
result of a difference in work function with the 6. T. W. Odom, j:L. Huang, P. Kim, C. M. Lieber, ibid., p. almost entirely over the tunnel gap, and accordingly 

underlying substrate (5). This shifts 1% to 7% 5 
SIC with SIC = SElfiv,, and A, thus becomes 
(2r)!'(lr, 7. SIC) = 0.69 nm (+) or 0.79 nm (-). 
The experimentally obsellred wavelengths (Fig. 
3B) correspond well to the theoretical values: 
confirming the predicted band structure with 
two linear bands crossing near E,. This result 
provides quantitative evidence for-our interpre- 
tation of the oscillations in dCdV in terms of 
wave functions of discrete electron states. 

A short metallic nanotube resembles the 
textbook model for a particle in a 1D box. For 
a discrete energy state with quantum number 
n. the corresponding wavelength A,, = 2Lln. 
The observed,-wavelength is much smaller 
than the tube length. in accordance with the 
fact that the number of electrons within one 
nanotube band is large (n - lo2). The wave- 
length will therefore vary only slightly (Ah,, 
= h,in - 0.01 nm) for adjacent discrete 
energy levels in one band 

The measurements reported here are techni- 
cally challenging because they require a large 
series of reproducible I-V c ~ w e s .  Occasionally, 
we were able to resolve some of the spatial 
structure in the wave function at a length scale 
smaller than the Fermj wavelength (Fig. 4A). In 
this scan the peak spacing is nonequidistant, 
leading to an apparent paiiing of peaks. This 
feature indicates that the wave function does 
not conform to a simple sinusoidal form. Re- 
cent calculations by Rubio et al. (1 7) indicate a 
nontrivial spatial variation of the nodes in the 
wave function of discrete electron states in the 
direction perpendicular to the tube axis (Fig. 
4B). Line profiles can show either pairing or an 
equidistant peak spacing, depending on the ex- 
act position of the line scan. The obsen~ation of 
pairing confms  that the relevant period in the 
line scans is the distance between next-nearest- 
neighbor peaks. 

Our experiments demonstrate that individu- 
al wave functions corresponding to the quan- 
tized energy levels in a short metallic nanotube 
can be resolved because of the large energy 
level splitting. The technique for recording the 
wave periodicity at different energy states pro- 
vides a tool for further exploration of the dis- 
persion relation in nanotubes. Future work 
should include similar experiments on nano- 
tubes with various chiral angles. The method- 
ology presented here also opens up the possi- 
bility of obtaining full 2D spatial maps of the 
electron wave functions in carbon nanotubes. 
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DOAS Measurements of 
Tropospheric Bromine Oxide in 

Mid-Latitudes 
Kai Hebestreit, Jochen Stutz," David Rosen, Valery Matveiv, 

Mordechai Peleg, Menachem Luria, Ulrich Platt 

Episodes of elevated bromine oxide (BrO) concentration are known to  occur at 
high latitudes in the Arctic boundary layer and to  lead to catalytic destruction 
of ozone at those latitudes; these events have not been observed at lower 
latitudes. With the use of differential optical absorption spectroscopy (DOAS), 
locally high BrO concentrations were observed at mid-latitudes at the Dead Sea, 
Israel, during spring 1997. Mixing ratios peaked daily at around 80 parts per 
trillion around noon and were correlated with low boundary-layer ozone mixing 
ratios. 

Sudden boundary-layer ozone (0,) depletion species, particularly BrO. Bromine or BrO 
events during Arctic spring (I,  2) are likely (or other halogens) catalytically convert two 
caused by the presence of reactive halogen ozone molecules to three oxygen molecules 

without a loss of the halogen (3). Although 
K. Hebestreit, J. Stutz, U. Platt, lnst i tut  f i i r  Urnwel t -  the chemical cycles destroying ozone are well . - 
physik, Ruprecht-Karls-Universitat Heidelberg, I m  understood, tile source of tile reactive bra- 
Neuenheirner Feld 366, D-69120 Heidelberg, Cerma- lnille cornpounds unclear, but they 
ny. D. Rosen, V. Matveiv, M .  Peleg, M.  Luria, Environ- 
menta l  Science, School o f  Applied Science, Hebrew are most likely formed oxidation sea 
University, 91904  Jerusalem, Israel. salt halogenides (4). Bromine oxide has been 
*To w h o m  correspondence should be addressed. E-  obsewed by DOAS in several places in the 
mail: stu@uphysl.uphys.uni-heidelberg.de Arctic (5, 6) and Antarctica (7). Satellite- 
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based studies (8, 9) show that elevated 
boundary-layer BrO concentrations are a 
widespread phenomenon covering areas of 
several million square kilometers. Elevated 
boundary layer BrO that cannot be attributed 
to polar bromine release processes has not 
been found outside polar regions (10-12). 
Here, we present DOAS measurements 
showing that Br is released from salt pans at 
the Dead Sea, Israel. 

