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Evidence for New Sources of NO, 
in the Lower Atmosphere 

Edward C. Zipf* and Sheo S. Prasad 

Laboratory studies show that the reaction of short-lived 02(B3Z,) molecules (lifetime -1 0 
picoseconds) with N, and the photodissociation of the N,:O, dimer produce NO, in the 
stratosphere at a rate comparable to the oxidation of N,O by O('D). This finding implies 
the existence of unidentified NO, sinks in the stratosphere. The NO, observed in this 
experiment is isotopically heavy with a large I5N/I4N enhancement. However, photo- 
dissociation of this NO, unexpectedly produced NO molecules with a low '5N/14N ratio. 
The diurnal odd-nitrogen cycle in the stratosphere will be marked by a complex isotope 
signature that will be imprinted on the halogen and HO, catalytic cycles. 

R e c e n t  atmospl~eric measurements suggest 
that the total 0, removal rate in the strato- 
sphere is deterllli~ned chiefly by the HO, and 
halogen catalytic cycles n~hose relative roles 
are controlled by the NO, abundance (1 ). A 
key conch~sion of this work is that the loss 
rate of ozone decreases with increasing N O  

0 ,  

loading in the lower stratosphere. It is there- 
fore im~or tan t  to ldentifv the sources and 
sinks ofLodd-nitrogen in the stratosphere and 
tropospl~ere whose interplay deterrni~nes the 
local NO, aliundance. Here, we report lali- 
oratory expesimelnts shon~ing that the pho- 
toexcitation of 02(B3Z,,) molecules and 
short-lived collision complexes or weakly 
bound N,:02 dimers by the absorption of 
solar Schumann-R~lnoe ISR) and Heribere ,, . 
hand and continuum radiation is an efficient 
source of NOINO, in the stratosnhere and 
possibly in the troiosphere. 

Figure 1 shows a diagram of the ultrahigh 
vacuum (UHV) system used in the pl~otol- 
ysis experiment ( 2 ) .  Sulistantial amounts of 
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N,O and NO, can be produced in the 
photolysis cell by a variety of processes that 
occur when synthetic air or 0 , /N2 mix t~~res  
(3) are irradiated with ultra\,iolet (UV)  and 
vacuum ultraviolet (VUV) continunlm radi- 
ation from a deuterium arc larnp (wave- 
length X = 175 to 400 nm), an argon flash 
larnp (X - 115 nm) ,  or by Hg reso- 
nance line radiation ( A  = 184.95 nm)  (4). 
The photolysis experiment included a Zee- 
man-scanned, oxygen alisorptioln filter (5). 
This device could lie used to modify the 
incident contin~lurn radiation by selectively 
absorbing individual rotational lines of the 
SR bands (B'Z,, + X3ZP) from the input 
continuum flux while observing the effects 
of this subtractive process on the N,O, 
NO,, and O3 production alnd loss rates. 

Although the N 2 0  and NO, production 
rates observed in this experiment were large 
(-1 x 10" to 10 x 10" molecules per 
second), the equilibrium mixing ratio of these 
species in the photolysis cell was small ( < I 0  
parts per billion by volume) because we used 
short irradiation times (<I20  min) and a 
large photolysis cell to minimize wall effects. 
To increase the sensitivity of the apparatus, 
we cryogenically concentrated the N,O and 
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reported recently In surface-supported VLS growth 
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present studes, have a substanta number of knk 
defects. At hlgher growth temperatures at wh~ch 
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NO, in a liquid N2 trap (-195.8"C). The 
trapped N O  and NO, were subsequently sep- 
arated bv distillation at - 100°C. We deter- 
mined the efficiency of this transfer technique 
liy introducing a 10-cm3 sample of a standard 
mixture into the absorption cell directly from 
a calibration looo. The amount of nitrogen 
oxide (or oxides) in this sample n7as typically 
1 x 1 0 ' ~ d e c u l e s .  These tests shon~ed that 
the retrieval efficiency was generally >95?/o; 
110 significant wall losses were oliserveil 011 the 
short time-scale of the irradlatio~l experiment. 

