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T +  = 1 \ve have '1 statiiii-iary channel.  In  
thiq case, ive 01-tain F ,  = 1 in a i l i g l e  step. 

FLOS a "gooil" standarLl clial-iiiel (see Eel. 
3), T: is close to T I .  .As a conse~luence of 
our reduction proced~rre,  tliis implies tliat 
SL, = S ,  and tlierefore T -  1 l p  << 
1. \Y;e empliasi:e that  tlie r e v e r e  i t~ l t e -  
iliel-it is not  t r w ;  namel\-. one can  har-e SS: 
= S 17~1t a " l~ad" stanclarcl cliannel. C o n -  
sliler, for example, a ver!- slmplc ttiy model 
in  ul-iich tlie environment is a q~rh i t  in tlie 
initial state G), aiid ivitli T, = 11 aiid T, = 

n . lT!1t11 tlie classical Jetinit ion a t  ,i chan-  
nel,  one ~ ~ 1 1 1  ecisily >hi~nr that  thia cliannel 
cannot  produce entxnglement;  suppose 
that  .%lice hLis ;ln eiitLi1i~1e~1 state o t  t\vii 
q ~ l i ~ i t s  .-\ anid .Al, ~ o c ) , ~ ? ) ~  + I P ) ~ I  1 
and selids the  hecand q~rlli t  to the  ~l~rl.it 
B ot  Biil~ via i~.rcli a cliannel. Tlie state ,~t ter  
tlils tranim~ssian 11-111 lie a mireil stcite 
~ a ) , ( a i ? ) ~ ; ( Z  + ( P ) , ( P l  ) E ( l )  allil there- 
fore is not entc~iigleii. Hon.ever, fix thlq 
c11,lnnel 5, = 5 ,  = n.,, aiid t11erefi)re aiie 
can est,iblish a n  EPR plir  nritli tlie p r i m -  
Ll~rre ~ntroduced alwve. BY twice ~~bi i i t !  tlie 
cliai-iliel as \\-ti prc~pose~i, tl-ie itate df tl-ie 
en~, i ronment  after both tran.im~ssion factor- 
izea out,  and therefiire entanglement can bi. 
proiluceil. \X71-ien S, = S,, then 7i- ( 3 ,  - 
S , ) i E ) "  = 0, 11-liicli is due tt> quantum 
~nterference hetneeil tl-ie flrst and seconLl 
transmir.;ii~ii, u.;i~ip tl-ie red~ictloii  liem me tit 
E'l. 4. 

\'i7e 1 - i ~ ~ - e  ilefined a pliotc~nic c l ~ ; ~ n n e l  
\\.here 0 )  is ascigiieid to sending l i c i  l ~ h o t o n  
:~iiil 11) is ns,igiied r ~ )  seniling one p1ic)tc)n. 
Using local cluantum c l>my~~t ing  n~i t l i  tliree 
,inLl t\vo c i ~ ~ ~ i l i c i r v  atco111s in the first ;1ni1 
\tisonil node. we liave reJ~lced it to a n  
ahs~)rptli)ii-fi.w cliannel. lX'e ha1.e proposeLi 
a c l i e m e  b a e d  o n  this clialiiiel that itera- 
ti\-ely improves tl-ie fidelity of distant EPK 
pairs,    sing c i u a n t ~ ~ m  il-iterferelice hetnreen 
t n o  traiislllic~ons. For a s ta t i~)n;~rv cliannel. 
one obtaiils a pure EPR palr 111 a single step. 
For a general channel,  tlie tliielity ap- 
p y x l i e s  1 esl7onentially \\-ltli tlie n~1ml7er 
of steps. 
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A Laser Ablation Method for the Synthesis of 
Crystalline Semiconductor Nanowires 

Alfredo M. Morales and Charles M. Lieber* 

A method combining laser ablation cluster formation and vapor-liquid-solid (VLS) growth 
was developed for the synthesis of semiconductor nanowires. In this process, laser 
ablation was used to prepare nanometer-diameter catalyst clusters that define the size 
of wires produced by VLS growth. This approach was used to prepare bulk quantities 
of uniform single-crystal silicon and germanium nanowires with diameters of 6 to 20 and 
3 to 9 nanometers, respectively, and lengths ranging from 1 to 30 micrometers. Studies 
carried out with different conditions and catalyst materials confirmed the central details 
of the growth mechanism and suggest that well-established phase diagrams can be used 
to predict rationally catalyst materials and growth conditions for the preparation of 
nanowires. 

