
than could be accounted for in the vari- 
ous effluents. Unit 3 has the greatest 
mercury influx, and on a per megawatt 
basis receives 312 to 21/2 times more mer- 
cury than units 7 and 8, respectively. On- 
ly 40 to 60 percent of the incoming mer- 
cury was accounted for in releases to the 
atmosphere, with the cooling tower ex- 
haust air being the dominant pathway. 
Reinjection of excess condensate (cool- 
ing tower water) into the geothermal res- 
ervoir removed only 0.05 to 0.1 g of mer- 
cury per hour. The mercury imbalance at 
The Geysers could very well be account- 
ed for in the sludge that deposits in the 
bottom of the cooling towers and must 
be periodically disposed of in certified 
landfills. This sludge, which is composed 
primarily of sulfur from the oxidation of 
H2S, contains 0.02 to 0.2 percent mer- 
cury. It is difficult to obtain quantitative 
estimates of the rate of formation of the 
sludge, but this appears to be an impor- 
tant scavenging mechanism for mercury 
at The Geysers. 

It is of interest to compare the mer- 
cury emissions from geothermal power 
plants with those from coal-fired power 
plants. Billings et al. (19) report that a 
700-Mwe coal-fired unit releases about 
2.3 kg of mercury to the atmosphere 
each day. On a per megawatt basis this 
amounts to 3.3 g Mwe-~ day-1. At two 
other coal-fired power plants much lower 
atmospheric mercury emissions of ap- 
proximately 0.50 and 0.48 g Mwe-~ day-1, 
respectively, were reported (20, 21). 
Atmospheric mercury emissions from 
the Cerro Prieto geothermal power plant 
and from The Geysers units 3, 7, and 8 
amounted to 2.2, 1.6, 0.70, and 0.66 g 
Mwe-~ day-', respectively. Thus, on a 
per megawatt (electric) basis, the atmo- 
spheric releases of mercury from geo- 
thermal power plants are roughly com- 
parable to those from coal-fired power 
plants. 

At present there are no Environmental 
Protection Agency (EPA) mercury emis- 
sion standards for energy generating 
facilities. However, the EPA has set a 
national emission standard for mercury 
smelters and chlor-alkali plants, which is 
that the mercury emissions are not to ex- 
ceed 2300 g released to the atmosphere 
per 24-hour period (22). The atmospheric 
mercury emissions from 25- to 75-Mwe 
geothermal power plants (36 to 144 g/ 
day) are far below this standard. 
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We describe the stable operation of a 
semiconductor liquid junction solar cell 
which converts solar to electrical power 
at 9 percent efficiency. The cell consists 
of an n-type GaAs electrode, a carbon 
counterelectrode, and an aqueous solu- 
tion of the Se2-/Se22- redox couple. The 
electron-hole pair generated on illumina- 
tion of the semiconductor is separated by 
the field near the solution interface (1), 
with the hole moving toward the solution 
and the electron moving through the bulk 
of the semiconductor and then through 
an external load to the counterelectrode. 
As a result, the illuminated electrode 
becomes an anode and the counter- 
electrode a cathode. In a well-behaved 
cell the oxidation and reduction process- 
es at the two electrodes balance, produc- 
ing no net chemical change in the solu- 
tion. 

Central to the realization of the con- 
cept of these cells is the demonstration 
of efficient conversion of light to electri- 
cal power and of stable operation. 

Semiconductor liquid junction solar 
cells that are based on the n-type cad- 
mium chalcogenides CdS (1-4), CdSe (3, 
5, 6), and CdTe (7) in the redox electro- 
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lytes S2-/S22-, Se2-/Se22-, and Te2-/Te22- 
have been reported. With several of 
these combinations, oxidative pho- 
toetching of the semiconductor surface 
under illumination is substantially elimi- 
nated (3, 4, 6, 7). We have found that the 
cell CdSe/lM Na2S-IM S-IM NaOH/C 
shows an efficiency of 7 to 8 percent for 
energy conversion at an insolation of 
- 75 mw cm-2 (8), but this level drops on 
extended irradiation under load in spite 
of the apparently minimal evidence of 
photoetching. We find that the solar cell 
n-CdTe/0.8M K2Se-O. lM K2Se2-1M 
KOH/C also attains an efficiency near 8 
percent. In this case the semiconductor 
photoetches concurrently at a low rate, 
but at one sufficient to seriously limit 
practical life. 