We llleas~lred the isotope colnpos~tioll of 
the NO, in these small samples ( < 2  nmol) 
with an Extel q ~ l a d r ~ ~ p o l e  mass spectrometer 
(QMS) (1.59-cm diameter poles). The 
QMS was f~ t ted  w ~ t h  a high-efficiency elec- 
troll-impact Ionizer that had been devel- 
oped specifically to measure the iolli- 7at1on 
cross sections of radlcals and reactive atom- 
lc gases present in a source gas with a very 
small mixing ratio (6-8). QMS measure- 
ments of the N O / N 0 2  mixing ratios shon~ed 
that efficient nroduction of N O  occurred 
in the photolysis cell when air was irradi- 
ated liy Hg (185 nm)  radiation or by a 
filtered D, larnp (210 to 400 nm). The NO, 
\gield varied lillearlv with the irradiation 
Arne (at fixed and light intensity) 
(Fig. 2 ) .  These data represent a lower limit 
on the total NO, production because some 
of the orimarv NO. is converted into un- 
measured higher niGogen oxides (for exam- 
ple, N 2 0 j )  as by-products of secondary re- 
actions and cryogenic cooling. 

Surface reactions are unlikely to lie the 
primary source of the observed NO, because 
( i )  no NO, formation was observed under 
dark condit~ons; (ii) the irradiated surfaces 
were limited to the MgF, windows, which 
are too small in area to svnthesiie the ob- 
served NO, even if we assumed that irradi- 
ated surfaces were able to do so: and Iiii) . , 

although atomic oxygen is present in the 
system in lnonnegligible amounts (at least in 
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Fig. 1. Block diagram of 
the UHV vacuum system 
used in the photolys~s ex- 
perlment. V. S, and P rep- 
resent a UHV valve, servo- 
controlled leak valve, and 
an MKS Baratron pressure 
gauge, respectively. 

Irradiation time (min) 
10 100 1000 - 

-s - 
1- 

z - - m E  - J 

L-, , , 

10 100 1000 
Pressure (torr) 

Fig. 2. Plot showing the linear growth of (NO, x 
100) with time (A) when synthetic air (500 torr) was 
irradiated with continuum radiation from a D, arc 
lamp (210 to 400 nm) and its lnear (B) and quad- 
ratlc (C) pressure dependence when ar was Irra- 
diated for 120 min with Hg (1 85 nm) and D, (210 
to 400 nm) radiation, respectively. 

the lower pressure regime) alnd is capable of 
producing N 2 0  hy surface reactions, it proh- 
ably does not produce N O  heterogeneously 
because it is difficult to break the triple N 
N bond of N2 under our experimental con- 
ditions (9). Furthermore, the change in tlne 
pressure dependence of the NO, production 
with the change of tlne n~avelength of the 
irradiating photons (Fig. 2) also makes sur- 
face reactlolls unlikely as the primary source. 
Secondary reactions involving the oxidation 
of NIO by O( 'D) can also be ruled out in the 
long-n,avelength experiments because there 
was no N,O present when the filtered D, 
lamp was used. For tlne 185-nm source. N,O 

, L  

n7as produced in our experiment and in other 
similar plnotol\-sis studies [for example, (1 0)j. 
However, in O L I ~  experinlent, there was 110 

evidence on the hasis of growth-curve data 
that any N z O  was destroyed. Thus, tlne NO, 
production is most likely linked to gas phase 
photochemistry of O z / N 2  mixtures irraiiiated 
by SR and Hersberg hand photons. 

Although hot11 radiation sources pro- 
duced NO,, the results imply that the for- 

mation mechanisms and kinetics were dif- 
ferent. For example, at A = 185 nm, radia- 
tion is absorbed by 0, on the shoulder of 
theJ  = 11 rotational lilne of the (0  + 8 )  SR 
hand (R branch). Tlne lnagnit~lde of the SR 
ahsorption cross section for the 0, mono- 
mer at 185 nm is known (1 1) .  Our data 
imply that, under these cond~tions, chemi- 
cal reactions involving N 2  and short-lived 
(10 to 100 ps) 0,(B3Z,,) molecules n i t h  5 
to 6 eV of electro~lic energy produce N 2 0  
efficiently, colnfirrning the earlier ohserva- 
tions of Maric and Burron, (10) .  Using tlne 
Zeen~an-scanned oxveen filter, we found , L, 

that discrete ahsorpt~on of SR-band radia- 
tion was also involved in the NO,  svntlnesis 
n~lne11 short-n~avelength sources ( 2 2 0 0  nm) 
were used, hut it was not clear from these 
experiments n,hethcr the initial N O  forma- 
tion n7as from 02(B3Z,,) reactiolls with N, 
as in the case for N 2 0  synthesis, 

or due to absorption by 0, molecules in the 
weakly hound N z : 0 2  iiimer (16) or in a 
short-lived collision complex, 

