Jewitt (7). If the material is primarily icy
grains, then the dust fluxes calculated by
these authors must be increased (because the
grains sublime slowly, even at these distanc-
es) and we would require more frequent
outbursts, but they would still be consistent
with the variability seen in the photometric
measurements of Chiron (7, 16, 23). Our
steady-state scenario also provides a mass of
grains more than sufficient to replenish the
grains as cited by the aforementioned au-
thors. We believe that the photometric vari-
ability is the strongest argument in favor of
the outburst over the steady-state scenario;
this is dramatically confirmed by the recent
announcement by Cochran and Cochran
(24) that the upper limit on the abundance
of CN a month before our observations
was a factor of 2 lower than our measured
value.

The next significant question is whether
the outgassing is driven by CO or by CO,.
CO was much more abundant in P/Halley
than was CO, but a large fraction (at least
half, possibly all) of the CO came from a
distributed source which could not be re-
sponsible for driving the outburst whereas
CO, was a parent molecule (20, 22). Fur-
thermore, CO, seems omnipresent in com-
ets (based on observations of CO3') whereas
CO appears to vary drastically from one
comet to another (25). Meech and Belton
(16) chose CO in their model because it
provided a higher mass-flux with which to
lift grains from the surface. Because the flux
of the two species differs by less than an
order of magnitude for our assumed param-
eters of the ice, and because the lift-off of
grains depends very strongly on the size-to-
mass ratio of the grains, we think that the
much stronger argument derives from the
variability. At this heliocentric distance
(11.3 AU), the vaporization of CO, would
be at a temperature near 94 K and very
sensitive to the incident insolation whereas
the vaporization of CO would be at a tem-
perature near 34 K and vary linearly with
insolation; in other words, this is the “turn-
on” distance for CO, (19). Thus pockets of
CO, ice slightly below the surface are just
reaching the temperature at which they va-
porize and can drive outbursts whereas any
such pockets of CO would likely have va-
porized at larger heliocentric distances un-
less they are much deeper below the surface
of the nucleus. Presumably the overall
brightness surge in 1988-1990 is attribut-
able to the accumulated coma of grains from
many of these smaller outbursts. We note
that Stern (10) has made some of these same
points in a slightly different context.

Finally, it is also worth pointing out that
outgassing from a small fraction of the sur-
face of a comet’s nucleus appears to be a
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characteristic of comets that have made
many passages close to the sun (18), but
somewhat less characteristic of comets that
have not undergone many close passages. Is
the localization of activity on Chiron there-
fore a sign of chemical heterogeneity? If so,
it would indicate that cometary nuclei ac-
creted from smaller lumps that condensed at
different locations in the solar nebula.
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Constraints on the Diameter and Albedo of

2060 Chiron

MARK V. SYKES AND RUSSELL G. WALKER

Asteroid 2060 Chiron is the largest known object exhibiting cometary activity.
Radiometric observations made in 1983 from a ground-based telescope and the
Infrared Astronomical Satellite are used to examine the limits on Chiron’s diameter
and albedo. It is argued that Chiron’s surface temperature distribution at that time is
best described by an “isothermal latitude” or “rapid-rotator” model. Consequently,
Chiron has a maximum diameter of 372 kilometers and a minimum geometric albedo
of 2.7%. This is much bigger and darker than previous estimates, and suggests that
gravity may play a significant role in the evolution of gas and dust emissions. It is also
found that for large obliquities, surface temperatures can vary dramatically on time
scales of a decade, and that such geometry may play a critical role in explaining
Chiron’s observed photometric behavior since its discovery in 1977.

HIRON HAS ELICITED CONSIDER-
able interest since its discovery in
1977 as the most distant known
asteroid (1, 2). Most asteroids reside be-
tween the orbits of Mars (at 1.5 AU) and

M. V. Sykes, Steward Observatory, University of Arizo-
na, Tucson, AZ 85721.

R. G. Walker, Jamieson Science and Enginecring, Inc.,
5321 Scotts Valley Drive, Scotts Valley, CA 95066.

Jupiter (at 5.2 AU). Chiron ranges between
8.5 and 19 AU from the sun, crossing the
orbit of Saturn. Since 1987, Chiron has
been exhibiting non-asteroidal behavior, in-
creasing in brightness more than would be
expected for an airless body approaching the
sun (3). Cometary activity was suspected
(4-7), but no coma was seen until 1989,
when it was detected in a deep CCD image

.by Meech and Belton (8). 2060 Chiron thus
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became the first numbered asteroid known
to behave like a comet (9).

