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Detection of Soft X-rays and a Sensitive Search
for Noble Gases in Comet Hale-Bopp
(C/1995 01)

Vladimir A. Krasnopolsky,* Michael J. Mumma, Mark Abbott,
Brian C. Flynn, Karen J. Meech, Donald K. Yeomans,
Paul D. Feldman, Cristiano B. Cosmovici

An image of comet Hale-Bopp (C/1995 O1) in soft x-rays reveals a central emission offset
from the nucleus, as well as an extended emission feature that does not correlate with
the dust jets seen at optical wavelengths. Neon was found to be depleted in the cometary
ice by more than a factor of 25 relative to solar abundance, which suggests that ices in
Hale-Bopp formed at (or later experienced) temperatures higher than 25 kelvin. A helium
line emission at a wavelength of 584 angstroms was detected and may be attributable
to charge transfer of solar wind « particles in the cometary coma. lonized oxygen and
another helium line contribute to an emission observed at 538 angstroms.

The Extreme Ultraviolet Explorer satellite
(EUVE) provides spectroscopic measure-
ments of celestial objects in a wavelength
range of 70 to 760 A and imaging in a 70 to
180 A (=~ 180 to 70 eV} bandpass (1). At
760 A, the photon energy (16.3 eV) ex-
ceeds the bond energies in molecules and
the ionization potentials of most neutral
atoms (except He, Ne, and F); hence, only
spectral lines of He, Ne, F, and atomic ions
are expected in the extreme ultraviolet
(EUV) spectra of comets. He and Ne have
resonance lines in this range, and abun-
dances of Ne could serve to constrain the
temperature at which precometary ices
formed. Only upper limits to abundances of
He, Ne, and Ar have been established in
comets (2), but those for Ne and Ar exceed-
ed the solar abundances by more than an
order of magnitude. Solar light is faint in
the EUV, so even the strongest EUV emis-
sions from bodies such as the moon, Mars,
and Jupiter are near the detection limit (3).
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Hale-Bopp (C/1995 O1) is perhaps the
biggest and brightest comet of this century;
its nucleus mass may exceed that of comet
1P/Halley by a factor of 40 (4). Our EUVE
observation of Hale-Bopp was acquired
from 14 to 19 September 1996, when the
comet was at heliocentric and geocentric
distances r = 3.07 AU and A = 2.91 AU,
respectively. The total exposure time was
1.4 X 10° s, and its effective value was
reduced to T = 9 X 10* s as a result of
filtering (5).

A soft x-ray image of Hale-Bopp in the
range of 70 to 180 eV was obtained and
corrected for background and for a known
vignetting function (6). To improve the
signal-to-noise ratio, we convolved the im-
age with a Gaussian having a radius at
half-maximum of 1.5 X 10° km (Fig. 1A).
An optical image (Fig. 1B), enhanced to
show dust jets more clearly (7), does not
correlate with the x-ray image. The x-ray

emission is not centered on the expected
position of the nucleus. The center of
brightness is offset relative to the expected
position of the nucleus by 1.4 (£0.6) X 10°
km in the sky plane. If the brightness center
lies on the sun’s azimuth, then the distance
of the brightness center from the nucleus is
2.7 (+1.2) X 10° km (8). The center of
brightness is between the radius vector to
the sun and the comet velocity vector, and
an extended region of emission is seen to-
ward the southwest. A weak feature in the
antivelocity direction is also seen.

The soft x-ray brightness varies with dis-
tance from the brightness center p, (Fig. 2).
The x-ray brightness in Hale-Bopp is max-
imum at 0.005 rayleighs and decreases by a
factor of 3 to p, = 2 X 10° km. The
production rate of x-ray photons Q_ is 8
(£2) X 10** photons s7! for p, = 4 X 10°
km (9, 10) (Fig. 3). If charge transfer is a
dominant excitation process, then [using a
spectrum from (10) and our measurement]
we expect a total x-ray (E > 80 eV) lumi-
nosity of 3.5 X 10?° and 2.6 X 10%° photons
sl for p =4 X 10° and 2.5 X 10° km,
respectively.

The Ne 736 A line is traditionally used as
a tool to search for Ne. However, the second
resonance line for Ne (the analog of Lyman-
B) at 630 A coincides with a strong emission
line in the solar spectrum and therefore pro-
vides better detection prospects than the 736
A line, by two orders of gnagnitude (12). The
advantage of the 630 A line reaches three
orders of magnitude for EUVE, which has a
lower efficiency at 736 A than at 630 A.

