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1. INTRODUCTION
I .

~
‘The radiative lifetimes of Infrared active ions are of particular

importance in determining the background radiation in a disturbed atmosphere .

The geomagnetic field striates ionic species causing these radiators to form

a non—uniform background. Thus, even at lower concentrations than molecular H
• species , ions play a more importan t role in the analysis of d is turbed atmo-

spheric signatures . This research was undertaken to measure the radiat ive

• lifetime and quenching of vibrat ionall y hot ions NO and UO . These mole-
cu lar ions are of pa r t i cu l a r  importance because of their low ionization

energies. Nitric oxide has the lowest ionization energy for those

ions that can be formed f rom the na tura l  atmospheric species , N , 02, and 0.
The disappearance of N~~ in the uppe r atmosphere is depen dent c~~ly ~ n its

dissociative recombination rate. The uranium oxide ion is endothermi c to

dissociative recombination , thus it is one of the most important metallic

oxide ions in the upper atmosphere. Since its disappearance depends on three . k
body recombination , this ion would be an important contributor to the ll-14~~ n..

infrared signature in a disturbed atmosphere.

The measurement of the radiative lifetime and transfer rate of vibra-

t ional energy from N0+ to N2 has been measured and is presennted in the

Appendix.,-~The apparatus has since been modified to study the radiative life-

time of UO’~. Work directed toward the measurement of U0~ radiation is presented

in the foL owing sections.
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2. U RAN I UM OXIDF : ION STUDIES

The prime importance of UO+ in the uppe r atmosp here is that while

r e l a t i v e ly  on ly  small amounts of uranium are released into the atmosphere

during a nuclear event , because of its ionic nature , it striates in the earth’s

geomagnetic field. Emission from this ion , prima rily in the 12—1 4~~.m atmospheric

window ,~~~’
2
~ is of major importance in understanding infrared backgrounds which

would affect optical sensor systems designed to operate in this environment.

Uranium oxide ions formed in the uppe r atmosphere are stable to .J

two body collisions. Because of their low i on iza t ion  energ ies and the
la rger bondin g ene rgies for  UO and U02, the formation of the oxide ions is

exoth e rm ic .  Dissocia t ive  recombination of these ions is in turn endothermic ,

and they require three body reactions to neutralize their charge . The

lifetimes at these Ions are thus expected to be very long compared to other
ions created by a nuclear event. Because of this possibly very important

source of infrared emission , the infrared spectra and radiative lifetime of

this species must be known in order to predict the overall emission signature

in the longwave infrared.

The spectra from vibrationally excited UO and UO., have been observed
+itu matrix Isolation studies carried out at NBS. -, The emission from l~1

(1 3)however , has not been observed. ‘ Because of the manner In which the vibra-
tional spectra from Ut) and U02 were observed , the precise rotational spacing

and anharmonicitv constants have not been measured. With this scant amount

1. S. D. Gabelnick , G.T. Reedy, and M.G. Chasanov , “Infrared Spectra of
Matrix Isolated Uranium Oxide Species In the Stretching Region ,”
3. Chem. Phys., 58 , 4468—75 ( 1973) .

2. S. D. Gabelnick , G.T. Reedy, and M.G. Chasanov . “The Infrared Spec-
trum of Matrix loslated Uranium Oxide Vapor Species ,” Chem._ Phys. L c t t . ,
19 , 90 (1973).

3. S.D. Cabelnick and C.T. Reedy , “Fine Definition of IR Spectra from nigh
Temperature Interactions of U+02,” DNA 3410F (1974) Prepared for Defense
Nuclear Agency,  Washington , D.C.
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of information present , both the spectra and radiative lifetime of UO~ are
unknown . With the lack of knowledge of the molecular constants for UO~ ,
theoretical investigations such as those using configuration interaction

techniques are good to within an order of magnitude at best.~
4
~

The next portion of the report describes the experimental technique and
apparatus designed to measure the spectral location and radiative band strength

of UO~ .

4. LII. Michels , “Theoretical Determination of Metal Oxide f—Numbers,”
AFWL TR74—239 (1974) Prepared for Defense Nuclear Agency , Washington , D.C.
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3. FORMATION OF UO AND UO~

The thermal chemistry and infrared radiation of the uranium—oxygen system

has been studied by several authors. (5—8) The reactions of importance are listed

in Table 1. Using a triple crossed beam technique , Fite , et al. have shown that

both Reactions I and 2 are gas kinetic , being 2.7 and 2.1 eV exothermic, res-

pectively. The ionization potential for UO~ is on the order of 5 eV , making it

stable to dissociative recombination , thus , requiring three body recombination

to return to the neutral species via Reactions 5 and 6.

Table 1. Reactions

EXOTHER~slI CI T v
RE A ( ’TIc~N RATE (eV~

—10 3 —1 (5) •, (5) •
RI U + O2 —

~~~
IJO + 0 k — 4 x 1 0  cm sec ..7 p

___ + —10 3 — l (6) (6)
R2 U + 0 UO + e k = 4 x 10 cm sec 2.1

+ —1 2 3 —1 (S~R3 U + ~~~~~ U0
2 

+ e k a 4 x 10 cm sec • 4 . 1

+ + —10 3 — 1 (~S~
)

R4 U + 0 —~~ UO + 0 k = 8.5 x 10 cm sec 3 .3

p3 + e + M —.U0 + M k ~o
_ 26 

cm3 sec~~ 4.8

R6 U0 + 01 —. U02 + 0

R7 UO~ + 
~~~~~~~~~~ 

U02
+ 

+ 0 k = 2 ~~~~ ~ 1 2

5. W.L. Fite , H.}j. Lo, and P. Irving, “Associative Ionization in U+0 and
13+02 Collisions , J. Chem. Phys., 60, 1236 (1974).

