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Enhanced abundances of neutral potassium (K) in the atmosphere of Mercury have
been found above the longitude range containing Caloris Basin. Results of a large data
set including six elongations of the planet between June 1986 and January 1988 show
typical K column abundances of ~5.4 x 10® K atoms/cm’. During the observing
period in October 1987, when Caloris Basin was in view, the typlcal K column was
~2.7 x 10° K atoms/cm?. Another large value (2.1 x 10° K atoms/cm?) was seen over
the Caloris antipode in January 1988. This enhancement is consistent with an
increased source of K from the well-fractured crust and regolith associated with this
large impact basin. The phenomenon is localized because at most solar angles, thermal
alkali atoms cannot move more than a few hundred kilometers from their source
before being lost to ionization by solar ultraviolet radiation.

EUTRAL SODIUM (NA) AND POTAS-

sium (K) have been frequently ob-

served in the atmosphere (1) of
Mercury since their discovery by Potter and
Morgan (2, 3). Much uncertainty and dis-
cussion has been associated with the source
and distribution of these constituents.
McGrath et al. (4) have attributed the source
to photon or charged particle sputtering and
subsequent evaporation from the surface
regolith. Morgan et al. (5) proposed a source
composed of a mixture of volatilized micro-
meteoritic and surface material. Sprague (6)
has fitted observed Na and K abundances at
both Mercury and the Moon with a model
of atoms diffusing (7) from rocks at depth
along grain boundaries and micro-cracks.
Potter and Morgan (8) presented evidence
that a major influence on the distribution of
Na about the planet was pressure due to
radiation acceleration, while Tyler et al. (9,
10) reported latitudinal asymmetries in both
K and Na as well as north polar enhance-
ments of Na.

Results reported here are from the analy-
sis of a data set including six elongations of
the planet Mercury between June 1986 and
January 1988. Observations were made at
the 1.5-m Cassegrain reflecting telescope at
the Catalina Observatory, Mount Bigelow,
Arizona (11). The spectrograph slit (~1 cm
in height) was placed across the disk of
Mercury in either a north to south orienta-
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tion or in alignment parallel to Mercury’s
equator (12).

Two factors create conditions favorable to
observing both K emission lines (13) from
Mercury’s atmosphere. Radial velocities up
to 10 km/sec between Mercury and the sun
shift the wavelength prov1dmg solar flux to
excite the shorter, D2 line at 7665 A. In
addition, the large radial velocities between
Earth and Mercury displace the emission
lines in Mercury’s atmosphere away from
the telluric O, lines. Observing when both
lines are visible provides two measurements
of resonantly scattered light which can be
independently converted into column abun-
dances of the scattering constituent.

Potassium has a substantial advantage
over Na for mapping of the atmosphere.
While cross sections at line center in the two
fine-structure components of K are relative-
ly large (14), column abundances N, of K
are relatively low (10 to 10" K
atoms/cm?). The low intensity makes obser-
vations difficult, but still feasible with mod-
ern equipment. The typical optical thickness
of the more casily observed sodium is such
that the intensity changes more slowly with
abundance.

For an optically thin atmosphere such as
the K atmosphere at Mercury, the rate of
emission (15) is p4ml = ¢N photons cm™2
sec™!; where N is the vertical column abun-
dance (atoms cm™?), ¢ is the photon-scatter-
ing coefficient (photons sec™' atom™'), and
w is the cosine of the angle made by the local
zenith and the path from the planet’s surtace
to the observer. The rate of emission from a
1-cm? column along the line of sight, 471, is

expressed in Ravleighs (10° quanta cm™*
sec”') after Hunten er al. (16). The quantity
¢ varies with exciting frequency (17). Thus
intensity is directly proportional to the line
of 51ght abundance of K, along with the
geometrical factors which are easily calculat-
ed. In this work, the brightness of Mercury’s
surface was used as an intensity standard
(18).