No cometary signal is seen at 630 A, and
a 20 upper limit corresponds to 45 counts
for the largest bin (Fig. 4); this limit corre-
sponds to Q. < 4 X 10%7 s7! (13). The
production rate of oxygen (as H,O, CO,
and CO,) was equal t0 6.6 X 10?? 57! during
the observation (4). Hence, the Ne/O ratio
in the gas alone is <6 X 103 in Hale-Bopp.
The ratio of oxygen in the dust and gas was
1.3 in comet 1P/Halley (14). Scaling to the
dust and gas productions in both comets (4,
15), we find that this ratio is ~8 in Hale-

Table 1. Observations of soft x-rays in Hyakutake and Hale-Bopp. X-ray data for Hyakutake are from
(37); r is the heliocentric distance, Q, is the x-ray photon production rate observed within a cometo-
centric radius p,, pg is the offset of the brightness center from the nucleus, Q_, is the gas production
rate (4, 38), and Afp is proportional to the dust production rate (4, 38). Afp, is discussed in (35).

Parameter Hyakutake Hale-Bopp
r (AU) 1.07 3.07
Q, (photons s™7) 1(x£0.2) X 1025 8 (+2) x 10°4
po (km) 1.2 x 10® 4 x10°
pg (km) 5.6 (1) X 10t 2.7 (£1.2) x 10°
Qgas (571 2 X 10%° B X 10%°
Afp (m) 79 630
(Afp), (M) 3700 7500
(Afp), /ATp a7 12

*1025 photons s~ from (34). 13 x 10% km from (34).
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Fig. 1. (A) EUVE image of
Hale-Bopp at photon ener-
gies of 70 to 180 eV (soft
x-rays). The directions to the
sun and of the comet’s or-
bital velocity, projected onto
the sky plane, are shown.
North is at the top and east
is to the left. (B) Optical im-
age of Hale-Bopp on 16
September 1996, with same
orientation and scale as in
(A). An azimuthally averaged
brightness has been sub-
tracted from the original im-
age to enhance the contrast
on the dust jets. The dust
jets are not seen in the x-ray
image, and an extended fea-
ture in x-rays is not seen in
the optical image.

Bopp (which is very dusty) if the dust prop-
erties (density, composition, size distribu-
tion) are the same in these two comets. We
then estimate Ne/O < 7 X 10~*in the bulk
nucleus of Hale-Bopp. In comparison with
the solar ratio of Ne/O = 0.15 (16), the Ne
in Hale-Bopp is depleted relative to the
solar abundance by factors of more than 25
and 200, respectively, in the ice and in the
sum of ice and dust.

Laboratory studies demonstrate that Ne
is trapped efficiently in water ice only at
temperatures below 25 K (17). Even if
trapped in icy grain mantles, Ne can only be
retained if the ices remain at sufficiently
low temperatures, owing to the high mobil-
ity of noble gases in an ice matrix. Warming
to higher temperatures (~50 K) will permit
Ne to escape while less mobile species
trapped in water ice (for example, C,H, and
CO) are retained. Thus, the Ne abundance
tests the maximum temperature to which
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Fig. 2. Mean brightness of Hale-Bopp in soft x-
rays as a function of distance from the brightness
center. The function A/p is also shown (solid line);
this function describes the brightness distribution
expected for dust and gaseous parent molecules.
One rayleigh corresponds to a column production
of 106 photons cm™2 s~ (4 ster)™".
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Orbital
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precometary ices were exposed before incor-
poration into comets. Laboratory measure-
ments cannot duplicate the long time scales
experienced by ices in the natal cloud core
(up to 107 years) or in the solar nebula, so
their use as guides is uncertain in this as-
pect. However, the observed temperature
dependence of the ability of the ice to trap
gas as it forms should be more certain. Our
nondetection of Ne agrees with predictions
(18) that were based on the laboratory data.