One-dimensional  i l D )  s t ructure  n.it1-i 
liaiioiiietc'r iliameteri, s~rch as nanot~r \~es  anii 
i ~ ~ i n o \ v i r e ,  lial-e creclt patenti;il for testmg 
aliii ~u~ider~tancling ilrnd,~ment,~l concepta 
ahout the rL)les of clumensionalitv and ii:e ln. 
for example, L)ptical, c'lestrical, and mecl-ian- 
~c,ll properties and for application, r21nginp 
fro111 pro1-e illicroscopy t i p  to interconnee- 
tlons in nanoelectmnics ( 1  ). The  syntl-iesi, 
i ~ t  crJ.~tC111ii~e s ~ i 1 l i c ~ ~ : ~ ~ l ~ c t ~ ~ r  liallinvires, u c l i  

Si ai-ici G e  (.?), liali1s cc~nrideral~le techno- 
l(y1cal promise tcol- de\-ice applications and 
t;>r improviny tlie optical properties ot these 
inilirect gay m a t e ~ i ~ ~ l . ;  but has been difficult 
to achieve. Several iuccesifill routes for tlie 
svnthesis of car \~on nanotubes are l t n ~ ~ \ v n  
( 3 ) $  1 ~ t  tlie different bal-iiiiliy arrangement 
ivitliln tlieie nanotul~ei  ,mil tlie difterent 
cliemistr\- o t  iarlx)ii compareel n'ith Si  and 
G e  \voulLi require a n  altematil-e approac1-i for 
cc)ntrc,lling tlie formation ~ ) f  nanoivires froin 
gas-phase reactants. TernCl~~re-i~1eJinted 
metlio,l~ that use ;ealites, m e m h ~ ~ i i e s ,  or 
naiiot~lhes (4) can control proivth but usual- 
ly form p017uvtal1111e material>. 

r\n approacli tliat does fix111 cr;-stalline 
~virelike 5tructure.i ib \.LS gro\vtli (5, 5), In 
\vl-iicli a liquici liletal clu,ter or catalyst acts 
as tlie energetically ta\-ored slte for a\-sorp- 
t i ~ n  ot gaa-phase reactants. Tlie cluster su- 

A i l .  ",4o,ales depar~rnel-: of Cliems:~y and CI-e~--I c;l 
E clcc_y +I-.ard Lnl"ers~ty Gal-ib.icge, 's41A 02'38 
LSA 
C,  ivl. -1e;eI- Ceoa~imen- cf Ci-e1--1 s-i, anc Ci-e1--1 cal 
E clot_\: al-~c d ' # ' s ~ o n  of El-g-~eerinc_ anc Aool~ed Scene- 
es, harat-d Un8,.ers'-. , C-i-iz-~dge id4 C2138. %A. 

'Tc \.~dPc~n co "esm~de~ ice  silc, c be addressed E-1~ia11. 
c~--~lScrnl~r~s.ha~-.;~cI.ed~ I 

persatLiratei and prows a 117 structure of the 
material; tl-ie 1on.e~ limit of the iiiameter is 
generally X . 1  (*ill anel is linllted 1~y the 
il-iiliiiiiuili ii~ameter of tlie l i i j~~ id  ilietal cata- 
11-st, that c2111 he ac1iieveJ under e q ~ ~ i l i l ~ r i ~ ~ r n  
coi-iiiitions (5). .% VLS method 11~1s heen 
used to nrcni- Si  ii~iio\vires 1iy c~l-iflneilielit (of 
.Au metal o n  a surface (7. 8), ;~ltl-iougli the 
>mallest di,imeters (22 t ~ )  1 0 J  11111) of Jefect- 
free n a n n ~ i r e s  are still rel;ltivel\- large. Re- 
centl\-. Buhro and co-norkers have reported 
a prolllisilin sol~rticin-liiluid-sC>lid (SLS) syn- 
thesis o t  10- tc, lGi7-iim-J1;l11iete1- 111-\I se in-  
cond~rctors (9) .  X potential 1imitaticx-i of tlie 
SLS approacli, 1io~ve1-er, is the req~iirement 
ot  a catalyst that ilielts 1-elon tl-ie si>lvent 
l~oilinjl point. 