We now report that the single-crys- 
tal n-GaAs/0.8M K2Se-0.1M K2Se2-1M 
KOH/C solar cell has the highest effi- 
ciency so far observed by us (9.0 + 0.5 
percent at an insolation near 70 mw 
cm-2), yet is sufficiently stable with re- 
spect to both photoetching and power 
output to suggest an effective life of sev- 
eral years. The band gap of GaAs (1.42 
ev) is very near the optimum for photo- 
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Stable Semiconductor Liquid Junction Cell with 9 Percent 

Solar-to-Electrical Conversion Efficiency 

Abstract. The semiconductor liquid junction cell n-GaAs/0.8M K2Se-O.IM K2Se2- 
IM KOHIC has been shown to attain 9 percent photovoltaic power conversion effi- 
ciency in sunlight. Accelerated tests under 3100?K light sources of several solar in- 
tensities indicate very low photocorrosion currents and high output stability. 
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Fig. 1 (left). Current-voltage curve of n-GaAs/ 
0.8M K2Se-0.1M K2Se2-1M KOH/C under 69- 
mw cm-2 sunlight. Fig. 2 (top right). Ratio 
of the corrosion current, ic, to the total cur- 
rent, iT, as a function of total selenide concen- 
tration, Cse, for n-GaAs in 1M KOH. Data 
from electrode weight loss were converted to 
current at 6 faradays per gram molecule of 
GaAs. Light intensity was - 3 AM2 equiva- 
lent from a quartz-halogen lamp. The elec- 
trode was potentiostatted at -0.4 volt against 
a standard calomel electrode. Fig. 3 (bot- 
tom right). Current output of n-GaAs/0.8M 
K2Se-0. M K2Se2-1M KOH/C cell plotted 
against time under a 50-ohm load and quartz- 
halogen lamp illumination. The area of the 
photoanode is 0.35 cm2. The ordinate val- 
ues x 17.5 equal cell output in millivolts. 

voltaic solar-to-electrical conversion, 
absorbing light up to about 880 nm. 

The current-voltage curve of a typical 
cell under sunlight is shown in Fig. 1. 
The short-circuit current at 69 mw cm-2 
is 16.5 ma cm-2, corresponding to a 

quantum efficiency of - 65 percent if a 
solar air mass 2 (AM2) spectrum is as- 
sumed (9). The open-circuit voltage is 
0.65 volt. Maximum power is delivered 
at 0.45 volt and 13.5 ma cm-2, yielding a 
fill factor of 0.45 x 13.5/0.65 x 16.5 or 
57 percent. These data were obtained for 
a Si-doped specimen with free electron 
concentration - 2 x 1017 cm-3, mobility 

4000 cm2 volt-1 sec-1, and the pre- 
viously polished and etched (111) arsenic 
face exposed to the electrolyte. Similar 
results were obtained for Sn-doped sam- 

ples with carrier concentrations near 2 x 
1017 cm-3, mobilities near 4100 cm2 volt-1 
sec-~, and (100) faces. The areas in con- 
tact with the solution ranged from 0.1 to 
0.3 cm2. 

Many runs with these cells show, for 
an insolation of - 75 mw cm-2, a range 
of current densities from 14 to 18 ma 

cm-2, open-circuit potentials from 0.65 
to 0.75 volt, and fill factors of 0.55 to 
0.72. The product of these factors thus 

ranges from a minimum of 5.0 to a maxi- 
mum of 9.7 mw cm-2. For the cell repre- 
sented in Fig. 1 the product is 6.7 mw 

cm-2, leading us to anticipate a higher ef- 
ficiency with better control of the experi- 
mental parameters. 
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At low selenide concen 
nated n-GaAs undergoe 
toetching. At high seleni 
tions photoetching is marl 
This effect is shown in Fi1 
sence of selenide in IM I 
rate, ic, confirms the di 
chiometry of six electrc 
molecule found by Harvey 
tor was used to convert 
current. The ordinate in Fi 
rate divided by the total a' 
iT, and represents the frac 
current not going to the de 
ative solar cell path and 
etching. The curve drawn 
to the expression ic/ 
C e3)-1, where C s e is the t 
centration of selenium in 
The Se2-/Se22- ratio is af 
at all concentrations. A sic 
netic stirring was maintai 
and an inert atmosphere ( 
flow) was necessary to pre 
of selenide by air. In the 

Fig. 2, illumination was 

quartz-halogen lamp oper 
sufficient to provide a ce 
current of 50 ma cm-2, 
sponds to a current obtain 
suns. The applied poten 
GaAs electrode was cont 
volt against saturated cal 

