
global lightning activity will increase sub-
stantially in a warmer climate. 
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An Intercomparison of Tropospheric OH 
Measurements at Fritz Peak Observatory, Colorado 

George H. Mount and Fred L. Eisele 
The hydroxyl radical (OH) controls the lifetimes and therefore the concentrationsof many 
important chemicalspeciesin Earth's lower atmosphere includingseveral greenhouse and 
ozone-depletingspecies. Two completelydifferent measurementtechniqueswere used in 
an informal intercomparisonto determine tropospheric OH concentrations at Fritz Peak 
Observatory, Colorado, from 15 July to 24 August 1991. One technique determined OH 
concentrations by chemical analysis; the other used spectroscopic absorption on a long 
path. The intercomparisonshowedthat ambient OH concentrationscan now be measured 
with sufficient sensitivity to provide a test for photochemicalmodels, with the derived OH 
concentrationsagreeing well under both pollutedand clean atmospheric conditions. Con-
centrations of OH on all days were significantly lower than model predictions, perhaps 
indicatingthe presence of an unknown scavenger. The change in OH concentrationfrom 
early morning to noon on a clear day was found to be only a factor of 2. 

T h e  determination of OH concentration is 
fundamental to an understanding of atmo-
spheric chemistry, but its measurement has 
been fraught with difficulties. Because OH 
noontime concentrations are thought to be 
extremely low [approximately 0.1 part per 
trillion by volume (pptv)], measurement is 
difficult. Initial measurements in the tropo-
sphere were based on laser-induced fluores-
cence of OH rotational lines in the ultravi-
olet (UV) part of the spectrum (1, 2),  but 
many problems were discovered (3, 4). 
Modifications have been marginally suc-
cessful (5 ) ,  but not to the levels necessary 
to test photochemical theories (6). Long-
path absorptionof laser light in the UV has 
been used to measure OH concentrations 
near Julich, Germany (7-9). Although this 
region is industrially polluted, OH levels 
were measured reliably to several x lo6 
mol/cm3. Real-time chemical tracer tech-
niques have been used without notable 
success; however, global tracer techniques 
have shown some success. Summariesof the 
reactions and rate constants used for theo-
retical calculation of tropospheric OH 
chemistry are given in (10, 11). To date, 
the theory is far more advanced than the 
measurements. In this paper we describe an 
intercomparison of measurements of tropo-
spheric OH by two highly sensitive instru-

G. H. Mount, Aeronomy Laboratory, Environmental 
Research Laboratories, National Oceanic and Atmo-
spheric Administration, 325 Broadway, Boulder, CO 
80303. 
F. L. Eisele, Physical Sciences Laboratory, Georgia 
Tech Research Institute, Georgia Institute of Technol-
ogy, Atlanta, GA 30332. 

ments operating simultaneously. 
The first technique (12) is an in situ 

ion-assisted measurement with a lower sen-
sitivity limit of 1 x lo5 mol/cm3 in short 
time integrations (minutes). The calibra-
tion is difficult and dependent on chemical 
interpretation. The second technique (13) 
is a laser-based long-path absorption exper-
iment with a sensitivity limit of -4 x lo5 
mol/cm3, also with a time resolution of 
minutes. This instrument has a simple ab-
solute calibration, but determination of the 
OH concentration is dependent on deter-
mination of the local spectral continuum, 
which is difficult to measure because of 
spectral interferences from other atmo-
spheric trace species. 

The Georgia Tech (GT) ion-assisted 
measurement of OH is performed by sam-
pling air through a turbulence-reducing 
scoop and down a flow tube-reactor at a 
velocity of 0.6 m/s. The OH present in the 
center of the flow tube is titrated into 
H,34S04 by the addition of 34S02. The 
SO, converts OH into HSO,, which reacts 
with 0, and then H,O to form H2S04. 
Mixing is accomplished by the continuous 
injection of an SO,-N, mixture perpendic-
ular to the sampled air flow through two 
opposed needles. The injected mixture 
makes up less than 1% of the sample flow 
and causes turbulence primarily in the cen-
ter of the flow tube. There is little to no 
mixing or turbulence at the walls. Because 
only species in the center of the flow are 
sampled, the lack of mixing at the walls is 
of little concern. To ensure that all of the 
OH in the sampled air has been converted 
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Fig. 1. Topography of the region 
between Fritz Peak Observatory 
and Caribou, Colorado, where the 
AL retroreflector and the GT exper-
iment were located.Average beam 
height for the AL laser beam was 
several hundred meters above the 
ground. For normal westerly wind, 
the beam crosses upwind of the 
only sizable town (Nederland,pop-
ulation 300). Populated areas are 
indicated by shaded areas on the 
map. 