6. W.L. Fite , T.A. Patterson , and M.W. Siegel , “Cross—Sections for Thermal
Reactions Between Uranium Atoms and Atmospheric Species ,” AFGL TR77—0029,
(1977).

7. W.L .  Fite , an d Hsi Mu Lo , “ Reactions of U0~ with Atmospheric Gases,”AFGL TR 77— 00 29 ( 1977) .
8. R. Johnsen and Manfred A. Biondi , “Reaction Rates of Uranium Ions and

Atoms with 0
2 and N2,” J. Chem. Phys ., 57, 1975 (1972).- 

-- 
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Since the atomic ground states for the formation of U0+ are U( 5L) an d

the re  are 8 1 e lec t  r o n i . . s t a tes  ot  Ui) which can dissociate to U and 0.

At least half of thes~ would cross the groun d state curv e of 130+ at an

energy less than the dissoci ation energy , in which the curve crossing r icht

lead to an UO~ whi ch is vlbr ati onal lv excited. The ground state atomic ion

t~
+
(
4I) combined wi th 0(3P) form s 63 electronic states of uot A good portion

of these states lie sufficientl y low in energy to he formed by associative
(5 )

ionization of U + 0. These electronic states all have individual vibra-

tional spectra . It is thus expected that the UI$’ vibra tional spectra may have

a ve ry large line density ; and individual vibration rotation spectra max’ not

be separable. In this case , however , the gf values for the emission spe~ctr ur

becomes very important for the prediction of 130
+ 

spectra in the atmosphere.

I

1
I. 
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4. U0~ ABSORPTI ON COEFFICIENT

The emission spectra of L,0+ is related to its absorption spectra by

the ratio of the degen~ racies of the upper to lowe r levels , it is easier to

measure the absorption of light by these molecules than to measure their

emission , however , because blackbody radiation from the apparatus is near a

maximum at the wavelengths of interest.

The absorption coefficient for U0~ vibration is a function of the

extinction along the line—of—si ght , given by Beer ’s law :

I (A) I (A) exp [(n — n 1 )ct] , ( 1)

where I (  A) is the intensity of incident light at the wavelength A, n and

are the number densities of U0~ in the upper and lowe r levels , respec tively ,

$ a the absorption cross—section , and c the absorption path . The absorption

path I is given by the number of passes through the gas of interest times the

pathlength through this gas. The intensity ratio (1 —1)/I is measured by

tunin. the laser through wavelength A . The transmission through the test

section with no absorption would give 1
0

( A ) .  Whe n the absorbing gas is

put into the test section , the signal would drop to 1(X). However , 10(A)

is a function only of the laser tuning and is relatively constant over the

width of an absorb ing line. Thus , in scanning the laser across the absorbing

UO~ line , part of the signal is absorbed out . The ratio to when no gas is in

the test section is thus ;

~ (n~ - o~D (2)

The number density xi and n~ are given by the product of their elec—

tronic , vibration and rotation partition functions times the total number den—
sity of 130+. The rotational partition function for a molecule in the jth rota—

tion level is given by:

10
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hc B
= n / n  a (23 + 1) —

~~~~

---

~~

-- exp ~ — 3 (3+1) hc B /k’r ] (n

whe-re hc/k is the second radiation constant , 1 the  tempe ra tu r e , B the  r ta-

tit5n al constant , and J the rotational level. The partitioning i n o  vi bra ticn ~ 1

leve l if vibrational equilibration occurs before the m.~tallic Ion is stud ied ,

is given by the Boltzmann factor:

= 

exp — c
1/kT )

~ exp (— €
1

/kT)

where E . is the vibrational energy in the ith vibrationa l level.

Since the flow time does not ensure vibrational equilibrium , several lines

belonging to separate vibrational levels must be measured and their relative

intensities must be measured as a function of quenching time , hence , the residence

tir.e before reaching the test section. This measurement gives both the vibra-

tional relaxation rate of the infrared active species and the relative vib rational

distribution produced by the U + 02 reaction.

Assuming that the 130+ is thermally equilibrated , the final temperature

in a U0~ argon mix would be 600°K. Thus, approximately 0.86, 0.13 , 0.017 ,

0.002 of all the UO~ ions are in the v = 0, 1 , 2, ari d 3 levels , respectively.

The assumption of rotational equilibrium is a better one. Since
-1the rotational constant for 130 is expected to be about 0.3 cm , the inaxi—

mum concentration of U0~ should be in the j = 26 rotational level. Approxi—

matelv 2~. of all U0
+ formed would be in this rotational level.

The electronic partition function presents more of a problem . Because

of the large multitude of electronic states that would have energies low enough

to be acceptable in the 130+ formation , the partitioning into each of the vari-

ous states must be measured using high resolution spectroscopy . In a worst case ,

exn±ssion spectroscopy may yield a large emitting quasicontinuum. This emission

would impact what is expected in the upper atmosphere only if the same parti-

tioning of electron energy is present there as in the laboratory .

11
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The spectral absorption cross—section a is determined once Vtie total num-
ber density n is kn own , as- well as the partition into the electronic , vib ration

and rotation states. This cross—section should vary with wavelength when a light

source is tuned through an absorbing line . The spectral absorption cross— section ,
for a molecule is a function of its integrated line absorption cross—section

and its line width. At low pressures an d high tempera tures , the line wid th is
given by the Doppler profile , the Doppler full width half maximum is:

/ 8 k T l n 2 \  
~b D = 

~ 2 ) lum c

where m is the mass of the molecule , and is the wavenurnber of the

particular transition. At line center , assuming a Doppler line shape , the

absorption cross—section is:

2 ½ H
a( 0) = s1(  27r kT ) (6)

where S
1 

is the integrated absorption coefficient per molecule and a (0) is

the spectral absorption cross—section at line center. The line center is

conveniently found by using derivative spectroscopy. By fine tuning the laser

• light across the line center , the absorption goes through a maximum , hence ,
the output through the gas goes through an intensity minimum . Thus, by putting
an a.c. component onto the tuning of the laser, and looking at the rate of
change in the intensity signal , this rate crosses zero at the line center,

Again , in thermal equilibrium , this S is related to the Einstein A

coefficient by:

• A g / h c Wul u I luS 1 2 
— 

~1 — exp (7)
82T’(~) c g1 ~ 

1

lu

12
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5.1 Flow System

The flow system Is designed to mix uranium metal vapor with molecular
oxygen to form uranium oxide. The excess uranium vapor then mixes with the
atomic oxygen liberated from the first reaction to form uranium oxide ion .

Because of its very good wetting characteristics , the uranium must be kept

from the side walls before mixing with the oxygen . This is done by using an

Argon carrier gas to carry the uranium down the channel into the oxygen jets.

A schematic of the flow system is shown in Figure 2. Argon carrier

gas carries the uranium vapor forward until it mixes with a jet of oxygen .
The ur-inlum vapor reacts gas kinetically with molecular oxygen as given in

Reaction 1. The atomic oxygen liberated by this reaction goes to form 130+

via Reaction 2. By changing the oxygen flow rate , -the mixing ratios of
130 to U0~ can be varied. Depending on the flow rate, U02 and UO2

’~ can

also be formed.

.4 - :~ -
~~~
‘

~~~ ~~~~~~~~~~~~~~~~~~~
V. N i LID ~‘ ‘~‘~~~ ‘P ~AR - or~

rt .,. ~~~~~~~~~~~~~~~~ 2’~~’~,?~~~’:: ~~ 
~~~~ 