An extended run under 
tions but at Cse = 1M and 
a carbon electrode gave a 

0.0025. When operated continuously for 
18 days near the maximum power point 
(50-ohm load, - 22 ma cm-2, the n-GaAs 
electrode gave ic/iT = 0.001 and an aver- 

age corrosion penetration of less than 12 

gAm. We estimate that, at this rate, it 
would take 3.5 x 104 hours to dissolve I 
mm of the semiconductor and about 
three times that, or 105 hours, at 1 AM2 
sun. Since a conservative use estimate 
for such a cell would be 3 x 103 hour 
year -1, failure by photoetching of a 100- 

.10- ,um layer would not be likely for a period 
"i -?_ of 3 to 4 years, and even this photoetch- 

15 .2 
ing rate might be further reduced by 

IR increasing the selenide ion concentra- 
tion. 

Figure 3 shows the current-voltage 
stability of the extended run with the 50- 
ohm load. A current density of 22 ma 
cm-2 and a voltage of 0.38 were approxi- 
mately maintained throughout the 432- 
hour experiment. The slow variation is 

insufficiently defined to estimate an oper- 
ating life. We suggest that the output sta- 

-3--- - bility derives from the extremely slow 
but continuous renewal of the surface by 
semiconductor dissolution. This slow re- 
moval process combats performance de- 

trations illumi- terioration by mechanisms involving 
s rapid pho- chemical changes at the semiconductor- 
ide concentra- liquid junction and in the light-absorbing 
kedly reduced. region near the junction (upper - 2 um). 
g. 2. In the ab- Such changes may include slow ion ex- 
KOH, the etch change, adsorption of impurities from 
ssolution stoi- solution on the surface of the semicon- 
)ns per GaAs ductor, and diffusion of dopants into the 
i (10). This fac- semiconductor depletion layer. 
weight loss to The 9 percent solar-to-electrical con- 

ig. 2 is the etch version efficiency does not match the ef- 

verage current, ficiency of state-of-the-art solid p-n junc- 
ction of photo- tion cells. However, the key to practical 
esired regener- cells is in lowering the cost of the power 

thus causing derived. Semiconductor liquid junction 
in Fig. 2 is a fit cells open avenues to cost reduction by 
'iT = (1 + 3500 the inherent simplicity of producing the 
otal molar con- junction and by allowing the use of poly- 
the solutions. crystalline semiconductors at substan- 

)proximately 8 tially less sacrifice in efficiency than is 
)w rate of mag- encountered in all-solid cells (11). 
ned in all runs K. C. CHANG 
(here an argon A. HELLER 
-vent oxidation B. SCHWARTZ 
experiments of S. MENEZES 
provided by a B. MILLER 

ating at a level 
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The prediction of turbulence at high al- 
titudes (9 to 20 km), especially in clear 
air, is a problem for both subsonic and 
supersonic flight. Clear air turbulence 
(CAT) refers to all forms of turbulence 
occurring in clear air which do not in- 
volve convective forces. 

Several investigators have proposed 
and some have flight-tested infrared (IR) 
radiometers sensing temperature fluctua- 
tions related to CAT in the CO2 band of 
the spectrum (1, 2). These techniques 
have not been totally satisfactory be- 
cause of a rather high failure rate. Some 
researchers have suggested that it might 
also be possible to identify CAT on the 
basis of water vapor anomalies (1). To 
our knowledge, no one has flight-tested a 
CAT-sensing radiometer detecting sig- 
nals in the water vapor bands, at 6.3 /tm 
and at 19.0 to 37.0 /um. 

Such a radiometer system has been de- 
veloped and is flying on the National 
Aeronautics and Space Administration 
C-141A Kuiper Airborne Observatory 
(Fig. 1). The goals are (i) to develop a 
simple water vapor radiometer system of 
modest cost that can operate unattended 
and can achieve accuracy in alerting air 
crews to CAT encounters from 4.0 to 
10.0 minutes before the event and (ii) to 
study the most probable mechanisms 
which allow the passive detection of 
CAT in the water vapor IR bands. 