Contour interval = 122m 

into H,S04, SOz is added until the H,S04 
concentration is independent of the 
amount of SO, added. The SO, concentra-
tion is then typically maintained at about 
twice that level. 

The concentration of H,34S04 formed 
from the titration of OH is then measured 
with a chemical ionization method. In an 
isolated high-pressure source NO,- ions are 
ore~aredand forcedbv electric fields into the 
;itrHted air sample. They then react with 
HZSO4to form HS04- ions, and the result-
ing HS04-/NO3- core ion ratio is used to 
calculate the H,34S04concentration. 

Ion concentrations are measured with a 
differentially pumped quadrupole mass spec-
trometer. All reactions are carried out in 
laminar gas flow at atmosphericpressure in an 
effectivelywall-less reactor. The OH titration 
is accomplished in -10 to 20 rns, and the 
total transit time for the OH-air sample from 
the inlet to the analysis region is less than 1 s. 

Air is sampled continuously from -3 m 
above the ground, and an integration time 
of -20 s is required for each OH measure-
ment. With the present apparatus a 5-min 
integration time results in a detection sen-
sitivitv of -1 x lo5 mol/cm3. The total 
estimated uncertainty associated with the 
ion-assisted sampling and measurement 
technique is k60% 2 1 x lo5 mol/cm3. 
All GT data are shown as 5-min averages. 

The Aeronomy Laboratory (AL) instru-
mentation measures the spectral line pro-
files of individual OH molecular rotational 
lines in the A-X electronic transition ab-
sorbed in the near-UV over a long path 
(13). This is a particularly clean method of 
determining OH concentration. It depends 
only on well-measured spectroscopic pa-
rameters determined from laboratory exper-
iments with good accuracy (lo%), physical 

variables (such as light path length) that 
are easily and accurately determined, and 
the measured fractional spectral absorption. 
The experimental apparatus consists of six 
basic components: (i) a spectrally bright 
and broad (tens of millijoules per pulse over 
several tenths of nanometers) UV XeCl 
excimer laser lieht source with o~t icsfor-
directing a low-divergence, expanded light 
beam into ambient air outside of the obser-
vatory; (ii) a 1-m2121-elementretroreflec-
tor mirror system located 10.3 km away to 
collect the laser light beam and return it to 
the observatory for a total absorption path 
length of 20.6 km; (iii) a telescope collector 
located in the laboratory at the observatory; 
(iv) a high-resolution (resolving power > 
500,000) dual-channel spectrograph to al-
low accurate measurement of atmospheric 
absorption of individual rotational lines in 
the UV electronic OH bands near 308 nm; 
(v) a two-channel array detector system 
with signal-to-noise ratio greater than lo4 
per integration that allows simultaneous 
observation of both laser and atmospheric 
absorbed laser lieht at all waveleneths in a" L7 

spectral interval sufficient to include mea-
surement of several OH rotational lines 
simultaneously; and (vi) a data collector 
and analysis system that allows computer 
control of the hardware. 

Laser light exits the laser to a beam 
splitter, which sends part of the laser light 
directly into the spectrograph (channel 1); 
the transmitted light is directed to a beam 
expander and then travels 20.6 km to the 
retroreflector arrav and back to the obser-
vatory, where it is collected by a Cassegrain 
telescope and sent into the spectrograph 
(channel 2). The ratio of these two signals 
gives the atmospheric absorption signature. 
This ratio is then used in Beer's law to 

determine the concentration of OH. All 
AL data are shown as 15-min averages. 
Absolute measurement errors for the laser 
long-path technique are k 50% below 2 x 
lo6 mol/cm3 and k30% above that. In 
addition to the system for determination of 
OH abundance, a completely independent 
instrument at the observatory measured si-
multaneously on the long path the concen-
tration of O,, water vapor, NO,, NO,, 
SO,, formaldehyde, and other trace gas 
species that affect the concentration of OH. 