n~here hv is a plnotoll of light. 
From the measured activation energy of 

the reverse reaction N O  + N O  + N2 + O2 
(1 2), it can he shon,n that reaction 3 can 
occur only at the short wavelengths used in 
the present photolysis experiment. Reac- 
tions 4 to 6 are possible at lon, oer nave- 
lengths where the connplexation process 
can affect tlne chemistry by altering the 
energetics of the reaction (13) and by al- 

lowing new honds to form that would not 
he likely in a conventional bimolecular re- 
action (14, 15). The reactions O+,>, + N, 
+ N O  + N and N,(A3ZL,) + 0 + N O  + 
N can he shown to he negligible because 
the oxygen atoms forilled in the present 
experiment lack the required center of mass 
kinetic energy and N2(A3Zu) molecules are 
not formed by 185-nm absorption. Tlne pos- 
sihle reaction 0,(B3Z,,) + N, + N + NO, 
is practically ir;distinguishable from reac- 
tion 3,  in tlne present context of net NO, 
yield, because of the ~lltiillate conversion of 
N to N O  by n7ay of N + 0, + N O  + 0 .  

The N O  formation rate, q ( N O ) ,  from 
the 0,'' and [N, . O,j*' mechanisms, can he 
written as 

r l (N0) 

3 

and 

where @, is the incident flux from the lamp, 
o,, and oLj are tlne 0, and N 2 . 0 ,  dimer 
absorption cross sections, Kc, is tlne dimer 
equilibrium constant (16) ,  n(X) is the 
number densitv of suecies X, I<.. is the rate 
coefficielnt for reaction n, and a is the 
branching ratio, (A,/ZA,). A, is the total 
tra~lsitioln probability of tlne 0,[B3ZL,(u'  = 
8 ) j  state. Radiative decay, predissociation, 
and collisional line-broadening effects 
(17,  18) contribute to the tra~nsitioll prob- 
ability: A, = [(5 x 10') + (1.55 x 10") 
+ (9.2 x 10p'"n(N,)j s- ' .  Both Eqs. 7 
and 8 yield nearly linear pressure depen- 
delnces after integration over 7 under optical- 
lv thick ex~erimeiltal conditions n~lnere all of 
the incident photons are absorbed in the 
reaction chamber. Process 3 ultirnatelv satu- 
rates at very high pressures n,lnen collisional 
quenching finally dominates predissociatio~l. 
Tlne predicted linear behavior is observed for 
tlne 185-nm source (Fig. 2,  line B). If process 
3 is assumed to dominate the N O  produc- 
tion, then our data show tlnat k3 - 1 x 
10p" to 2 x 10-" cm' s-'. However, if it 
is assumed that dimer ahsorotion of tlne 185- 
1-m radiation is the dominallt N O  source, 
then our data are consiste~nt ni th  a . ( o /  
uo, ) ls5 ,,,,, - 0.3, assumi~lg tlne theoretical 
vall~e for Kc< ( 16). 

In the iiltered D, lamp experiments, 
small concentratiolls of 0 atoms and meta- 
stable 02( ,4 'Zu,  A'3SL,I~'ZI,) molecules were 
formed from optical pumping of O2 by the 
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Herzherg contin~uuin and the forbidden trip- in the l5N/I4N ratio. T h e  isotope fingerprint Hamamatsu R1259 photomutper  tube was used 

let hands, respectlr~ely T h e  excitation rates of the dominant odd-nitrogen catalytic cy- 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ d ~ ~ ~ u ~ ~ ~ ~ ~  

for these processes can be calculated from cle will be imprinted o n  other species (for window so that spectra obsen,at~ons down to x 
known oscillator strength values ( 1  9, 2C) example, CLONO2,  HNO,).  = 1 15 nm were possble The D, amp was cabrated 

and a knowledge of the 112 lamp's spectral T h e  estimated N O  formation rates in the ~ ~ L ~ l ~ ~ ~ t ~ ~ ~ f ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
intensity. T h e  experiment shows that nei- lo~ver stratosphere due to 02(B3X,)/dimer of ? l o%.  A NST-cabrated VUV photodode was 
ther monomer process Lvas a factor in pro- are colnparahle to that of used to cabrate the vacuum monochromator and to 

ducing the observed NO, hecause (i)  the N O  production from N,O oxidation by Eh5L;f h ; h ~ b ~ ~ ~ ~ m V ~ ~ s f ~ ~ 0 " ~ ~ ~ ~ 4 , " " ~ , " ~ t ~ ~ 9 ~ ~  
cont inu~un excitation rate for O2 is too small O( 'D)  (21 ) (Fig. 3) if the  rate coefficient, k3, ozone concentration durng the photoyss experment 
by at  least two orders of magnitude, (ii) it measured at 185 n m  is representative of the from x = 250 nm absorpton measurements. 