The CAT radiometer employs band- 
pass filters transmitting from 280 to 520 
cm-' or from 1540 to 1670 cm-1. The 
unit, weighing less than 3.2 kg, is in- 
stalled "looking" forward in the right 
wheel well of the C-141A heavy jet. The 
optical system consists of the following 
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components in the order given: a KRS-5 
lens, the interference filter, and the de- 
tector. A second channel of the same ra- 
diometer contains a filter (9.5 to 11.5 /um) 
to differentiate between clouds ahead 
and a true water vapor signal anomaly. 
The radiance arriving at the detector 
comes from two sources: (i) emission 
from the water vapor along the column in 
the field of view of the radiometer and (ii) 
background emission from clouds or hy- 
drometeors. The radiance (in watts per 
square centimeter per steradian) may be 
represented by 

N - B(v, T) 0( H20) d + 

f B(v,To) b(v) r0(H20) dv (1) 

where B is the Planck function (in watts 
per square centimeter per steradian per 
wave number), v is the wave number (in 
reciprocal centimeters), T is the temper- 
ature (in degrees Kelvin), 0 is the filter- 
detector function, r is the water vapor 
transmission, s is the slant path distance 
(in centimeters), To is the source temper- 
ature (in degrees Kelvin), and T0 is the 
total water vapor transmission along the 
slant path to a source from the detector. 

The radiometer is directed upward at a 
fixed elevation angle of from 2.5? to 7.5?. 
Inhomogeneities in the water vapor 
emission entering the 2? cone of accept- 
ance of the radiometer produce anoma- 
lies in the detector response and strong 
signal gradients which are readily de- 
tected as sharply varying output signals. 
After subsequent testing we will also op- 
erate the radiometer at elevation angles 
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below the horizontal for anomalies be- 
neath flight level. 

Generally, there are two conditions 
under which CAT may develop. The first 
is a standing wave in the lee of a moun- 
tain barrier which occurs when statically 
stable air is carried over the mountain. 
The second condition results from waves 
formed in statically stable layers in the 
atmosphere that are subjected to suffi- 
ciently strong vertical wind gradients 
(shear). These shear-induced waves are 
commonly referred to as Kelvin-Helm- 
holtz (KH) waves. A considerable body 
of experimental evidence suggests that 
KH instability is an important mecha- 
nism for generating CAT (3). When KH 
waves are of sufficient amplitude, they 
become unstable and develop into three- 
dimensional turbulence. Dutton and Pan- 
ofsky (4, p. 944) have stated that "at 
least some of the clear air turbulence re- 
sults from the hydrodynamic instability 
of internal fronts in accord with the Kel- 
vin-Helmholtz model." 

The onset of KH instability in a stati- 
cally stable but sheared atmospheric lay- 
er is determined by the value of the local 
Richardson number, 
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Here g is the acceleration of gravity, 0 is 
the potential temperature, z is the height, 
and U is the horizontal wind velocity. 
Basically Ri is a measure of the ratio of 
the potential energy required to overturn 
a stable layer to the kinetic energy avail- 
able from the mean shear to accomplish 
this. A necessary but not sufficient con- 
dition for KH instability is expressed by 
Ri < 0.25. 

Arguments suggest that regions char- 
acterized by internal fronts and sloping 
tropopause are favored areas for KH in- 
stability and CAT formations (5). These 
regions, which are statistically linked 
with the occurrence of CAT, can be 
identified on the synoptic charts. How- 
ever, it is virtually impossible to predict 
in advance when and where individual 
patches of CAT will occur. Thus, the ne- 
cessity for an on-board alert system has 
long been recognized. 

It is well known that KH waves "roll 
up" the atmospheric layers in which 
they form and that the vertical gradients 
of water vapor in some regions are as 
much as 20 times greater than their initial 
undisturbed values. Figure 1 depicts 
schematically how a transition to KH 
waves results in the entrainment of water 
vapor into the breaking waves. As the 
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Clear Air Turbulence: Detection by Infrared Observations 

of Water Vapor 

Abstract. "Forward-looking" infrared measurements of water vapor from the 
C-141A Kuiper Airborne Observatory of the National Aeronautics and Space Admin- 
istration Ames Research Center show large, distinctly identifiable, signal anomalies 
from 4 to 10 minutes in advance of subsequent encounters with clear air turbulence 
(CAT). These anomalies are characteristically different from the signals not followed 
by CAT encounters. Results of airborne field trials in which the infrared radiometer 
was used indicate that, out of 51 situations, 80 percent were CAT alerts followed by 
CAT encounters, 12 percent were "false alarms" (CAT alerts not followed by CAT 
encounters), and 8 percent were CAT encounters not preceded by an infrared signal 
anomaly or CAT alert. 
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