Table 1 shows a log of observations and
relevant parameters for each frame analyzed
and presented here; the K column abun-
dances are shown in Fig. 1. Slit orientation
is north-south in all cases. An average view-
ing angle was calculated for the spatial ele-
ment sampled. Horizontal sectors represent
units of 20° longitude and are labeled. Be-
cause of smearing due to atmospheric turbu-
lence (secing) and to drift of the slit during
exposure, spatial resolution falls short of the
theoretical ideal (0.157 arc second per pixel)
by a large tactor (19). The illuminated longi-
tude range visible from Earth typically varies
from 60 to 110° because observations are
made near greatest clongations from the
sun. The longitude range bencath the slit 1s
determined by geometric projection effects,
guiding accuracy and atmospheric turbu-
lence. Vertical divisions in Fig. 1 (and Table
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Fig. 1. Vertical bars represent potassium column
abundances in units of 10% atoms/cm®. Three
latitudinal resolution sectors or bins are shown.
The top rectangle shows abundances roughly
corresponding to north polar and high northern
latitudes; the central rectangle abundances from
mid, low, and cquatorial latitudes; the bottom
sector abundances from south polar and high
southern latitudes. The longitude on Mercury’s
surface beneath the atmospheric measurement is
shown along the horizontal axis. The longitude
should be interpreted as roughly locating the
center of the beam, which can be seen from Fig. 2
to extend over many degrees. Dortted vertical lines
connecting bars in January 1988 and March 1988
indicate global averages and should not be inter-
preted as observations showing no latitudinal
variation. Caloris Basin is centered at about 200°
longitude.
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broad latitudinal sectors, roughly described
as north polar, mid-latitudes and equatorial,
and south polar zones. In some frames
greater spatial resolution was obrtained but
for ease of plotting they were rebinned into
three resolution clements. The histogram in
cach box represents the zenith column abun-
dance found for that sector. Where only an
average value was obtained for the obscerved
area, the same value is shown in each latitu-
dinal box with a dotted line connecting
them to indicate that the values are not to be
interpreted as representing uniform distri-
bution. Figure 2 illustrates the relationship
between the illuminated portion of Mercu-
ry, the beam size (spatial resolution element)
and longitude for the observing period in
October 1987.

The outstanding feature of Fig. 1 is at
220° longitude where the average column
abundance is 2.7 x 10° K atoms/cm?, a
factor of ~5 greater than the typical value
from all other data, ~5.4 x 10® K
atoms/cm?. This longitude falls over Caloris
Basin centered at ~200° longitude (Fig. 2).
Because of atmospheric turbulence, the sam-
pled atmosphere in these two frames is
primarily that from above the Caloris Basin
and slightly to the southwest. Although we
have reported latitudinal asymmetries in
neutral potassium before (9, 10), this is the
first report associating such large enhance-
ments with a specific surface feature. The
high slit average (~4 greater than the mean
of all the data) seen near 45° longitude may
be associated with the badly fractured ter-
rain antipodal to Caloris. Troughs viewed
on the surface by Mariner 10 are interpreted
as graben which formed during vertical
ground motions induced by focused seismic
waves from the Caloris impact (20).

The relatively large column abundances
observed above the region near 220° longi-
tude can be attributed to the increased diffu-
sion of K from the crust and regolith in the
Caloris Basin region. There, severe fractur-
ing penetrates to depth and creates a physi-
cally conducive medium for transport of K
out of rock assemblages into the network of
micro-fractures and cracks where rapid rego-
lith diffusion carries them to the surface-
vacuum interface and they are liberated into
the atmosphere (21).

Ionization is the most important loss
process of Na and K from the atmosphere.
Because of Mercury’s highly eccentric orbit,
the time required for solar ultraviolet radia-
tion to ionize all but l/e of the neutral
population varies as shown in Table 1. Once
the neutrals are ionized, electric fields gener-
ated by interaction of the inherent magnetic
field with the solar wind, sweep a large
fraction of them into the interplanetary me-
dium where they are lost from the atmo-
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sphere (22). Some fraction impact the sur-
face, arc neutralized and are recvcled into
the atmosphere by evaporation or sputtering
from the surface.