lX'e report ;in appro,~cli to the s\-ntl-iesis 
o t  silijlle-crystal nanolvlres that exploits la- 
ser ;~l~laticiii to prepare nanoi1-ieter-diai1ieter 
cat;~ljst  c l ~ ~ i t e r s  that sul-seili~ently cletlne 
tl-ie sire of \\,ires procluceJ by a \lLS mech- 
anism. Tliis approach to gener;~tiii:,i iiano- 
meter-diameter cli~steri  is ~~iicierstood from 
yrevlous studies (10. 1 1  ), anci it cJvercomei 
tlie 1iillltatiol-i ~f eclu1lihr1~111-i cl~lster s ixs  in 
determining minimum xire iilameters. lX'e 
iic'ili~)list~-atecl this met l ia~l  ~vi t l i  tlie 5vntlie- 
sis of single-crystal Si ancl G e  nanoivires 
with cliameters as small as 6 anii 3 nm. 
respecti\.ely, aiid lengths >1 km. Gecause 
eLl~lilibrium phase diagrams c,in be ~~sec l  to 
rationally choose catalyst materi;~ls and 
grolvtli conciitioiis (6 )  and laser ablation 
can be used to  eenerate n;1noi1-ieter-sizec11 
clusters of 1-irt~lally m y  material, \ye believe 
that our approach i o ~ l l d  1.e adapted for 
preparing nanon.ures of numerous materials. 
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Fig. 1. Schematic of the nanowire growth appa- 
ratus. The output from a pulsed laser (1) is focused 
(2) onto a target (3) located within a quartz tube; 
the reaction temperature is controlled by a tube 
furnace (4). A cold finger (5) is used to collect the 
product as it is canied in the gas flow that is 
introduced (6, left) through a flow controller and 
exits (6, right) into a pumping system. 

In our growth apparatus (Fig. I), a pulsed, 
frequencydoubled Nd-yttrium-aluminum- 
garnet laser (wavelength, 532 nm) is used to 
ablate targets that contain the element de- 
sired in the nanowire and the metal catalyst 
component. This target was located within a 
quartz furnace tube in which the temperature, 
Dressure. and residence time can be varied. A 
transmission electron microscope (TEM) im- 
age of a typical Si nanowire product (Fig. 2A) 
obtained after laser ablation of a Si,,,Feo.l 
target at 1200°C shows primarily wirelike 
structures with remarkably uniform diameters 
on the order of 10 nm (12) with lengths >1 
pm and often as large as 30 pm. Electron- 
induced x-ray fluorescence (EDX) analysis of 
individual nanowires showed that they con- 
tain only Si and 0. In addition, the TEM 
images show that virtually all of the nanowires 
terminate at one end in nanoclusters with 
diameters 1.5 to 2 times that of the connected 
nanowire. The observation of nanocluster 
spheres at the ends of the nanowires is sug- 
gestive of a VLS growth process (see below). 

Higher resolution TEM images recorded 
on individual nanowires (Fig. 2, B and C) 
provide further insight into the structure of 
these materials. A diffraction contrast image 
shows that the nanowires consist of a verv 
uniform diameter crystalline core smoundd 
by an amorphous coating (Fig. 2B). The av- 
erage diameter of the crystalline core of thii 
nanowire is 7.8 * 0.6 nm, and the total 
diameter including the amorphous sheath is 
17.1 ? 0.3 nm. Analysis of images taken from 
a number of Si nanowires mown under similar 
conditions showed that &e diameters of the 
crvstalline cores varv from 6'to 20 nm with an 
average close to 10 nm. A convergent beam 
electron diffraction (ED) pattern recorded 
perpendicular to the nanowire long axis (Fig. 
2B) could be indexed for the [211] zone axis of 
crystalline Si and suggests that the nanowire 
growth occurs along the [I l l ]  direction. This 
direction was confirmed in lattice-resolved 
TEM images of the crystalline core (Fig. 2C). 
Such images clearly show the (1 11) atomic 
planes (separation, 0.314 nm) perpendicular 
to the nanowire axis (1 3), and an atomically 
sharp interface with the amorphous coating. 
Electron-induced x-ray fluorescence analysis 

Fig. 2. (A) ATEM Image (Ph~lllps EM420,120-kV 
operat~ng voltage) of the nanowlres produced 
after ablatlon (Spectra Physlcs GCR-16s, 532 
nm, 10 Hz, 2-W average power) of a SI, .Fen, 
target, the product was obtalned from the cold 
flnger Scale bar, 100 nm The growth condl- 
tlons were 1200°C and 500-torr Ar flowlng at 50 
standard cublc centimeters per m~nute (SCCM) 
The EDX spectra were recorded wlth erther a VG 
(VG M~croscopes, East Grlnstead. England) 
HB603 scannlng TEM (250 kV, windowless de- 
tector, elements zC) or a Phllllps EM420 (120 
kV, Be-wlndow detector, elements zMg) (B) 
Diffraction contrast TEM Image of a SI nanowire, 
crvstalllne mater~al (the Si core) amears darker 
than amorphous material (SiO, sheath) in this 
imaging mode. Scale bar, 10 nm. (Inset) Convergent beam ED pattern recorded along the [211] zone 
axis perpendicular to the nanowire growth axis, (C) Hrgh-resolution TEM image [Topcon (Topcon 
Technology, Tokyo. Japan) EM-002B. 200-kV operating voltage] of the crystalltne Si core and amor- 
phous SiO, sheath. The (1 1 1) planes (black arrows) (spacing, 0.31 nrn) are oriented perpendicular to the 
growth direction (white arrow). 

