydrogen atom is encapsulated in the center of the D4R cage and is 
stable for periods of many months. Attack by chemically reactive species such as oxygen was 
prevented by the D4R cage, but the ESR signal of the hydrogen atom was sensitive to the 
magnetic interaction caused by the presence of the 0, molecule near the cage. 

T h e  hydrogen atom, the simplest of atoms 
and free radicals, is difficult to trap at am- 
bient temDerature because of its high activ- " 
ity and small size. Electron spin resonance 
has been used to study hydrogen atoms in 
several matrices, including KC1, CaF,, 
quartz, rare gas ices, and acid ices (1).  In 
these matrices, the ESR signals of atomic 
hydrogen were observed only at low tem- 
peratures such as 4.2 and 77 K because the 
trapped hydrogen was unstable. In some 
cases, after the matrix was warmed to room 
temperature for a few minutes and cooled 
again, the signal disappeared (2). O n  the 
other hand, there is an example of an x-ray- 
irradiated human tooth in which atomic 
hydrogen is stabilized at room temperature 
in an inorganic medium ( 3 ) .  However, the " . , 

above hydrogen radical centers have not 
been made in a com~ound  with a cage - 
structure, which can encapsulate a single 
hydrogen atom and protect it against the 
reactive surroundings. In our study, we suc- 
ceeded in stably trapping atomic hydrogen 
at room temperature upon y-ray irradiation 
of [(CH,),Si]8Si8020, which is the trirneth- 
ylsilylated derivative of silicate anion with a 
D4R structure. The ESR spectra revealed 
that atomic hydrogen was present. This hy- 
drogen atom is most likely encapsulated in 
the center of the D4R framework structure 
in both solution and crystal for a long time. 

The above compound was synthesized by 
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University, Higashi-ku, Fukuoka, 812 Japan. 
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trirnethylsilylation of tetramethylammoni- 
um silicate, [(CH,)4N]8Si8020 . X H 2 0  (4). 
The crystals obtained were analyzed by in- 
frared spectroscopy, elemental analysis, and 
gas chromatography. The single-crystal x- 
ray structure analysis, which was performed 
at room temperature, revealed that the  mol- 
ecule crystallized in the space group P1 with 
one equivalent molecule in the unit cell 
(observed density, Do, of 1.181 g cmp3). 
Although the R values, as expected, did not 
become smaller because of the laree tem- " 
perature factors of the terminal methyl 
group (5), the core structure of the 
[(CH3)3Si]8Si80,0 could be determined. 
Fieure 1 illustrates the cube-like structure " 
with a cavity at a center in the D4R frame- 
work. The average packing distances for 
neighboring and diagonal Si-Si atoms in 
the D4R framework are 3.079 ? t.004, 
4.355 i 0.004, and 5.329 t- 0.007 A ,  re- 
spectively. Similarly, the 0-0 packing dis- 
tances are 2.607 i- 0.0G9, 3.687 i 0.008, 
and 5.197 i- 0.013 A,  respectively. A 
space-filling representation of the structure 
made by use of the van der Waals radii of 
silicon and oxygen reveals that a cavity in 
the D4R cage can encapsulate a hydrogen 
atom and that the meshes of the D4R cage - 
are much smaller than that of a hydrogen 
atom. 

An ESR spectrum of atomic hydrogen en- 
capsulated in polycrystalline [(CH3)3Si]8Si8020 
by irradiation with "Co y-rays [lo5 Grays 
(Gy)] at room temperature is given in Fig. 
2A. The  ESR spectral feature is similar to 
that of irradiated quartz at 77 K (2). Two 
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