Hale-Bopp is an Oort cloud comet, and
the absence of Ne is consistent with the
current view that Oort cloud comets formed
in the Jupiter-Neptune region of the solar
nebula (19) where temperatures exceeded
50 K. Kuiper belt comets formed in the
trans-Neptunian region and some may in-
corporate a solar abundance of neon (Ne/
O = 0.15), because nebular temperatures in

X-ray emission (1024 photons s™)

[\ ) W Y 1 M B

05 1 5 10

2
Radius (105 km)

Fig. 3. Total x-ray emission of Hale-Bopp as a
function of aperture (radius). A slope a of the func-
tion corresponds to a power index in Q, = Apy®.
The value of a varies from 2 at p, = 0.5 X 10% km
to0.6at 7 X 105km; a = 2is expected if the x-ray

intensity is proportional to the local solar wind flux

alone (collisionally thick case), and « = 1 is ex-
pected if the x-ray intensity is proportional to the
column density of gas or dust for spherically sym-
metric uniform outflow.

o REPORTS]

that region could have been <25 K.

An emission line was detected in the
long-wavelength (LW) spectrum near 538

(Fig. 4) with a photon production rate of
5.2 X 10 photons s7! for p = 2.5 X 10°
km (13), possibly from O* 538/39 A or He
537 A. Excitation of O* 538/39 A proceeds
by photoionization of neutral O and OH by
solar photons with A < 339 A and 303 A,
respectively. Emission rate factors are equal
to 2.3 X 10 and 1.2 X 10~ photons s!
atom™!, respectively (20). Our caloulations
show that O* 538/39 A could explain 60%
of the observed emission. The rest may be
attributable to the He 537 A line.

The He 584 A line is seen in all spectra
(Fig. 4). Geocoronal extinction at 584 As
negligible at the comet’s geocentric velocity
of 9.6 km s~ (21). The difference (Fig. 5, C
and D) between the LW spectrum near 584 A

400 ‘M'W‘ﬂdmm,w;wu
Bin=0.27 A

w
=]
o

Bin=1.08A

n
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[=]
.

Counts per bin
=
(=]
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350 400 450 500 550 600 650 700
Wavelength (A)

Fig. 4. LW EUVE spectra of Hale-Bopp at 370 to
680 A for various bin sizes. The comet is too faint to
be detected by the SW spectrometer (77). The LW
spectra were extracted in bins of 540,000 X
23,000 km (upper trace), 540,000 x 90,000 km
(middle trace), and 540,000 X 360,000 km (lower
trace), corrected for the background. The signal-
to-noise ratio is equal to 3.8 for the He 584 Aline in
the middle spectrum. Ordinates of the upper and
middle traces are shifted for convenience.
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(Fig. 5A) and the background (Fig. 5B) shows
the presence of the He line with a production
rate of 1.2 X 10%¢ photons s~ for p = 2.5 X
10° km. Neon is absent in the nucleus, and
this means that helium—the most mobile and
volatile gas—cannot be retained in the nu-
cleus. Helium probably appears in the comet
becausc of charge transfer from solar wind
a-particles to cometary neutrals.

No emission was observed in the medi-
um-wavelength (140 to 380 A) spectrum,
and a 20 upper limit for the production of
He™ 304 A photons is 7 X 10?° photons s~
for p = 2.5 X 10° k. According to statis-
tics, the counts in two bins in the bottom
spectrum in Fig. 4 should exceed a 20 level
even if no real emission is present. Proﬂba—
bly, these are the bins at 465 and 435 A.

Observations of the He and He™ lines
may be a diagnostic tool to study interac-
tion of the solar wind with comets. Charge
transfer excitation of He is similar to that of
x-rays (10, 22, 23). Therefore, we compare
the measured cometary photon production
rates of three lines for p = 2.5 X 10° km:
1.2 X 10%° photons s~ ' for He 584 A2 x
10% photons s~! for He 537 A, and <7 X
10%° photons s7! for He ™ 304 A.

Two excitation processes may be consid-
ered for these emissions: resonant scatter-
ing of solar photons by He and He™, and
prompt excitation in two- and one-electron
captures by solar wind a-particles. Resonant
scattering emission rate factors are equal to
7.5 X 107¢ photons s ! atom™! for 584 A
1.3 X 1077 phorom s atom™! for 537 A,
and 2.3 X 107" photons s™ atom™" for 304
A, ar 1 AU for solar minimum (24). If He
were ejected from the nucleus, then its res-
onant scattering would correspond to He/O
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Fig. 5. A portion of the LW spectrum, showing the
presence of the He 584 Aline. (A) Sum of 60 central
rows on the detector (signal + background, the
spectrum of the comet in a bin of 540,000 X 23,000
km). (B) Sum of 540 rows above and below the
central rows divided by 9 (background, obtained
from positions off the comet). (C) The difference of (A)
and (B). (D) Same as (C), but binned by four pixels in
the dispersion direction. Ordinates of (A), (C), and (D)
are shifted by 50, 100, and -50 counts per bin for
convenience.