f !i;~.(~i
. . ~~~~~~~~~ To Pusp

—~ ~~~~~~~ 
~ 

—.
~~~~~~~~~~~~~~

.

~~ ~~/ / / OXYGEN 
_ _ _ _ _ _ _

C *RR! F R  GAS 
METAL Po~

Figure 2. Diagram of Flow System for  U0~ Formation .
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The uranium oxide and oxide ion are confined to the test section of

interest by a containing flow of Argon. This external channel forms an aero—

dyoamic window to prevent uranium oxide from depositing on the optics used in

the 130+ measurement. The flow rate of the shroud flow is adjusted such that

its velocity matches that of the inner core flow. By operating at 10 torr or

less pressure, the core flow, thus confined, provides an absorption path of

10 cm through the test region.

The flow velocity is measured by the pressure and flowrate. This velo-

city is governed by the flow of carrier gas, Ar , through the system. The pri-

mary importance of the gas velocity is in determining the degree of the reaction.

This is only of a secondary importance in the measurement when the measurement

is carried out sufficiently far downstream.

The carrier gas, introduced at 300°K , is used to collisionally cool the
U0~ formed. Since the flow time is on the order of 10—100 ms, the uranium

oxide formed would be collisionally cooled, both in rotation and in vibration,
to a mixture temperature near that of the carrier gas.

The mixture of uranium oxide vapor and Argon gas is trapped on the far

end of the test section by a cold trap. Because of the extremely low vapor

pressure of the refractory oxide, it is easily condensed when coming in con-

tact with walls. By passing through a circulation path of the cold trap, the

metal oxide vapor is removed before the carrier gas reaches the pumps.

- - 
- ; .  _________ -- -
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5.2 Uranium Source

The source of uranium vapor is a depleted uranium rod which is evaporated
- by en electron beam . The electron beam is genera ted  b y a 30 kV , 300 ma Pierce-

type electron gum originally designed for electron beam welding as shown in

Figure 3. This gun was modified so that it could be differentiall y pumped to

provide sufficient vacuum for electron beam operation as well as allowing hi gh

pressure operation (4 torr) of the uranium oxide flow tube sourc&’.

The Pierce—type electron gun consists of a cathode heated by a large cur-

rent supply which in turn floats on a high voltage. The cathode filament ,

made of tantalum, is thus operated to as high as 300 ma and 30 kV. The cathode

to grid voltage is provided by a set of dry batteries , wired in 510 volt incre—
ments. This grid supply provides the voltage to current characteristics for the

electron gun. The actual operating power cit the electron beam is then varied

by changing the cathode voltage to the anode ground.

HIGH VOLTAGE CATHOD E

DIFFERENT IA LLY PUMPED PIERCE GUN

_ _ 
~~ N ET

F ,‘ i 1— -— UR ANI UM ROD
I / TEST CHAMBE R

_____________________________ SHROUD CHAMBER

Figure 3. Elec t ron  Gun Evaporation Scheme .
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The evaporation of the uranium is in the form of a v i r t u a l  line source

as the deflection magnets are operated in an a.c. fashion . The sweep speed

is adjusted such that suffic ient evaporation is achieved without undue losses

in thermal heating of the uranium rod . Because of some s t ray  inductance , the

sweep of the electron beam across the uranium rod is not q u i t e  l inear.  This

is not a real probl em except it must be accounted for in the design of the

differential pumping ports. The flow system , described above , carries the

uranium vapor downstream from the rod , forming almost a continuous flow source.

5.3 Optica l Train

The optical train to measure U0~ absorption consists of a tunable diode

laser , laser beam shaping optics , a multi—path absorpt ion cell (White cell),

:1 monochromator and an H5CdTe detector (see Figure 1). In addition to this

optical train , is a second optical train at right angles, consisting of a visi—

ble dye laser, beam shaping optics , a photomultip lier , and gat ing  electronics .

The tunable diode laser is tunable continuously between 800 and

862 cm~~. This range would allow measurement of a major portion of the

P branch and a small portion of the R branch of the predicted 130+ vibrational

spectrum . This diode , however , lases simultaneously in several laser lines ,

separated by approximatel y 1 cm ’. A one meter monochrotnator is thus used

to select one laser line at a time.

Beam shaping optics consist of mirrors which take the laser beam,

diverg ing at 60° x 15~ , to focus on the entrance of the White cell. The

converging beam entering the White cell is matched with the f:18 of the White

cell optics. A portion of the laser beam is split off to obtain an instan-

taneous intensity measurement of the entering beam.

The White cell consists of a chamber running perpendicular to the flow

tube with White cell optics having 401 nun radius of curavature . Two spheri-

cal mirrors 50 am in diameter are used. The field mirror is split in the

miadle , forming two halves, 25 mm by 50 mm . Two slots are cut into the front

mirror to allow entrance and exit of the laser beam. The White cell mirrors

1S
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are gold coated to maximize ref lect iv i ty  in the 11 ~ m region . Mi rror lusaes
becom e important when man y traversals are made through the test reg ion . When

the f ract ional ligh t loss due to one reflection be ’omes larger than the extinc-
tion of light from an extra pass through the test region , more passes in the
White cell would not increase the signal—to—noi se ratio. For very small absorp—
tion coefficien ts, this White cell is practically limited to 68 passes , equal

to a l/e drop in the laser intensity due to mirror losses alone.

The laser beam , a f t e r  trave rsing the White cell 68 time s , exits and is
again brought to focus , this time to match the f : l 0  optics of a im McPherson
Czerny—Turner monochromator. The output of the inonochromator is brou ght onto
the surface of an 3 mm square RgCdTe detector , whose signal is fed into eithe r
an oscilloscope or a Lock—in amplifier. The wavelength tuning of the tunable
diode laser across the width of the monochromator spect ral width is also fed
into the lock—in amplifier. This phase locked system measures the absorption

of light at any particular phase as the laser is tuned across the absorbing

line.

By taking the change slope of the absorption line, both the line inten—

sity and location can be deduced , provided the shape of the line is known .
This secon d derivative measuremen t of the absorption is several orders of magni-

tude more sensitive than measurement of extinction alone because it is unneces-
sary to establish a firm baseline using this  techni que .

Perpendicular to the White cell optics In the absorption cell , is placed

the focus of a tunable dye laser, tuned to the uranium resonance line at 358.5 mis.

Since the gf value has been measured for this line , resonance fluort~scence at

this wavelength gives a measure of the uranium concentration formed by the

electron gun evaporation technique. Perpendicular to both the dye laser and

the White cell is placed a 1P28 photoniultiplier to detect this fluorescent sig-

nal. The uranium concentration can thus be monitored with and without oxygen
+

to form 130 and 130

19
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b. TESTING AND CALIBRATION

In order to measure the radiative lifetime and spe(’tr.1l location of

stt~rs must be taken to insure the safe ty  of the personne l involved in the cx -

pt~rime-nt. Even though the total concentration of uranium vapor is very low ,

depending on the radiative lifetime and operating time , a large amount of

uran ium vapor may be deposited on the inside walls of the experimental appara-

tus. The pvrophoric nature of uranium vapor requires some specialized handling

technique s for the disassemb ly and cleaning of the apparatus .  Standard

saft’tv procedures have been devised to this end .

Since there is some uncertainty as to what would be the total amoun t

of uranium vapor made h~ for~ the experiment . becomes operational , it is desirable

t o  use other metal oxide species to characterize and calibrate the apparatus

t~L~~or e Intr oducin g uranium into the system . The testia~ of the electron beam

and low svsteni could thus be performed without the risk of heavy metal con—

t arit n it ion.

The electron beam evaporation svst et- has been tested us lug the elect ron

to t’v .por at  t’ aluminum as vol 1 .is carbon . Whil e aluminum has a much higher t
v. ~‘or pressure than dcies uranium , i t s  much hi gher thermal conduct ivity ma’t’s it

a t. t ir simulation for determining t~~t~ ultimate uranium yield us ing  this svstt~nt .

~ : : t’L~~t ron beam evaporation of a graphi te  red has the opposite thermal d~ 1’endence.

The cafton vapor pressure is ve t-v low , howeve r , th e therma l conduc t i v i t y  cit  car—

hon is also very low. The additional problem cif carbon sputtering was also

encoun t ered. lUackhody temperatures cit the order of 2500°K measured by an

op tic al pyrometer was obtained using both the aluminum an.~ carbon sources.

This temperature proved to be a lower limi t to the evaporation temperature , as

the electron beam quickly etched a channel Into the m ateri al being evaporated.

Since cmlv the temperature  of the surface within thi’ field—of—view could he

mt~~ su r c d  using this technique , measurements could only he taken before much

mat eria l had been evaporated.

21) 
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The vapor pressure of the carb on source was measured by measur ing
the p ressure rise throug h the flow system when the electron beam was operated.

This measuremen t showed that a I torr pressure of carbon vapor could he

maintained even at maximum pumping speed , which  p rov id e d  a flow vei ocit\ ’

on the order of 100 rn/sec through the 2 x 10 ~n channel. The electron ~ear~
energy required to maintain this vapor pressure was 12 kV at 35 ma. Higher

electron beam powers were available. However, the vapor pressures al~~’ve .~ih o ut

10 torr would cause the differentially pumped electron gun chamber to  r i s e

to unacceptable pressure (p > l0~~ torr).

The f l ow sys tem , consisting of an inner core flow . in which the metal

oxide of interest  is con tained and an outer shroud flow was studied In a

Reynolds number matching simulation using water wi th  chemiluminescent  dy e for

f low visualization. These tests provided the operat ing parameters  t o r  the

ac tual gas handling system. Actual flow visualization , using a metal oxide

vapor , has not been carried out in the apparatus.

_ _ _ _ _ _ _  
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7.  C O N C l U s I O N S

11w t na I t at  u~. ~ t the experiment t o  inca Sn e t h e  s pi~ t ra I e ha t a  c t t i t e

c i t  I i t + is as cii 1 vs : The appai - a t us des gued to  p r o d u ce  ~~~ ~~~~~~~~~~ c c i t t

St  ru e  t ed .  I i i  . igu~ S t  i C s  hav e been des igne~l and c otis t rue  t e d  to i ndepeudeiit I v

mont to r t he I’O~ p r o d t u  t I on .  1) i a g n o  s t  I es have been coust tue t ed t ci mon i t  c i i  t h e

uran turn a t  em p r o d u c t  i c i i i .  The opt  l c~ I t ra i t t  h as bee n co~~i i t i c  ted and a 1 igne’d

t o  m c a su  r e t h e  spec t r .i I ahserpt Ion cit P0
+ I t t  t h e  11 t o  1- . pm tog ion. A d i ode

I aset’ has been cal fbi it ed and a l ig n e d  t o  me a su r e  t he I iO~ a i’so I p t  Ion  b e t wee n

“) i) and S20 cm ~ 12 .2 to 12. ~ pm)

i t  w.is not ~o ss i U I  e to  car  i v  out any a c t  t ia  1 ~‘xper  i n~eut  m ea surem en t  s

• b ecaus e ’ c i t  1 . ie  k o t r e so t ir o  es and t tn t’. l’h is ext ta t o q u  i r eni ent t ci

m e  and t o s~’ii  r c  es w a r .  broug ht about 1w t he t i n a n c  i c i pa ed add i t  t ona  e t t ci r

rt ’qu I r ed t c i i  the hand I lug c i t  u ran i um . Ev en  t lioui t ’ . i v  c ry  ~le ’p let ed it t a u t  t im t s