The Dead Sea differs from the nonnal 
marine environment in that the salinity of 
Dead Sea water is higher: the BriC1 ratio of 
its salt is higher than that of ocean salt (13): 
and there are extended salt pans in the Dead 
Sea valley (14). A field campaign was per- 
formed at the Dead Sea from 27 May to 25 
June 1997. A van with the instruments was 
set up on the dam between the northern and 
southern parts of the Dead Sea (31°21'N, 
35"37'E), 21 lcln noith of the salt pans. Ele- 
vated concentrations of BrO were expected 
for southerly winds if the salt pans are indeed 
a source of bromine: other directions should 
yield background levels only. 

Different in situ monitors detected SO,, 
NO;XO,, CO, O,, and meteorological parame- 
ters. The Long-Path DOAS (LP-DOAS) (15) 
system measured mainly BrO; 0, and NO, 
were also detected (16). DOAS (1 7) measures 
atmospheric trace gases by use of their specific 
nanow-band (<5 im)  ultraviolet-visible light 
absorption structure in the open atmosphere, 
separating trace gas absorption from broad- 
band molecule and aerosol extinction. It is sen- 
sitive to many molecular species because they 
have unique specific absorption structures. Cal- 
ibration of the instrument is not necessary if the 
absorption cross section of the species to be 
measured is lmown (18). 

Bromine oxide was detected on all days of 
the campaign. The highest optical density of 
the BrO absorption was 8.1 X lo-, (Fig. I), 
corresponding to a BrO concentration of 2.1 
( i 0 . 3 )  X lo9 molecules per cubic centimeter 
or 86 2 10 ppt. This mixing ratio is a factor 
of 3 above those measured at polar regions 
and a factor of -6 above those measured in 
the stratosphere (19). 

Wavelength (nm) 

Fig. 1. Atmospheric spectrum recorded on 11 
June 1997, 08:46 GMT (solid line). Overlaid IS a 
BrO reference spectrum (dashed line) calculat- 
ed on the basis of a literature absorption cross 
section (26). 

The abundance of trace gases showed diur- 
nal cycles that reflect the wind direction. Be- 
cause the Dead Sea basin is oiiented north- 
south, essentially only winds in these directions 
are observed. For northerly winds: no BrO was 
detected and 0, mixing ratios were around 60 
ppb. When the wind began to shift, for example 
at 3 : 00 GMT, a rise in BrO concentration was 
detected only several hours later (shaded band 
in Fig. 2). The measured wind speed and time 
lag can be used to identify the Br source. For an 
average wind speed of -2.7 ~ n / s  in Fig. 2, the 
delay was 2.5 hours, and the source was located 
at a distance of -24 lun. This is approximately 
the distance of the salt pans. In this case, the 
decay of 0, due to catalytic destnlction by BrO 
was obsemed half an hour later, when its con- 
centration suddenly dropped to the detection 
limit of 2 ppb within 15 min. This fast decay 
compared to the gradual BrO increase is be- 
cause the DOAS instsument averages the BrO 
concentration over the light path of 3.75 lun, 
whereas the ozone monitor samples in situ at 
the northern end of the DOAS light path. A 
rapid transport of an air mass with an elevated 
concentration is therefore obsewed as a 
smoothed signal in the DOAS. The transition 
time is due to the time the air needs to travel 
from the southern end of the light path to the in 
situ monitor. The BrO and 0, concentrations 
returned to their original values when the wind 
changed back to noi-therly disections. 

0o:oo 0s:oo 12:oo 18:oo 0o:oo 

Fig. 2. Variation of several trace gas mixing 
ratios and meteorological parameters on 11 
June 1997 (local time = CMT - 3 hours). The 
measurements of NO, are somewhat uncer- 
tain, as the detector might also be sensitive to 
BrONO,, which would be present at the ob- 
served BrO mixing ratios. The shaded area 
marks the period of elevated BrO at southerly 
winds. 

On several occasions after the arrival of 
the BrO-enriched air, the concentrations of 
NOx (=  NO i- NO,) and SO,, both typically 
emitted by industry or traffic, peaked. The 
sharpness of the peak indicates that an air 
mass was transported to the site without 
much dilution and therefore probably origi- 
nated near the site. Because the region south 
of the site is not densely populated, the only 
plausible sources within 50 km are the Dead 
Sea Works: -23 lcrn south of the site, and a 
similar factory in Jordan, approximately the 
same distance away. Both factories manufac- 
ture various chemicals, including Br com- 
pounds. from the salt of the pans. Because the 
diurnal variation of the industrial emissions 
of NOy and SO, and of the BrO concentra- 
tions are different. the factories can be ruled 
out as sources of the observed bromine. The 
time variation of the BrO signal also indicates 
that the bromine is released from an extended 
source rather than from a point source. 