The surface temperature and gravitational
field of Chiron are necessary to understand-
ing the Chiron atmosphere and the photo-
metric activity observed prior to the detec-
tion of the coma (10). Surface temperatures,
dependent upon the subsolar latitude and
properties such as the albedo, determine
which molecular species may be driving the
cometary activity of this object (11). Utiliz-
ing observations made by the Infrared As-
tronomical Satellite (IRAS) and earlier
ground-based measurements, we derive con-
straints on the diameter and albedo of Chi-
ron, and consider their dependence on dif-
ferent thermal models. The resulting surface
temperatures and their implications for Chi-
ron’s recent activity are also discussed.

Observations at thermal infrared wave-
lengths from ground-based telescopes have
shown several short-period comet nuclei to
have diameters on the order of 10 km (12-
14). This is similar in size to Comet Halley
as seen by the Giotto and Vega spacecraft
(15, 16). Comet nuclei have also been found
to be very dark, with geometric albedos less
than ~0.05 (12-16). In contrast, ground-
based radiometry has inferred a nominal
diameter of 180 km for Chiron and a corre-
sponding albedo of 0.10 (17), making it the
largest known cometary body by an order of
magnitude. This diameter may be too small.

The model used in determining the earlier
values is referred to as the asteroid standard
thermal model (STM). It presumes that the
surface is a sphere in radiative equilibrium
with incident sunlight. That is, the temper-
ature is highest at the subsolar point, falling
as cos’* 8 on the sunlit side, where 0 is the
angle between the subsolar point and the
point of interest on the surface. The temper-
ature on the dark side is assumed to be zero
(18). For most asteroids this model is a good
approximation. However, in the outer solar
system, objects tend to lose heat from their
thermal skin through radiation on time
scales much longer than their rotation peri-
ods. In this situation the difference between
daytime and nighttime temperatures is
small, and a point on the surface achieves a
temperature in radiative equilibrium with
the average amount of sunlight it receives
over a rotational period. This is referred to
as the isothermal latitude (ILM) or “rapid-
rotator” model (18), though the object ac-
tually may not be rotating rapidly. This
breakdown of the STM for cold, distant
objects has been modeled for comets (19)
and Pluto (20), and has been generalized to
other solar system objects (21).

The test to determine whether an object is
characterized more accurately by the stan-
dard thermal model or an isothermal lati-
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tude model is the value of its thermal param-
eter, ®, which is unitless and defined as

rve

= e T3

1)
where I' is the thermal inertia of the surface,
o is the angular rotation rate of the body, €
is the bolometric emissivity, ¢ is the
Stephan-Boltzmann constant, and T is the
subsolar equilibrium temperature for a non-
rotating body given by

_— [&;—gzia}m @

where A is the bolometric Bond albedo, Fg
is the solar constant, and R is the heliocen-
tric distance in astronomical units (21). Val-
ues of ® much less than unity indicate that
the STM is a good approximation to the
thermal behavior of an object, while values
much greater than unity argue for the adop-
tion of an isothermal latitude model. How-
ever, as the subsolar latitude increases, even
a rapidly rotating body will look more like
an STM because an increasing fraction of
the surface is constantly illuminated. Finally,
if the sun is shining directly down onto the
rotational pole, the object will be indistin-
guishable from an STM regardless of its
rotational rate or thermal inertia.
Radiometric observations of Chiron have
been made twice, both in 1983. These con-
sisted of ground-based observations (17),
and observations by the Infrared Astronom-

ical Satellite (IRAS). The observing circum-

stances are recorded in Table 1. A rotational
period of ~7 hours, estimated by Lebofsky
et al. (17), has been further refined to
5.9180 hours by Bus et al. (6). The thermal
inertia of Chiron’s surface is unknown.
Ranges in the solar system (to date) vary
from the asteroids Ceres and Pallas (~10*
erg cm~2%~ Y2 K™!) (21) to the Jovian
moon Ganymede (7 X 10* erg cm™2s~12
K1) (22). If we assume that Chiron’s sur-
face has an albedo of zero and unit emissiv-
ity (minimizing ), this range of thermal
inertias yields values of © between 3 and 22.
Increasing albedo and emissivity to values
determined and used by Lebofsky et al. (17)
will increase ® by a few percent. These
values suggest that Chiron is best modeled
radiometrically as a rapidly rotating body if
the subsolar point is near the equator.