Fig. 3. Proposed nanowire 
growth model. (A) Laser ab- 
lation with photons of ener- 
gy hv of the Si, _,Fe, target 
creates a dense, hot vapor 
of Si and Fe species. (B) The 
hot vapor condenses into 
small clusters as the Si and 
Fe species cool through col- 
lisions with the buffer gas. A 

b 

The hmace tempyature 
B C D 

(Fig. 1A) is controlled to maintain the Si-Fe nanocluster in a liquid (Liq) state. (C) Nanowire growth begins 
after the liquid becomes supersaturated in Si and continues as long as the Si-Fe nanoclusters remain in 
a liquid state and Si reactant is available. (D) Growth terminates when the nanowire passes out of the hot 
reaction zone (in the carrier gas flow) onto the cold finger and the Si-Fe nanoclusters solidify. 

with a scanning TEM showed that the amor- 
phous coating has an approximate composi- 
tion of SiO,. We attribute the amorphous 
SiO, coating on the nanowires to reaction 
with residual oxygen in the apparatus. As 
expected for SiO,, hydrofluoric acid re- 
moved the amorphous nanowire coating, 
and subsequent EDX analysis of the bare 
crystalline cores showed only Si with traces 
of oxygen. Taken together, these structure 
and composition data show that the nano- 
wires produced with our laser-based method 
consist of 6- to 20-nm-diameter crystalline 
Si cores that grow along the [ I l l ]  direction 

and are sheathed by amorphous SiO,. 
Further advancement of this approach to 

nanowire synthesis requires a clear under- 
standing of the growth mechanism. The 
presence of nanoparticles at one end of near- 
ly all of the nanowires qualitatively suggests 
that our growth proceeds by a VLS mecha- 
nism. This idea can be tested and developed 
in more detail by consideration of the model 
in Fig. 3. In this model, laser ablation of the 
Si,-pe, target produces a vapor of Si and Fe 
(Fig. 3A) that rapidly condenses into Si-rich 
liquid nanoclusters (Fig. 3B), and when the 
nanoclusters become supersaturated, the co- 
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existing Si phase precipitates and crystallizes 
as nanowires (Fig. 3C). Ultimately, the 
growth terminates when the gas flow carries 
the nanowires out of the hot zone of the 
furnace (Fig. 3D). This model can be used to 
make several testable predictions in con- 
junction with the binary Si-Fe phase dia- 
gram (14). First, we expect that the termi- 
nating solid nanoclusters are FeSi,; that is, 
FeSi, is the stable Fe-Si com~ound in the 
Si-rich region of the phase diagram; Second, 
we expect that nanowire growth will termi- 
nate below 1207"C, because no liquid cluster 
would remain [this temperature corresponds 
to the isotherm separating FeSi,(l) + Si(s) 
from FeSi,(s) + Si(s)]. 

Our experimental results are in good 
agreement with these predictions. Quantita- 
tive EDX analysis of the clusters at the ends 
of the nanowires showed that these clusters 
have the expected FeSi, composition, and 
EDX measurements made on the nanowires 
a short distance from the FeSi, nanoclusters 
also showed that no Fe is deticted at the 1 
atomic % sensitivity level of our instrument. 
In addition, TEM images of these nanoclus- 
ters show atomic   lanes se~arated bv 0.51 
nm. This separation agrees well with the 
0.510-nm distance between (001) planes in 
P-FeSi, (15). Finally, the growth of the Si 
nanowires occurred only for temperatures 

greater than 1150°C with the Fe catalyst. 
The observation of Si nanowire growth at 
temperatures below the bulk solidus line at 
1207°C is reasonable. because the meltine u 

points of nanoclusters are lower than the 
corresponding bulk solids ( 16). 