~~~~
. i i i~~ used • t 1w poss it ’ l i l t  v c i t  h e av y  met a I pci i son t t i e  • Js we ll as t he  low 1 e ’Ve ’ I

.i l ph .t p a r t  i d e ’ e m i s s  io n by u r a n i u m , r e q u i red  rev t o  i on s  in t h e  a p p a r a t u s  wh i c h

wer e  dos i gn od c i t  i g i n a  l i v  t o t  the st  udv c i t  sa t  ot- ions . Spec Lii handlin g

p t cic odu t • some c i t  wit i ch h ave  not  been ce’mp 1 e t -d Js v e t  • at. being dcv t sod F
or t h i s  exper intent .

The .ipp a i- o u t  toxie it v o t uran turn Is comp oun ded l~\’ t pv roph or  to n at u r e .

Unox i di: ed uranium on the wails ci t the appa t a t  i ts  q u i c k  Iv  ox id t: e’s a nd l eaves

I n an ox i d e  v ap or  when the -’ ap p a r a t u s  Is exp o sed  t o  the ~i t~~ciSl’lieIe. t h e ’ d is

pt ’s .I  I c i t  u r a n i u m  and u ran i u m  ox ide ’ s a t  t or p~iss lih~ through t h e ’ .tppaiat us was

.idd tess c d too I at e i n  the prog ran to a ii ow a iiv meat i lug t ii I UIC.t$U t Otro t i  t 5 Ofl U 0 .