The repeating pattern of high BrO and 
depleted 0, occurring only at southerly 
winds was observed every day (Fig. 3). The 
0, depletion connected to the release of bro- 
mine observed in the respective air masses 
can be explained by chemical processes tak- 
ing place while the air travels from the salt 
pans to the site in about 2 to 3 hours. This 
time period is more than one order of mag- 
nitude shorter than the time for a complete 0, 
depletion in the Arctic (6). Simple photo- 
chemical model calculations indicate that 
about 2 to 4 ppb of total bromine must be 
released to destroy a background level of 60 
ppb of 0, at the NO, concentrations obsenred 
on 11 ~ u n e  Whether the same bromine re- 
lease processes as in the Arctic occur at the 
Dead Sea is not clear. It appears that the 

10Jun 12Jun 14Jun 16Jun 

Fig. 3. Variaton of BrO, O,, and wind direction 
during 1 week of the campaign. The repeating 
pattern of southerly wind and elevated BrO 
(shaded areas) during the day is  clearly visible. 
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REPORTS 

availability of salt surfaces enriched in bro- 16. The DOAS instrument used at the Dead Sea consists inserting a quartz cell filled wi th the respective gas 

mide, as also observed on freezing seawater of two  parts. A receiving Newtonian telescope (f = into the light path; the BrO spectrum was created by 
1.8 m, main mirror diameter 300 mm) was located in degrading the literature spectrum of Wahner et al. 

in the Arctic (201, is a prerequisite for bra- the van together with the spectrograph (0,5 (26) t o  our instrument function, yielding a differen- 
mine release. Czerny-Turner instrument, Spex 1870C, 600 g/mm) tial absorption coefficient of u' = 1.03 (i-0.1) X 

Typical tenlperatures at the Dead Sea and a slotted disk spectral scanning device (5, 75, 17, 10- l7  cm2 for the 339-nm band. 

were 40"C, about 40 to 60 K higher thall in 25) as detector. The xenon arc lamp (Osram XBO 17. U. 'Iatt' Ser, 1278 27 (Igg4). 

450W/4) together wi th a transmitting telescope (f = 
18. 1. Stutz and U. A ~ ~ i .  Opt. 35, 6041 (Igg6). 

polar spring. Apparently the presence of ice 265 mm, diameter 300 mm) was placed on the 19. F. Ferlemann et a/., Geophys. Res. Lett. 25, 3847 

surfaces: as often assumed, is not necessary rooftop of a hotel 3.75 km south of the receiver. (lgg8). 

to release bromine. At the Dead Sea, Br is Spectra were recorded in the wavelength interval 20. D. Wagenbach et  1. G e o ~ h ~ s .  Res. lo3. log61 

lnOSt lilcely released by a lleterogeneous au- from 324 t o  349 n m  wi th a resolution of 0.25 n m  For (lgg8)' 

the wavelength calibration of the detector-spectra- 21. R. VOgt, P. 1. Crutzen, R. Sander, Nature 383, 327 

tocatalytic process from the surface of the salt graph system, the mercury emission line at 334.15 (1996). 

pans. 4 release from the sea surface or from nm was recorded frequently, Atmospheric spectra 22. B. Finlayson-Pitts and 8. N, Johnson, Atmos. Environ. 

were recorded wi th a 30-min t ime resolution. Back- 22, 1107 (1988). 
aerosols formed by breaking waves is unlilte- 

ground spectra were recorded 5 min after 23. S.-M. Fan and D. J. Jacob, Nature 359, 522 (1992). 

ly; as no bronline was observed when the atmospheric spectrum to correct for scattered light in 24. M. Mozurkewich, I .  Geophys. Res. 100. 199 (1995). 

wind came from the north, traveling over the the atmosphere, Each spectrum was high-pass fil- 25. F. Heintz, H. Flentje, R. Dubois, U. Platt, ibid. 101, 891 

~~~d sea its;lf, ~ ~ t ~ ~ d ~ d  salt pans are found tered by dividing by a f i t ted seventh-degree polyno- (lgg6). 

mial, Using a least squares method we evaluat. 26. A. Wahner, A. R. Ravishankara, S. P. Sander. R. R. 
in many other locations; even if the BrC1 ed each spectrum by fitting three trace gas reference Friedl, Chem. Phys. Lett. 152, 507 (1988). 

ratio is not high, a release of Br appears spectra. Spectra of 0, and NO, were recorded by 1 October 1998; accepted 18 November 1998 

possible. It is not clear whether bronline from 
salt pans influences ozone concentrations 
only locally or on larger scales. Electrochemical Principles for 
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