The good agreement between the exper- 
imental data and the   re dictions of our mod- 
el suggests that it should be possible to ratio- 
nally choose new catalysts and growth con- 
ditions for nanowire synthesis. Examination 
of binary Si-metal phase diagrams (14) 
showed that, like Si-Fe, Si-Ni and Si-Au 
exhibit eutectic Si-rich regions with Si as the 
primary solid phase. Laser vaporization of Si 
targets containing either 10% Ni or 1% Au 
produced Si nanowires that have the same 
structural characteristics as those described 
above for the Si-Fe svstems. In addition. 
virtually all of the Si hanowires producecl 
with the Ni and Au catalvsts terminated in 
P-Nisi, and Au nanoclusters, respectively 
(1 7). These data thus provide strong support 
for the generality of our approach. Gold has 
been used in the past as a VLS catalyst fo'r Si 
growth, primarily on surfaces (6, 8, 18), al- 
though to the best of our knowledge a direct 
growth of single-crystal Si nanowires 510  
nm diameter has not been reported ( 19). 

In addition, we made a more stringent test 
of our approach by preparing Ge nanowires. 

Fig. 4. Transmlss~on electron microscope Imag- 
es of a Ge nanowlre (A) Image of the nanowlre 
exh~btt~ng a roughly spher~cal nanocluster at ~ t s  
end. The EDX measurements made at the whlte 
squares show that the nanocluster (upper 
square) has a Ge.Fe ratlo of 2 : l  and that the 
nanowlre (lower square) contalns only Ge. Scale 
bar, 9 nm. (B) Image of an isolated Ge nanowire. 
The nanowire diameter is 5.0 f 0.6 nm. Scale 
bar. 5 nm. (C) High-resolution TEM image of the 
Ge nanowire reglon ind~cated by the open black 
box in (6). A twin boundary oriented along the 
vertical direction is located at the center of this 
image; (1 11) lattice planes are visible to the left 
and right of the boundary. Scale bar, 1 nm. The 
Ge nanowires were produced by ablation 
(Spectra Physics GCR-1 Gs, 532 nm. 10 Hz. 2-W 
average power) of a Ge,,Fe, , target. The growth 
SCCM. 

Examination of the Ge binary phase diagrams 
showed that the Ge-rich reeion of the Ge-Fe u 

diagram is similar to that of the Si-Fe diagram 
(14); that is, the phases above 838°C are 
FeGe,(l) + Ge(s), and below this tempera- 
ture they are P-FeGez(s) + Ge(s). Hence, the 
major difference between Ge-Fe and Si-Fe is 
that the solidus line lies about 400°C lower in 
the former. Laser ablation of a Geo,Feo,, tar- 
get at 820°C produced a good yield of wirelike 
products with diameters between 3 and 9 nm 
(Fig. 4), and TEM images show that these 
nanowires are crystalline, have uniform diam- 
eters without an amorphous coating, and ter- 
minate in nanoclusters. Electron-induced x- 
ray fluorescence analysis further demonstrated 
that the nanowires consist ~rimarilv of Ge 
and that the nanoclusters habe the expected 
FeGe, composition. In addition, high-resolu- 
tion images clearly show the Ge(ll1) planes 
arid thus confirm the crystalline nature of the 
nanowires (Fig. 4C). The high-resolution im- 
ages also exhibit twinning of the Ge(ll1) 
planes, in contrast to the results obtained for 
Si nanowires. At present, we do not under- 
stand the origin of twinning in the Ge nano- 
wires, although we note that extensive twin- 
ning has been observed previously in Ge 
nanbwires produced by a low-temperature so- 
lution synthesis (20). 

The above studies illustrate the potential 
of our approach for the synthesis of crystal- 
line nanowires. In short, a good starting 
point for the synthesis of nanowires of 
specific composition should be an alloy that 
has an eutectic region with the specific ma- 
terial of interest. The composition of the 
target and laser vaporization and condensa- 
tion conditions can then be adjusted to place 
the system in the region of the phase dia- 
gram, where the nanowire material is the 
primary solid phase as the temperature drops 
toward the solidus line or temperature at 
which the nanocluster solidifies. For exam- 
ple, it should be possible to make nanowires 
of Sic, GaAs, Bi2Te3, and BN in this way 
and perhaps, in the presence of atomic hy- 
drogen, even diamond nanowires. Finally, 
we recently used laser ablation to produce 
the nanocluster catalysts separately from a 
gas-phase Si reactant, thus enabling greater 
control of the nanowire growth process (2 1 ). 

conditions were 820°C and 300-torr Ar flowing at 
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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 p11o- 
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 s11on.s 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 
lamp (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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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 showed 
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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