Cold  t ~ ps and va I Vt’s have since been des i c,ned t ci a t  low d i  oassen~b iv and clean-

ing c i i  ppJ  ra t us  of u r an  t u r n  and ~l i spesa I ci t t t i e ’ i t  t J f l t  Ut~i . t Oi lS  t tUd t ion c i t  t he se

p o r t  j o l t s  o t the’ apparatus , howeve t- , has not  heet c oni p l et  ‘d

I n  ci i d e  u to  opt  in I :e’ the prohab iii t v c i t  su cc  t ’ss i i i  ~t ’a ou t - tug the

s p e c t ra  I .ihsorpt I on coot t to tent • i t is des I tab I e to use t h e ’ same t ec l i i i  i q i i t ’ on

- - - — .
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ot h e r , less t ox i c  • net  al ciY i d e ’s and n ie t a  I ox id e ions  first. Other  i t ietal  c i x i  les
which radiatt~ in the’ 10 to t~, Pm t e g ion and ar e  of poss ible  in t er e st  in a Jis—
turbed at m o s p her e  , I r e ’ A i I) . i n I  I” eO. Whi le  these oxides are much less toxit: than
P0+ . the  me a suremen t  tech ni que to determine their radiative li tet ir~~s l i t’

e s s e n t i a l ly  the  SJrnL as tha t for uot —

ii
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Measurements of the nitric oxide ion vibrational absorption
coefficient and vibrational transfer to N2 a)

Fritz Bien
4e~’odvne R~ti ’orcli , / ,

~ - 8~df,rr~f 81a ~~~~~~~ 01730
(Rame eed 2 Sepiembe r 1977)

The NO (v ) abaorpti n coefficient and quenching of No’ vibration in the I and 2 suat~ by N2
~i.ve been eepcr%meOtal ii, determined Integrated abaort*ion coefficienti corrected for a thermal
equilibrium di~tnbu is , ’n are S,, ( 1 — 2 P ~) 430 cm ’aim ’ and S1,(2—3 R 2) 6~3 cm 2 stm
Quenching or NO’ (c) by 

~~ 
at 297’1( was found to give ril~ of k 2 t x l0 I 2  cut ‘ i.ec - lot

2) and Ic 30 :~ 10 “ cm’iec ‘ for NO’ (v I). An ~ limate of 3 xIO ~ cnYsec ’ was found
for quenching of NO’ (p  2) by NO ii 297~ (

I. INTRODUCTION l i fe time  of NO’ vibrationa l band s in the X ’2 ground
state and to measure the transfer of vibration betweenInterest in NO vibrat ional band Int ensities stern from 

-- NO and N whose v ibrat ional energies are in closeits relat ivel y large populat ion in electron disturbed- 
- re sonance .atmospheres. The nitr I c oxide ton is the most abundant 

4ion In auror a l  arid other electron excited events. The This paper describes the experimenta l detern t in at i on
pr inc ipa l  sou rce of NO’ in the upper atmosphere is from of NO’ i iv - 1 Integrated absorption coefficient in the i-

ton exchang e- reactions N +O-. NO’ +N and O’ = N 2 — NO’ =0 , ~~~~ 1, and t= 2 levels and quenching of the i - ’ i . t
+ N and the charg e exchange reactions of N , N’, 0’, and = 2, and t = 3 levels by N 2 . The exper imental arrange-
O~ with natural  atmospheric NO. Since all of these re- ment is presented in Sec. II. Results of the exper inien -
actions are exotherm ic enough to excite several vibra - tat determination of the NO’ absorption coefficient are
tiona l levels In NO’, NO ’(t ’) may provide an Impo r tant presented In Sec. in. In Sec . IV , we disc uss the exper-
source of inf rared emission in the electron disturbed imental determ inat ion of the quench ing of NO ’(, ) by N 2.uppe r atmosphere. A discussion of our results is presented in Sec. V .

Radiation from vibration of N0 (.X iZ.) is i n  the 4.3
~ini band , cotociderit with the C02 (v ,) ent i sslon. While II. EXPERIM ENTAL ARRANGEMENT
CO 2 Ur~) emissions dominate in the undIsturbed atmo- The exp er imenta l arrangement for measuring the ab-
sphere , sell-absorption by cold CO 2 li mits Its emission sorption of NO ’ is show n In Fig. 1. Approximately I
signal to the wings of the CO2 band . Since many sensor torr of research grade nitric oxide was put into the test
systems ar e curr ently being designed to operate in these chamber . The ni t r i c  oxide was phototonized by a set of
regions, the effects of N0 (t ) radiation on these sys-
tems may be- ci great importance. Because of the In-
tense C02 (v , emission , NO’(i ’) r adiation has not been ( “) ~~~~~ Ga,w”detected during auroral events except perhaps to explain
very prompt emissIon during an J BC III aurora. ~~~~ The - -- - -- - -

only unambiguous NO emiesion in the upper atmosphere - - -
was observed during a nuclear test in 1962. a 10 ba , 4i1 - - - .

~~~ r— -

Whi le the radiati ve lifetime of NO’ has never been “ - 
~~

‘ ‘ -

measured, stai r and Ga uv in~ have inferred an integrated ‘
~ ~~~ ~r iq. ~v r - ‘ 

-‘absorption coeffici ent of S~ = 500 cm ”2 atm~ from th e 
- 

;
‘ - 

‘

~ / 
*!~!tC Cell (l untt IC 68 Pas~p ’l

1962 nuclear observations past the CO5 blue spike region . Q) ~~~~ ‘1 I I -
~~~~~~This value was obtained through various assumptions of 