Measurements were made using these two 
instruments at the AL's Fritz Peak Observato-- - -

ry near Rollinsville, Colorado, approximately 
40 kmwest of the edee of the Great Plains and-
3 km east of the continental divide at an 
altitude of 2700 m (Fig. 1). The Caribou site 
where the in situ measurements were per-
formed is 10.3 km distant and at an elevation 
of about 3000 m. Thglaser beam path is a few 
hundred meters above the tree line. The wind 
is generally from the west; therefore, the air is 
usuallyquite clean (the nearest large pollution 
source is Salt Lake City, -600 km away). 
Local sources of pollution are small. During 
the summer months, however, easterly ups-
lope winds often bring pollution from the 
~ e n v e rmetropolitan area to the region of the 
observatorv. Several such events occurred 
during the intercomparison. The intercom-
parison was informal and not blind; discussion 
occurred between the investigators as mea-
surements were made. 

Temperature, wind speed, wind direc-
tion, humidity, solar flux, and other meteo-
rological parameters of interest were mea-
sured at both ends of the laser path. Also sta-
tioned at Caribou was a set of GT instruments 
that measured CO, SO,, gaseous HzS04,and 
aerosol number and size distribution together 
with AL instrumentation (14) that measured 
O,, SO,, NO, NO,, NO,, solar UV flux, and 
other trace gases of interest that can affect the 
OH measurements. 

The instruments did not operate every 
day of the 5-week period. Approximately 7 
days of high-quality overlapped data were 
obtained. Here we discuss only two fairly 
typical days: 23 August, which experienced 
polluted conditions, and 24 August, which 
experienced clean and clear conditions un-
til early afternoon. 

Agreement between the two OH mea-
surement techniques was quite good for 
most of 23 August (Fig. 2A). The major 
discrepancy was that at -1300 MST clouds 
reached the Caribou site and reduced the 
OH concentration locally. Intermittent pe-
riods of cloud cover were common on 23 
August (Fig. 2B). Minima in solar irradi-
ance and relatively low OH concentrations 
occurred before 0815 hours, between 0945 
and 1045 hours, and after 1245 hours. 
Long-path OH concentrations also varied 
with solar flux, but the average flux over the 
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path length was more difficult to quantify. 
Concentrations of OH measured 

throughout the intercomparison typically 
increased in more polluted air masses. In-
creased SO2 concentrations are a good in-
dicator of this polluted air as are high NO,, 
NO,, CO, and aerosol concentrations. 
Concentrations of SO, were enhanced after 
1100 hours on 23 August (Fig. 2C) and 
corres~ondwell with increased OH concen-
trations measured at the Caribou site during 
the same period. Long-path absorption 
measurements of SO2 and NO, are not 
available for 23 or 24 August. 

Agreement in deduced OH concentra-
tion between the two techniques (Fig. 3A) 
was quite good on 24 August, the clearest 
day on which intercomparative measure-
ments were made. Aerosol and NO, data 
again suggest an influx of polluted air at 
about 1330 hours at the Caribou site, at 

600 800 1000 1200 1400 1600 1800 
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- .  
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Fig. 2. (A) Hydroxyl concentration from both 
experiments on 23 August 1991 (GT, circles; 
AL, squares).This day was partly cloudy and 
fairly polluted, especially in the afternoon, with 
air from the Denver metropolitan area. (B) UV 
solar flux measured at the Caribou site by GT 
on 23 August. (C) Sulfur dioxide concentration 
measured at the Caribou site by GT on 23 
August. 

which time clouds also began to block the 
solar flux. Winds were strong and from the 
west (clean) until 1330 hours, when the 
wind shifted to the east (Fig. 3B). Al-
though there are not good UV solar flux 
data for the Caribou site that day, and no 
SO2,CO, or aerosol data between 1430and 
1645 hours, visible solar flux data taken at 
Fritz Peak show a perfectly clear sky until 
about 1330 hours. Rain occurred on the 
long path after 1400 hours. 