Except in limited regions near the termi-
nator where radiation acceleration is direct-
ed parallel to the ground, potassium doces
not move far about the planet before it is
ionized. Once a neutral Na or K atom 1s in

the atmosphere it is controlled by its physi-
cal interactions with the solar ionizing flux
and with the surface. A general discussion of
gas-surface interactions on Mercury’s sur-
face can be found in Hunten er al. (23).
When a Na or K atom leaves the surface on a
ballistic trajectorv with energy commensu-
rate to a surface temperature of ~500 K the
average trajectorv distance is approximately

Fig. 2. The relative sizes of
the sunlit portion of Mercu-
ry and the average resolu-
tion element (beam size) are
shown. The diameter of
Mercury (8.3 arc seconds) 1s
shown for the day observa-
tions were made of the lon-
gitude range containing Ca-
loris Basin.

Average beam size

Mercury, view from Earth

+subearth latitude~4°
subearth longitude ~268°

Table 1. Obscrvations of atmospheric potassium. Exposure times vary from 3 to 6 minutes. N, C,and S
correspond to the latitude bins of Fig. 1. The phase angle is measured at the center of an illuminated

body between the light source and the observer.

Line, Tin Phase Heliocentric Emission Cosine
frame number Llr;f‘ angle distance sg') rate (kilo- emergent
sector (degrees) (AU) ( ravleighs) angle
19 June 1986
D2, 58, N 0253 88 0.416 81 26.7 0.88
C 49.1 0.94
N 49.2 0.89
D2, 59 N 0301 88 0.416 81 35.4 0.87
C 70.7 0.94
S 63.7 0.89
D2, 60 N 0312 88 0.416 81 53.4 091
C 66.5 0.95
S 63.7 0.92
2 December 1986
DI, 63 N 1334 68 0.365 61 14.3 0.78
C 24.5 091
N 13.0 0.80
13 A\'Im'{/l 1987
DI, 99 All 1315 118 0.433 40 16.9 0.86
D2, 101 All 1341 118 0.433 76 13.5 0.82
8 June 1987
DI, 76 N 2206 108 0.433 37 22.6 0.73
C 48.3 0.85
S 29.2 0.75
9 June 1987
D2, 93 N 0251 108 0.429 70 65.3 0.74
C 78.3 0.87
S 78.3 0.76
14 October 1987
DI, 291 N 2132 107 0.395 52 123 0.72
C 426 0.90
S 126 0.74
D2, 296 N 2222 107 0.395 100 116 0.72
C 153 0.90
S 104 0.75
2 January 1988
D2, 40 All 0110 32 0.331 129 322 0.84
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the same as its scale height. An ensemble of
neutral atoms will make only tens of hops
before most are ionized (see Table 2 for
relevant parameters). If the K atoms bounce
in a random walk from a localized source
region, the ensemble will not spread beyond
~180 km from the source region (24).
Potassium, with its smaller scale height,
shorter flight distance and shorter ionization
time becomes the preferred species over
sodium for mapping spatial variations.

The diameter of the inner Caloris Basin is
roughly 1300 km. Concentric rings appear
at greater distances outward from this main
ring giving a maximum diameter of at least
1700 km to this impact feature. The basin
interior is filled with extensively ridged and
fractured plains. Well-fractured terrain ex-
tends outward beyond the Caloris Montes
range for another 500 km or so. The impact
that created Caloris Basin and associated
ridges and fractures is dated by Strom and
Neukum (25) and placed near the end of late
heavy bombardment at Mercury, and fol-
lowing the period of core formation. Thus,
it seems likely that the basin is underlain by
deeply fractured material (26).

At the longitudes of the “hot poles” (27)
sustained subsurface heating could increase
the efficiency of alkali atoms diffusing to the
surface. If the source flux is limited by grain
boundary diffusion at depth (~10 km), the
warmer subsurface materials at these longi-
tudes will provide only a second order effect
as atoms diffuse more rapidly through the
cracks to the surface. If the source flux is
limited by the physical properties of the
crust and regolith through which atoms
must traverse to make their way from the
deeper source to the surface, then the higher
subsurface temperatures associated with the
“hot poles” could contribute to the increase
in abundances observed at the longitudes

near Caloris and the antipodal terrain. Of

course we cannot rule out a stochastic pro-
cess such as the serendipitous volatilization
of a large impactor.