We can constrain the plausible range of
subsolar latitudes by noting that during
1983, Chiron exhibited a light curve at
visual wavelengths with an amplitude deter-
mined tentatively (because of low signal to
noise) by Lebofsky et al. (17) which corre-
sponds to a change in projected surface area
of 74% (assuming light curve variations
caused solely by shape). Observations nearly
4 years later by Bus et al. (6) show a

Table 1. Observation circumstances and model
parameters.

Ground-
based
(17)

Source IRAS

Date (1983) Jan 9/10  Scp 16

Heliocentric distance (AU)  15.72 15.36

Geocentric distance (AU) 15.15 14.99

Solar phase angle (°) 2.98 3.53
Derived quantities

H, (31) 6.7

G (31) 0.7

B (mag/degree) (31) 0.01

7 (ILM) (31) 1.0

7 (STM) (31) 0.756

€ (18) 0.9

well-defined light curve with an amplitude
corresponding to a change in projected sur-
face area of 18%. Comets are thought to be
fairly elongated objects having axial ratios
ranging up to ~2:1 (23). Planetary satellites
that are as large as Chiron are much more
spherical, possibly as a consequence of grav-
ity (24). However, for the sake of argument,
if we assume Chiron to have such an ex-
tremely elongated shape, and further assume
its surface to be an isotropic scatterer, then
the light curve variations seen by Lebofsky et
al. would require a subsolar latitude of 20°.
The Bus et al. amplitude would correspond
to a subsolar latitude of 53° (25). When the
subsolar latitude is less than 30°, departure
from ILM is small when O is large (21).
Around subsolar latitudes of 60°, we are
well within the transition region between
ILM and STM. In the above calculations, as
we decrease the elongation of Chiron’s
shape, the subsolar latitudes are driven clos-
er to the equator, further arguing for the
isothermal latitude model. A light curve can
also result from albedo variations across a
surface, however, and can either enhance or
counter the effects of shape. Thus, while the
standard thermal model cannot be ruled out
for Chiron at the time of the radiometric
observations, the isothermal latitude model
appears to offer the more reasonable descrip-
tion of its surface, based on what little
information we possess. Both models will be
considered in this work.

The position of Chiron was scanned twice
by IRAS. Two detectors in each wavelength
band (26) passed over Chiron on each scan,
giving a total of four scans per band. The
four scans were transformed to the Chiron
centered coordinate system, the fluxes aver-
aged (with inverse invariance weighting),
and the resulting coadded data passed
through the IRAS zero-sum point source
detection filter (26). Structures near the
location of Chiron are reproduced at both
60 and 100 pm and have radiance ratios
characteristic of infrared cirrus. No source
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was detected at the position of Chiron with
flux greater than 1.4 times the standard
deviation of the signal measured at the filter
output. The 30 detection limits based on
this measure of the noise for the 25 and 60
pm bands are 80 and 135 mJy, respectively,
and are adopted as the upper bounds for flux
from Chiron. The noise at 100 pm, which is
dominated by the background clutter of
infrared cirrus, is about an order of magni-
tude higher than that at 60 pm and thus
does not significantly constrain the object’s
diameter or albedo. The 12-pm observa-
tions are similarly unconstraining since they
are well on the Wien side of the blackbody
emission of a body as cold as Chiron.

The ground-based observations by Lebo-
fsky et al. (17) reported a detection of Chi-
ron at the 1.9¢ level of noise using a “nar-
row-Q” filter (27). We consider the
possibilities that this may have been either a
detection or noise excursion in constraining
the diameter and albedo in our different
models. In the latter case, we use 27 mJy at
22.5 pm as the 30 measure of their reported
noise.

Following the procedure outlined by Leb-
ofsky and Spencer (18), and using the pho-
tometric parameters listed in Table 1, we
calculated diameters and geometric albedos
for the ILM and STM cases (Fig. 1).
Regardless of the thermal model adopted,
the relationship between the diameter and
albedo is fixed by the absolute magnitude
(28). The radiometry allows us to determine
where on this curve the diameter and albedo
lie. In the STM case, where the subsolar
latitude is polar, the ground-based observa-
tions of Lebofsky ef al. define the maximum
diameter and minimum albedo of Chiron. If
the detection at 22.5 wm is taken at face
value, this corresponds to a diameter of 167
km and a geometric albedo of 0.136 (29).
The subsolar temperature would be 107 K.
If we consider the ground-based observa-
tion to have yielded an upper limit and not
a detection, then the diameter would be less
than 204 km, and the albedo larger than
0.091. This yields a subsolar temperature
less than 108 K. In the ILM case, where the
subsolar latitude is equatorial, the IRAS 60
pm upper limit is most constraining, result-
ing in a diameter less than 372 km, and an
albedo greater than 0.027. This is as much
as twice the Lebofsky et al. detection diam-
eter (17), and one-quarter the albedo. The
equatorial temperature would be less than
77 K. We believe this last case (ILM) pro-
vides the best limits on these parameters for
Chiron.