The data from both days show that fluctu-
ations in OH concentration typically corre-
spond to fluctuations in solar flux or changing 
air masses (pollution episodes). These atmo-
spheric conditions can be quite different be-
tween the long-path and the GT in situ site. 
Conversely, as can be seen from earlier mea-
surements, stable uruform solar flux and air 
masses lead to smoothly varying OH concen-
trations (12). Because intermittentcloudiness 
was common on most afternoons, it is not 
surprising that the data sets have considerable 
scatter. Solar flux and air mass variations did 
not, however, occur simultaneously over the 
absorption path; thus, observed short-term 
changes in OH concentration are likely real 
but difficult to comDare between the in situ 
and long-path tecGques. 

On 24 August, the absolute values of the 
OH concentration were extremely low, 

MST 

600 800 1000 1200 1400 1600 1800 
MST 

Fig. 3. (A) Hydroxyl concentration measured 
from both experiments on 24 August 1991 (GT, 
circles;AL, squares).This day was completely 
free of clouds and experienced undetectable 
levels of pollution until early afternoon. Rain 
occurred on the long path after about 1400 
hours. (B) Wind direction as measured at the 
Caribou site (circles) and Fritz Peak (squares) 
on 24 August. The clear westerly flow is char-
acteristic of very clean conditions. 

never higher than -2 x lo6 mol/cm3 
before the pollution episode, which began 
shortly after noon. The change in OH is 
particularly small in the moming; OH con-
centrations increased only a factor of about 
2 from early morning to early afternoon. 
The steeper increase experienced after 
noon was presumably caused by pollution, 
which accompanied the wind shift evident 
in Fig. 3B. On 23 August, the morning 
values did not increase by much until after 
1100 hours when they went up significant-
ly, also presumably because of pollution. 
On other polluted days OH concentrations 
were as high as 8 x lo6 mol/cm3 and 
increased sharply in the moming as the 
solar UV flux increased. 

This intercomparison of two different tro-
pospheric OH measurement techniques sug-
gests that ambient OH concentrations can 
now be measured w?th sufficient sensitivity 
to test ~hotochemicalmodels. The mea-
sured OH concentrations compared surpris-
ingly well in both clean and polluted air 
masses throughout the measurement period 
with few exceptions. The exceptions, when 
they did occur, still represent agreement 
within a factor of 2 or 3 and could usually be 
explained by differences in air masses mea-
sured (pollutionepisodes) or solar flux levels 
experienced at the two sites. Nearly always 
the long-path measurements were higher 
than the in situ measurements. Models sug-
gest higher OH concentrations than those 
seen by either experimental technique (15); 
the discrepancies between measurements 
and model calculations on most days appear 
to be much greater than differencesbetween 
the measurements and considerably exceed-
ed the errors of measurement. Perhaps this 
can be understood in terms of the presence 
of an unknown hydrocarbon scavenger. 
Thus, despite the instrumental uncertainties 
and the differences in sampled air masses, 
this favorable intercomparison indicates a 
significant advance in the ability to measure 
tropospheric OH concentrations at very low 
levels. The ancillary trace gas measurements 
made during the intercomparison give hope 
that the chemistry can be understood. 
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Synthesis and Electronic Transport of 
Single Crystal K,C, 

X.-D. Xiang, J. G. Hou, G. Bricefio, W. A. Vareka, R. Mostovoy, 
A. Zettl,* Vincent H. Crespi, Marvin L. Cohen 

Sizable single crystals of C,, have been synthesized and doped with potassium. Above 
the superconducting transition temperature Tc, the electrical resistivity p(T) displays a 
classic metal-liketemperature dependence. The transition to the superconducting state at 
Tc = 19.8K isextremely sharp, with atransitionwidth AT< 200 mK. Incontrastto transport 
behavior of doped polycrystallineand granular thin films, no anomalous fluctuations are 
observed near Tc in single crystal specimens. 