A source directly coupled to insolation
(evaporation or photodesorption) would
show maximum enhancements when the hot
longitudes are near the subsolar point at
perihelion. Although the observation near
45° longitude falls close to perihelion, the
one near Caloris does not.

Recycling of ions to the cooler surface
beneath the polar cusps of the magnetic field
where they undergo neutralization and sub-
sequent reintroduction into the neutral at-
mosphere has been suggested (28, 30) as a
source of some observed enhancements. Ip
(29) and Goldstein et al. (22) have estimated
recycling efficiency to be about 50%, too
small to explain the factor of ~5 seen at
220° and ~4 at 40°.
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Table 2. Transport parameters for sodium and
potassium at Mercury.

So- Potas-

Parameter . .
a dium sium

Diameter Caloris Basin, 1300 km

Hop time T (min) ~3 ~2
Scale height at 500 K; ~49 ~32
H (km)
Hop distance d, (km) ~49 ~32
Ionization time T,
(hours)
Perihelion 1.4 1.0
Aphelion 32 22
Distance traversed betore
onization; D (km) ~350 ~180

While this report was under review the
work referenced in (18) was published (30).
The most intense region in figure 1 of (30)
(omitted from the summary of “emission
patches” in their table 2) falls over Caloris
Basin. The largest and brightest patch of
figure 2 of (30) coincides with the anti-
podal terrain. This patch changed intensity
over a period of one Earth day, imply-
ing that degassing would be variable. The
maximum intensity arcas of figure 3 of (30)
are over regions not imaged by Mariner
10, and those of figure 4 of (30) have
not been correlated with any major surface
feature.

The increased diffusion of alkali atoms
from the crust and regolith from regions of
deep fracture is probable as a cause of
the enhancements of K emission presented
here. Significantly larger abundances found
in this data set occurred when Caloris Basin
or its antipodal point were in the field of
view. This is good evidence that the in-
creased fracturing associated with Caloris
Basin formation provides localized enhance-
ments to the global source mechanism, dif-
fusion of atoms outwards from subsurface
materials.
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Hole Density Dependence of the Critical Temperature
and Coupling Constant in the Cuprate Superconductors

M.-H. WHANGBO AND C. C. TORARDI

A bond valence sum (BVS) analysis was performed for the p-type cuprate supercon-
ductors. The superconducting critical temperature T, versus in-plane Cu-O BVS
correlation for copper is grouped into classes and subclasses. Only within a class or
subclass for which the nonelectronic effect is constant does the variation of the in-plane
Cu-O BVS reflect the corresponding change in the hole density ny of the CuO; layers.
This study strongly suggests that the T for every class or subclass of the superconduc-
tors is an inverted parabolic function of ny, and so is the coupling constant A for

Cooper pair formation.

N UNDERSTANDING THE SUPERCON-
ductivity of the cuprate superconduc-
tors it 1s vital to know what structural or

electronic factors govern the magnitudes of

their superconducting critical temperatures
Te. The T, values of the p-tvpe cuprate
superconductors have been correlated with a
number of parameters, which include the
hole densities (1) per CuO, unit in the
CuO; layers (1-9), the Madelung potentials
(10, 11), the clectronegativities (12-15), the
in-plane Cu-O bond lengths (16, 17), the
electronic densities of states at the Fermi
level (18), the bond valence sums (BVSs)
(19-23), and the hole density to effective
mass ratios (24). Oxidation of the CuO,
layers (thar is, hole doping) removes elec-
trons from the x*y® bands which have
antibonding character in the in-plane Cu-O
bonds (25, 26). As ny incrcascs, therefore,
the in-plane Cu-O bond length (rcy.0) is
shortened. In addition to this electronic
factor, the in-plane rey.o is also controlled
by the nonelectronic factor (16, 17) (ftor
example, steric strain) associated with the
cations located at the 9-coordinate sites adja-
cent to the CuQO, layers (sec Fig. 1, top).
With the increasing size of the 9-coordinate
site cations, the in-planc Cu-O bond is
lengthened to reduce the extent of the re-
sulting steric strain. The T, versus in-plane
rcu-0 plot of the p-tvpe cuprate supercon-
ductors is grouped into three classes distin-