The low-albedo limit of a few percent
allows for the taxonomic identification of
Chiron as a C-type asteroid, based on the
colorimetric similarities at visual and near-
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Fig. 1. Possible values and 1000
limits for the diameter and r
albedo of Chiron are shown 800

assuming the surface tem- L
perature distribution is de-
scribed by the standard ther-
mal model (STM) or the
isothermal latitude model
(ILM). The curve in each r
case is defined by the abso- 200 -
lute magnitude of Chiron
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pm (17) indicating either a 1.9 detection (M), or a 3o upper limit ((). Constraints are also shown for
IRAS observations setting 3o upper limits at 25 pm (O) and 60 pm (®). The latter defines the
maximum diameter and minimum albedo in the ILM. In the case of upper limits, the true diameter and
albedo of Chiron may fall anywhere to the right on the curve, that is, Chiron can be smaller and

brighter.

infrared wavelengths pointed out by Hart-
mann ef al. (7), and the fact that C-type
asteroids are, on average, quite dark (30).
Because Chiron, however, is an object which
likely formed in the outer solar system, far
removed from the main asteroid belt, it is
not likely that it has the same composition as
its taxonomic siblings. This should serve as a
warning against automatically assuming
compositional similarity even among main-
belt asteroids of the same taxonomic class.

The effect of gravity on gas outflow was
estimated by calculating the fraction of mol-
ecules coming off the surface with speeds
exceeding the escape velocity of Chiron as-
suming a mass density p = 1 g/cm? for the
asteroid. The gas molecules (with the mo-
lecular weight of carbon monoxide) were
assumed to have a Maxwell-Boltzmann
speed distribution for a kinetic temperature
equal to the equatorial surface temperature
in the ILM case, and the subsolar tempera-
ture in the STM case. Sublimation would
result in a decreased surface temperature,
hence lower molecular speeds, but this was
neglected in order to maximize the proba-
bility of escape. At Chiron’s distance at the
time of the radiometric observations, less
than 84% of the molecules would escape in
the ILM case. This percentage decreases by
only a few percent at latitudes of +45°.
However, increasing the mass density of
Chiron to p = 3 g/cm® results in less than
half of the molecules escaping.

If Chiron is as large and dark as the ILM
case allows, but has a large obliquity, then
the subsolar latitude could be near the rota-
tional pole by the time Chiron reaches peri-
helion in 1996. The maximum surface tem-
perature would increase from 77 K to as
much as 148 K, and the surface temperature
distribution would approach that of the
standard thermal model. At this time, the
percentage of molecules escaping would be
between 70% and 93%, depending on Chi-
ron’s density. Thus, the effects of gravity on

gas outflow from Chiron may be significant
in the ILM case, but diminishes when the
surface is best described by the standard
thermal model. In the former case, the result
that a significant fraction of gas may not
escape Chiron’s gravitational pull argues
that gravitational effects on the dynamical
evolution of gas and dust emitted from its
surface must be taken into account in de-
tailed models of its coma and atmospheric
evolution.

The doubling of the maximum tempera-
ture in the above example is due as much to
geometry as to the decreasing heliocentric
distance. Given the potential for big varia-
tions in surface temperature if Chiron has a
large obliquity, we suggest that geometry
has played and continues to play a critical
role in Chiron’s activity. This would explain
the fact that Chiron was brighter at visual
wavelengths in 1978 than in 1983 (6).