~
-

~
- 

- -  
-- / L :_LvIbrat ional equ i l ibrium and atmospheric transmission. :‘‘ ~~ - -  - --- j 

‘ . -

The only other i nformation of the vibrational lifet Ime of ~~ - . 
“- ---i- • 

- 
‘ 

— - - - -NO’ has been from ab mitio calculations by F. BIllIngs- ‘ 
~~~~~ ~~~~~~~~ ~ MeI~ i N,  ‘he —, ”-

icy’ and H. it . Michels.’ Billtngaley obtained a ground 
- 

: 
~~ ~

, - ~~~~~
ct n:a :r ,

~~~

state Integrated absorption coefficient of S1, 88.9 crtf~ ~~~~~~~~~~ U;- 1r — ...

stm~ using a mult iconfigu ration self-consistent field I 
_____

(MC SCF) app roach . SimilarLy, Mt chets arrived at a Hel ium - unIt ’IC In Sb Oelpclctcalculated va lue of S,~~~I68 cm~~atm~~. I \
The purpose of th is study Is to measu re the rad iative -I ’ - - 

- 
[ (~1

“ This w r,rk wa, sponsored by Air Force Geophysics Labora-
tory (Air Fore, System. Command) under Contrac t No . !0r ~Nftrog p n
F lii826 _ 76 t’ _Ol75 __ gtind to~ win by the Defense Nuclear
Agency . FIG. 1. Scheinatk diagram of the experimental arrangement .
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~~~~~~~~ before t , ’ , m : i t i , n  of NO ’ t h i ~ p i o v I d o t th, - ‘‘I ” di~~l i x -

___
~~~~~~~ , _

~~~~~~~ t i , - tL ’ , -  ‘ a ’e w h I t -h WSS but’ ,i b i t ch ,, t b -  l a st !

f i ig ( ’ i .iod r u i c . ,;iI -e the ha lf —wid th  ol the l.ist- r li ne

— 
2288 - 

i o~ ~ I II I i w .is iiiu ~ t i n a r rower  (h -ar ,  the Dopplr ; w i d t h
of t ’~,- .rto. ’rt urg li ne ( 5 ~. l0~ cm ’’), (he in tegr at e d ab-

~ 22~ 
_—

~~ 

bi t i pt I -  e t ) i ’ l b I ( - b o t I t  of the NO’(v-, J )  t r an si t i on  could be’
-~~ 