creates 0 atoms with insufficient kinetic entire SRB band system. Continuum UV (1 5. The absorption f t e r  consisted of a UHV c e  with 
MgF, wndows and a path length of 2.5 cm that was energy, and (iii) the N O  yield from O2 meta- = 175 to 200 n m )  measurements support evacuated by a CTl.8 cyrogenlc pump The filter 

stable chemistry is pressure independent at this view. T h e  model calculation also in- could be f e d  w ~ t h  o,/N, mxtures whose compos- 
very high pressure and is linear a t  moderate cludes a contribution from the  photodisso- tlon and pressure could be adlusted so that the 

t o  low pressures. A quadratic pressure depen- ciation of the dimer in  the  Herzherg conrin- ~ ~ ~ ~ ~ ~ n ~ ~ ~ ~ ~ ~ ~ ~ t l ~ ~  ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ n ~ ~ ~ ~ ~ \ ~  
dence is actually observed (Fig. 2, line C ) .  uum in the 175- to 200-nm range, assulnillg with a strength of up to 8800 G could also be app~ed  
These developments suggest that the NO, a quantum yield of 2 x and using the to the 0, filter n a drecton perpendcuar to the 

production in the D2 lamp experiments was cross-section data of Shardanand (22).  T h e  
~ l ~ ~ ~ ~ ~ ~ $ t ~ ~ ~ ~ ~ O s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ v ~ ~ ~ ~  

chiefly a result of N 2 . 0 2  dimer photochem- NO, production associated with long-aave- the absorbng gas due to the Zeeman effect. 
istry, which does have a NO, quantum yield length sources (210 to 400 n m )  may extend 6. E. C. z p f ,  Planet. Space SCI. 33, 1303 (1985) 

that varies as p2 under optically thin condi- this source to much lower altitudes depend- 7, TO maximze the onizatlon probabty  we focused 
the electron beam onto a small spot, the slze of tions. It is likely that the NO, quantum yield ing o n  the as yet unknown spectral charac- ,Nhlch matched the diameter of the molecular beam 

for the dimer process was strongly wave- teristics of this NO, source mechanism (or effusng from the cryo-trap (-1 mm). The energy of 
length-dependent with both discrete and mechanisms). These findings iinply that the electron beam could be programmed over an 

continuum components. there are additional, NO, sinks emrgy range (1 5 to 1000 eV) to facitate the analysis 
of fractonaton patterns The Ions were focused by 

T h e  dimer results in  a n  hecause atmospheric models (23) already an E~nsel ens system n to  the OMS, detected by an 
unusual isotope signature. Because ozone is overestimate the NO, in the stratosphere off-axs MM-1 charged partce mutp ier ,  counted, 

produced efficiently in  the photolysis chain- even without the nerC source (or sources). ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ; ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
ber [n (03)  - 1 x 1013 to 10 x 10" cmP3], T h e  isotope signature of this new process HZ by an electrometer that extended the effectlve 
we could not observe the  primary N O  as it is may aid in  the identification of the missing dynamc range of the QMS an additona SIX orders of 

formed because it reacts rapidly with O3 to NO, sink (or sinks). magntude; snge -on  detecton was feasible. 
8 We used N IS I  SRM standards to calibrate the QMS 

form NO,. This NO,  is isotopically heavy system n accordance with the same comparat~ve 
with S1'N - +150%0 and S1'O - +30%0. REFERENCES AND NOTES protocol widely adopted in gas chromatography. No 

W e  could not determine whether the initial 
A Anderson, Research Sommaiies 7994 -,996 

detaed knowledge of the molecular, electron or 
photon beam was required in t hs  approach. How- No is Or if the N02 enrich- (NASA Upper Atmosphere Research Program Re- ever, careful control of the flow rate, pressure dffer- 

~ n e n t  occurs in the N O  reaction with 0 3 .  port to Congress and the Envronmenta Protecton entas, and other varabes was essenta to acheve a 
W h e n  the  heavy N O 2  photodissociated, the I g g 7 ) 1  p, hgh  preclson n the cross-cabraton and n the pho- 

ne,vly forlned NO lnolecLlles had a 61jN - 2. TO mmmze  hydrocarbon or water vapor contam- toyss exper~ment. 
naton (or both), we constructed the Photo~ys~s 9. Under speca condtons some surfaces can catayi- 