A large, dark Chiron, having a large oblig-
uity, and a near-equatorial subsolar latitude
in 1983, should be increasing dramatically
in brightness at thermal wavelengths. As-
suming this, and our ILM limits, Chiron
might be as much as 100 times brighter at
22.5 pm as it approaches perihelion than it
was in 1983. Continued thermal and visual
observations of this unusual object and its
behavior will provide great insight into the
nature of what could be a remnant planetes-
imal from the outer solar system.
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A-Axis—Oriented YBa,Cu;0-/PrBa,Cuz;0-

Superlattices

C. B. EoM,* A. F. MARSHALL, ].-M. TRISCONE,T B. WILKENS,

S. S. LADERMAN, T. H. GEBALLE

A modulated structure has been fabricated from high transition temperature super-
conductors where the individual CuO, planes are composed of alternating supercon-
ducting and insulating strips. This structure is made by growing a-axis—oriented
YBa,Cu;0,/PrBa,Cu,;0, superlattices by 90° off-axis sputtering on (100)SrTiO; and
(100)LaAlO; substrates. Superlattice modulation is observed to a modulation wave-
length of 24 angstroms (12 angstroms—YBa,Cu;0,/12 angstroms—PrBa,Cu;0,),
both by x-ray diffraction and by cross-sectional transmission electron microscopy.
Rutherford backscattering spectroscopy indicates a high degree of crystalline perfec-
tion with a channeling minimum yield of 3 percent. Quasi—one-dimensional conduc-
tivity should be obtainable in these structures.

HE STUDY OF HIGH TRANSITION-

temperature (7T.) superconductor

(HTS) heterostructures is motivated
not only by the need to fabricate sandwich-
type tunnel junctions but also because arti-
ficial structures can be valuable model sys-
tems for investigating particular physical
properties. In the so-called “123” structure
and among many possible systems,
YBa,Cu;O, (YBCO) and PrBa,CuzO,
(PBCO) make a good combination because
of their shared 123 structure and close lat-
tice match and the fact that PBCO is an
insulator, in contrast to superconducting
YBCO. Additionally, the electrical proper-
ties of Pr;_,Y,Ba,CuzO, can be varied
from insulator to superconductor by in-
creasing the Y concentration.

Epitaxial growth of c-axis—oriented
PBCO on YBCO layers was first reported by
Poppe et al. (1). Shortly after their work,
Triscone et al. (2, 3) demonstrated the
growth of c-axis—oriented YBCO/DyBCO
and YBCO/PBCO superlattices down to a
24 A modulation wavelength A (A is the
sum of the individual thicknesses in the
superlattice). Other groups (4, 5) have also
succeeded in fabricating c-axis YBCO/
PBCO superlattices and have studied their
superconducting properties.

From a scientific and technological point
of view the growth of 4-axis films and mul-
tilayers is very attractive. This is so because
the larger ab-plane superconducting coher-
ence length should produce a stronger prox-
imity effect in a-axis superlattices and supe-
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rior sandwich-type tunnel junctions, which
have yet to be made in any high T cuprate
superconductors. Further, the a-axis super-
lattice mismatch at the YBCO/PBCO inter-
face is significantly smaller than the interface
mismatch for c-axis superlattices.

Owing to the change in process condi-
tions required to form g-axis—oriented
YBCO as well as anisotropies in atomic
diffusivities and crystal growth rates for the
layered perovskites, it is a priori unclear
whether fine-scale multilayer a4-axis struc-
tures can be synthesized. We report here
that modulated 4-axis structures with mod-
ulation wavelengths down to 24 A can be
made with a high degree of structural order
and extremely smooth surfaces to thickness-
es of at least 4800 A, that is with 200
interfaces.

Figure 1 is a schematic diagram of the unit
cell of an ideal 12 A-YBCO/12 A-PBCO
a-axis multilayer. Theoretically, it is possible
to grow a-axis structures with an 8 A modu-
lation wavelength. The minimum c-axis su-
perlattice modulation wavelength is 24 A,
corresponding to the fact that the c-axis is
about three times larger than the g-axis. An
interesting feature of a-axis heterostructure
can be seen in Fig. 1: the CuO, planes are
vertical and the very same CuO, plane can be
locally superconducting or insulating in
strips, the width of which is one-half of the
superlattice period, depending on whether
the rare earth neighbors of the plane are Y or
Pr. This property permits, by decreasing the
YBCO width, a modification of the dimen-
sionality of the system. A change from quasi—
two-dimensional (2D) behavior to quasi—
one-dimensional (1D) behavior is expected as
the YBCO layer width, d,, is decreased down
to the coherence length in the ab plane &,
and, for well-chosen material parameters, a
crossover from quasi-1D to quasi-2D behav-
ior is expected at a temperature T* below T,
at which &,,, becomes less than d;.

We recently reported the synthesis and
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