point the potassium end of the tube was 
cooled to room temperature and the sample 
alone was annealed at about 200" to 250°C 
overnight. Then the potassium end was 
reheated to =200°C and the sample was 
further doped until a lower resistivity min-
imum was reached. The sample alone was 
then again annealed for several hours. This 
doping and annealing process was repeated 
until the resistance reached an equilibrium 
state. For transport measurements the sam-
ple cell was injected with a helium ex-
change gas to ensure good thermal conduc-
tion. and a diode temperature sensor was 
mounted in the cell adjacent to the crystal. 

The dc electrical resistivity p was mea-
T h e  discovery of superconductivity in transport method, crystals with flat, shiny sured versus temperature for a crystal of 
heavy alkali metaldoped C6, (1) has gen- faces up to a few millimeters across could be K3C6, (Fig. 1). Crystals from different prep-
erated great theoretical and experimental obtained in a few days. X-ray diffraction aration batches yielded similar results. Near 
interest. Although many experimental re- studies confirmed the fcc (face-centered- room temperature the resistivity is about 5 
sults of doped fullerenes have begun to shed cubic) crystal structure and lattice constant ma-cm, comparable to that obtained for 
some light on the underlying physics of reported previously (4) for solid C6,. K3C6, films at room temperature (1, 3). 
these uniaue materials. nearlv all urevious Electrical contacts to the samules were However. because of eeometrical uncer-, . 
measurements have been performed on 
weakly linked polycrystalline (2) or granu-
lar thin films samples (3). Reliable measure-
ments on single crystals are essential for 
establishing intrinsic properties and deter-
mining the superconductivity mechanism. 

We report here the synthesis and elec-
tronic transport measurements of high-
quality single crystals of K3C6,. Measure-
ments of the dc electrical resistivity p(T) 
show an intrinsic metal-like temuerature 

made prior to doping by first evaporating 
silver onto the crvstal surfaces and then 
attaching gold wires with conducting silver 
paint. Both Van der Pauw (5) and in line 
four-probe geometries were employed (with 
similar results). The mounted samples were 
then sealed together with fresh potassium 
metal in a Pyrex glass apparatus with tung-
sten feedthrough leads. Uniform doping 
was accomplished using a repetitive high-
temuerature doue-anneal cvcle. First. both 

" 
tainties associated with the contact pads, 
the absolute value of the resistivity should 
be considered reliable only to within a 
factor of 2. Below room temperature, p(T) 
falls in a metal-like fashion with distinct 
curvature. At T, the resistivity drops 
abruptly to zero, with a transition width < 
200 mK. The inset in Fig. 1 shows p(T) 
near T, in detail. The temperature has been 
swept slowly (-50 mK per minute) near the 
transition temperature showing no differ--

dependence below room temperature, with the sample and dopant were heated uni- ence in T, between cooling and warming. 
an extremely sharp transition to the super- formly in a furnace while the sample resis- The p(T) behavior shown in Fig. 1 for 
conducting ground state at T, = 19.8 K; no tance was continuously monitored. The the single crystal is in contrast to p(T) 
evidence is found for strong fluctuation temperature was raised from room temper- observed by other groups for potassium-
effects near T,. These results are in sharp 
contrast to the behavior of p~l~crystalline 
and thin film samules. 

To prepare the undoped crystals, pure 
C6, powder was first extracted from carbon 
soot via standard liquid chromatography 
with an alumina column. The powder was 
baked at 250°C under dynamic vacuum for 
24 hours and then sealed in quartz tubes 
with a few hundred torr of argon gas. Sealed 
tubes were placed in a gradient furnace with 
the powder held at 650°C; crystals formed 
in the tube at about 450°C. With this vapor 
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Fig. 1. Normalized dc electrical 
resistivity p(T)  for single-crystal 
K,C,,. The p, is the resistivity at T 
= 280 K. The inset shows the p(T) 
behavior near the superconduct-
ing transition temperature T, = 
19.8K. 
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