- 100%o, a shift, A(615N), of -25O%o. Sim- chamber (17.3 t e r s ,  21 cm d~ameter by 50 cm c a y  break the N = N bond: for example, an ron-  
llar shifts were observed when comlnercially long) and the suppoflng gas manfold usng stan- alumna catalyst forms NH, n the Haber-Bosh pro- 

prepared  NO^ was photodissociated; the in- less steel components that were passvated by a cess at very hgh gas pressures (200 to 600 atm) and 
ProPrletarY e e c t r o ~ o s h n g  technique (Quantum temperatures (-500%). These cond~t~ons d ~ d  not 

dustrial N O 2  is not significantly enriched in Mechancs) that reduced the surface outgassng to exst n t hs  experiment. 
"N relative to air. These results imply that less than 3.2 x 10' moecue  s- '  cm-' at 298 K. 10, D. Mar~c and J. P. Burrow, J. Photochem Photob~ol. 

as N O  and NO, are cycled by the during God-plated OFC copper gaskets were used In the A: Chem. 66. 291 (1992). 
constructon of the apparatus to ensure hgh-quai- 11, K. Yoshno, D. E. Fredman, J. R. Esmond, W. H. 

the  normal diurnal cycle, their photochem- t y  seas and to minmze surface reactons w t h  the Parknson, planet Space ~ c i .  31, 339 (1983). 
istry will be accompanied by large changes gasket material. The MgF, wlndo\Ns were also 12, W. G. Mallard, F. Westey, J T. Herron, R. F.  amp- 

UHV standards and cOuid be baKed son, IVIST Chemical Kinetics Database (vers~on 6.0) 
4000C Ihe entire apparatus was evacuated by (Nat~ona nsttute of Scence and Technology, Gath- 
three oil-free CTI-8 cyrogenic pumps. After a 24- ersburg, MD, 1994). 

60 7 7- hour the 'ystem background pressure 13. Y ,  Rudch, Y. Huwtz ,  G. J. Frost, V. Vada, R. Naa- 
I '1 N0,source sRB excltat~on rate , was <I x Pa. Mass spectrometer measure- man, J ,  then;, Phys, 99, 4500 (1993,, 

"\ w'th bank tests that l a s t e d  as long as 14. D. A Pr~nsow and V. Vada, ibid. 93, 1836 (1989) 

8 - 

years showed that was the prlnclpa gas re- 15, S. P. Sapers, V. Va~da, R. Naaman, /bid. 88, 3638 
40 1 \ ' leased by the treated surface, 

~ , 3. The 0, and N, mlxtures used In t hs  nvestlgat~on 
(1 988). 

5 I 
were prepared w~ th  research-grade oxygen 16. F. Uhlik. Z. Slanina. W. B. De Aiameda, A, cinchiffe, $ 30c j , - - .- (99.999Y3) and ntrogen (99.99953/3). The N, was The'mochim' Act' 225' I (1993" 

4+ N ~ O  + O(?D) , , ' 
purified funher by passage of the gas through a 17 B R Lew~s, L Berins, J H Caner  J Quant Spec- 

2 2 0 1  ,/ _-,,,,- - - - - -  heated chemca getter and a Supeco OM-1  pur'fier trO"c. Radiat, Transfer 36, '09 ( I  986), 

C,-:-.---- I 
10 -- - - - conta~nlng Nanochem. Both gases were f~nally ----' ''Id , p 187. 

passed through a moecuar seve column that had 19. D. L. Huests et a l ,  Can. J. P ~ Y s .  72, 1109 (1994). 

, , 
been baked under vacuum at 400% for 24 hoilrs 20. D. R Bates, Planet. Space Sci. 37. 881 (1989). 

O 1  and then cooed to - 1 6 0 " ~  by lmmerson an 21, M. Ncoe t  and W. Peetermam ibid. 28. 85 (1 980) 
l o 0  10' 10' l o 3  l o 4  l o 5  l o 6  pentane-liqu~d nitrogen slurry The residua N,O/ 22. Shardanand, J. Quant. Spectrosc. Wdiat. Transfer 

NO, production rate ( ~ r n ' ~  s") NO, m x n g  ratlo In the system was generally <10 18. 525 (1 977). 

Fig. 3. P o t  s h o w n g  the  excltatlon rates for t he  parts per t r i l O n  by volume. 23. C. D. Nevison, S. Solomon. R. R Graca, Geophys. 
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