M.-H. Whangbo, Department of Chemistry, North Car-
olina State University, Raleigh, NC 27695-8204.
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guished by the size of the 9-coordinate site
cations (that is, La-, Sr-, and Ba-classes) (16,
17) because of the combined electronic and
nonclectronic eftects. The Sr- and Ba-classes
contain subclasses which are further distin-
guished by a secondary nonelectronic factor
associated with the number of CuO, lavers
per unit cell or the cation substitution in the
rock salt lavers. Everv class or subclass of the
T, versus in-planc r¢,.0 plot shows a maxi-
mum, so that everv class or subclass of the p-
tvpe cuprate superconductors possesses an
optimum hole density (11,p) for which the
T, 1s maximum (T qax) (16, 17).

Bv definition, the bond valence of an in-
plane Cu-O bond should increase with the
shortening of its length (27, 28). Since the
in-plane rey.0 decreases with increasing nyy,
the BVS of an in-plane Cu atom obtained
only from its in-plane Cu-O bonds (hereat-
ter referred to as the in-plane BVS) is ex-
pected to increase with increasing ny.
Therefore, a 1. versus in-plane BVS plot
should have a maximum as in the corre-
sponding T versus in-plane r¢y.0 plot. The
steric factor associated with the 9-coordina-

tion site cation affects the in-plane rey.0
value and hence the corresponding in-plane
BVS value. Theretore, the T. versus in-
plane BVS plot for the p-tvpe cuprate super-
conductors should separate into La-, Sr-,
and Ba-classes and their subclasses as in the
case of the T, versus in-plane rc,.o plot.
This expectation is borne out as will be
shown below. The present work strongly
suggests that the T, for each class or sub-
class is an inverted parabolic function of the
in-plane BVS or the hole density ny. This
relationship leads to an important constraint
that the coupling constant X tfor Cooper pair
formation is an inverted parabolic tunction
of ny.

The bond valence s; of a bond i is defined

AO layer — T i?

BO layer —

CuO, layer —

Fig. 1. (Top) Schematic diagram (42) showing
the arrangement of atoms around a 9-coordinate
site in p-type cuprate superconductors. The cat-
tons are represented by shaded circles, and the
oxvgen atoms by unshaded circles. The 9-coordi-
nate cation B is La**, Sr*", and Ba®" in the La-,
Sr-, and Ba-class supcrconductors, respectively.
(Bottom) Schematic diagram (42) xh()\\mg the
arrangement of atoms around the Ba®" cation in
YBa,Cu;0, (y = 7), where the cations are indi-
cated by shading.

Table 1. Calculated a, Vp, and RMSE (root-mean-square error) values from the least-squares fitting

of the La-, Sr- and Ba-classes and their subclasses with the equation* AT, = —a(AV)".

Compounds ax 104 Vopt RMSE*
Ba-class 2.72 £ 0.18 2.05 7.1
Sr-class 3.20 = 0.53 2.15 11.0
La-class® 2.46 + 0.53 2.27 49
(Tl,.Cd, )Ba~(’u()(, subclass® 6.09 = 1.01 2.04 7.7
Bi>Sra(Ca,_, Y, )Cu,Og subclass® 5.78 £ 0.70 2.12 4.8
(Tly.sBig 5) Srg(( 4., Y ) Cu,O5 subclass® 4.85 = 1.04 2.18 10.0
*BVS calculated using the in-plane r( w0 values from: #Tarascon et al. (30) for Las Sr,CuQy; "Parise er al. (41): *Groen

and de Leeuw (32); dHuang er al. (33).

tStandard deviations of the observed T, values from the quadratic fits.
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