1490

=3 X 10 % in comectary gas and 4 X 10
in gas and dust, that is, depleted by factors
of 2 X 107%and 3 X 1077 relative to the
solar abundance. However, even these val-
ues arc too high and incompatible with the
laboratory data (17). One-electron capture,

He" + M —He™ + M*+E (1)

is a nearly resonant process for excitation of

He™ 304 A with a yield of ~0.5 (25).

Two-electron capture, for example
He!* + H,O — He¥
+ OH" +45.0eV (2)

+ H*

is weaker than one-electron capture by a
factor of 2 (26). A yield of He 584 A may be
~1/3 in this process (27). These values
favor a total charge transfer rate of ~2 X
10%¢ 57! for a-particles and negligible con-
tributions of resonant scattering to He 537
A and He™ 304 A. Resonant scattering is a
main process for He 584 A (28).

Of the many processes proposed for the
excitation of cometary x-rays (10, 22, 23,
29, 30), charge transfer of solar wind heavy
ions (10, 22, 23) and scattering of solar
x-rays by small (10717 g) dust particles (23,
29) seem to he the most promising. Charge
transfer excites x-rays and He emissions.
Cross sections for heavy ions exceed those
for a-particles by a factor of 10 to 30 in this
process (31), and the x-ray luminosity ex-
pected for linear scaling of this process is 20
X (2 X 10%9)/35 ~ 107 photons s~ for p

2.5 X 10° km (35 is the ratio of «-
particles to heavy ions in the solar wind).
This value is even higher than the total
x-ray (E > 80 V) luminosity of 2.6 X 10%°
photons s™! obtained from our measure-
ment. However, both the brightness offset
py = 2.7 X 10° km and the slope o =~ 2
(Fig. 3) favor collisionally thick conditions
for the solar wind, with a deviation of a
factor of b = 2 from these conditions at p =
2.5 X 10° km (Fig. 3); then the linear
scaling is not valid, and the expected total
x-ray (E > 80 eV) luminosity is 3 X 10%°
photons 571 (32). The excellent agreement
between this estimate and our measured
x-ray luminosity suggests charge transfer as
the dominant process of x-ray excitation.

Comparison of the distances py between
the brightness center and the nucleus in Hale-
Bopp and Hyakutake (Table 1) may also be
used to resolve this question. If small dust
particles arc responsible for the emission and
they are cjected directly from the nucleus,
then the displacement of the brightness cen-
ter is related to the direction of dust ejection,
to dust velocity, to the effects of solar radia-

tion pressure on dust, and to the charging of

small dust particles and their removal by clec-
tromagnetic forces. The displacement should
be proportional to r® with @ = 1 to 1.5 (33)

and does not depend on the absolute produc-
tion rate for dust; the observed displacement
ratio of 4.8 * 2.3 agrees with the expected
value of 3 to 5. If charge transfer is responsible
for x-rays, then molecular column abundances
from the brightness center to infinity, N =
Q,./(4mpgv), should be the same tor both
comets. We take the velocity as in (13) and
the Q. rates from Table 1, so the displace-
ment ratio is 5 for this process. Both scattering
by small dust and charge transfer with co-
metary dust agree with the measured displace-
ment ratio (34).

The relative production rates of x-rays in
Hale-Bopp and Hyakutake may also be used
to identify the excitation process. Ratios of
the dust-scattering factors Afp in the x-ray
spectrum (35) to those in the visible spectrum
differ by a tactor of 4 (Table 1), and this does
not favor small dust scattering. If small parti-
cles are into large grains by icy or
organic refractory material, then the higher
dust temperatures at 1 AU (~325 K) com-
pared with those at 3.1 AU (~190 K) may
lead to higher production efficiencies for very
small dust and may explain the difference. If
charge transfer is the main excitation process,
then the efficiencies of this excitation in
Hale-Bopp and Hyakutake differ only by a
factor of 1.5 (36). This small difference and
our observation of helium favors the charge
transfer mechanism.

“ N ”
glued
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