,,, ,.. ,— — ‘
~~~~~~~ i r , t ’ , t s u r t - b t~~ t u r O r t ~ the la se r a( ’rot s several i,r ~~~r t s  ut

th e  absui -pt i on l ine .
-~~~22SO - 

-A tv p  ~a ca i lbr at lon  (t i  I V y  (or (I - ’, tunabli ’ di k i t  I i  se’r
-

~~ is ~h i ’wn in F if. . 2 , l3ecause of the- t e m p e r at u r e  ~v t l , i i ~’
- - r ’! the d ,*1t’ 1,- tim r(’cj, fl tentpt ’r.t ture - t o 10 K .is t h t ~ ia~~e’ I

De’war waa f i l led , th e -  a c t u a l  t un ing  r an~ t- v.i t ted f r on t
____________________________________________________ day to  day.  H , w e ’v ’- i - , th i ’ laser 1 5 u L l l V  tuned ove r .0

‘1,~ 1. ? l,~ ‘1.4 ‘1,5 least one’ ~ t t ’ i .t t l , i i t  i , ’ t a t i ti l in t ’ ;’, t , ’y r l ’ , - I . i t u r t ’  (-
~~ —

Lase ’ Curren t amps ) cling . Not ,- t hat the tuning i~Io p’- of iii - . t r-u- r  i t ’ d  cc i t l i

current . Th~ actual tun ing  slope fo r  the p ar t t ~ u l.i c8 l( , - I y j - i - -~~ t~ ’c” r utning curvt ’s f rom the’ diode laser .
Relative laser inteitsities varied with Unit’ anti laser t - t r rcnt. wavelengt h of Interes t  WSb obtained I~ i e a t - I ,  r un , in c i i  -

der to obt a In  the stou rp t t on  h . t J - w i d t h , as w e - I l  - - c a -
tion of t’ie absorbing NO (t- ~ l ine -

six u l t r .evt o l e t  di scharge lamps , three on each side of
the ch anrbe ’i These flash lamps provided an active re- The uttr aviol e ’t  lamps used t o  h i s  app.ir atlt ’. = e ’r e -
gion approxi~ tateiy 15 cm long In wh ich  NO ’ was formed , a modified I ynian configurat ion prov id in g  a 2l~00(~~N
The photoiont?ed NO ’ was studied in  absorption by pass b lack-hod~’ cot t~ t t ’  i i  r a d ia i~~’r- ~ bit’, ’ d i s n h . i  i - ~’ ,- -b ‘ - ‘

ing a beam of i n f ra red  laser l ight  throug h thc photoion- He l ium gas w.o; f i , ,wed th r ough  t b - i -  l am ps .1 , c ; ç r o x - -
i zat i on region . White cell optics ’ were placed on the n m at e ’ly  3 ‘orr ~~~~~~~~~~ A l l  si~ Li mps we ’r e ’ d i sc ’h a r1”-
two end s of the chamber to allow m u l t i p l e  passe’s of the simult ane ously  b~ t r igger in g  si~~~sp irk g.t l t ’. i i i  I .e le-

inf rared laser itg h t  th r ough the photo loniz ed r eg ion .  each conne ct ing one f l a sh  t ani l ’  b a h u h  ~l” 0ti cap.o’i -

L~ig ht absorbed l’y NO ’ fo rmed in th i s  reg ion , together t u r  charged to  10 1W at 4 jd- T h e ’ t i n t ’  s’~ , -hr o m ~ - t

w i t h  the numbe r density  of NO ’ in the chamber , gave t ion between tamp discha rges w.us w i i h ’n  I and 2 osec
the absorption coeff ic ient  for  the particuLar v ibra t ion — in ,ifl e ’xpvr irn enta l rmt ’ms .
rotat t on state of interest . -The output front t’ ch lamp w a - ~ n,ü n i b o i  c-u by an h o

A tuna b le ’  diod e laser (Laser A n a t v t i t ’sb was  used for i z a t t o n  detector  pla ced be hind  th~ t ‘-c~i so O S S I l i s ,r ed i i ’ ,
the in fr a r ed  source t i  measure  the NO ’( t -)  absorption.  t h u  Wh i t e  cell o p t i u s  In the  absisrpt  ott t-hazn bt’r. The ’
T his laser was broug ht t~ locus on the entrance aper- put -pose of these ion det to -to r ’- was  i t t  en sure  th .i t  s i d l i
lure of the Wh i t e  cell opt ical  arrangement.  Up to 104 cient ion pa ir s were pt- i~iuced dur ing  each -~ pi - r i n t ’- t .t
passes through the N(~ region we ’re obtain ah e using th i s  run .  The actua l  ion s l ens t t v , .is a f u n - l i  ‘n of t ime , xt .o’

arrangement . l fo w e ’v e-t - , only  68 passes were used dur -  detei ’mined separat ely .  Each i ’n t z - c t t o , m  detector  con-
ing exp erimental  runs , max imiz ing  the absorption w h i l e  aIM ed of a pair  of para l le l  p lat e -~. across  whi ch  was  t ’ t t t
m i n i m i z i n g  m i r ro r  r e f l e c t i v i t y  losses . The Laser  beam , a 300 V potent ial ,  f i , ’ct rori s produced in th e ’ ph o t s o s s n _

alter exit ing from the - Whi te  cell m i r r o r s , was brought Iza t i on  would be a t t r ac t e d  to the anode ’ i t s  c’ausi n~
to focus on the  en t rance  slit ~! a I in Czerny- Turner  cur ren t  to f l ow - ‘f’hc cathode and anod , we ’re ’ sh i e ld t -d
monochromator .  The mon ochro m ato r  was used to both f r *n u~’ light through -i pair  of guard r u i ~~s p l a t e - s i a~
select the f requency m o~~’ of the laser and to f i l t e r  out ground p oten t i a l .  The p o t e n t i a l  d i f f e r e n t - c - between (h e
the in f ra red  components  s iC the ’ uv lam p energy . To ac- anode and ground W a s n ie asnr c~t , t c l  sn— s .1 33( ’ £2 r e s t s -

complish th i s , the s l i tw i d th  of the monochrom tor was b r . The -h~inge in  p o t en t l a t  W k : ~ tht ’,t propo rttols.eI  i t )
set to give a spectra l h a l f - w i d t h  of 1 cm ’’ in  the laser the current  through th e anod e, and ht’tice , the n u nr t ” - r  ~f
spectra l region. The ’ lig ht ex i t ing  tr an the monoc’hro- photoelectrons produced. t - s i , i~; l h i - , j a, ’.ls u i r e m(  nt
mator wasbrought  to focus on a I mmd ianm , Ln~ b photo- scheme, i t was  es t . i l i t l shed  tha t  nio:- c- t i t a n  ~(‘~‘ t i t u s

voltaic detector whose signal was amplif ied and fed into pairs per cnr ~ we ’re Itrodu~~’s1 per f l a s h  a - ti ~; the  itm fl i l )
an oscilloscope . Because of the spectral coincidence ~xis w i t h i n  the a bsssrptsomi cell wht ’n the ’ ue ’ l l  w i s  t i l l e c t  j

• between NO ’ arid CO5 band s, the en t i re  optical t r a in  was to 1 torr  with  NO.
flushed with dry nitrogen. The spectral locations of

- In order to obtain the vIbration a l t ransfer  cross see ’ -Specific CO2 Line s were also used for Laser frequency , -tion from NO tt -~ to N,, provision was also made ’ to bleedcalibration. a partial pressure of N2 into the ahsorptis ’ti  chamber ,
The reference transmission level through the optical The pressure In the cell was monitored by a t,,t r , i t r on

train was obtained by chopping the optical ~~th lii front pressure’ gage, reading ti- on-i 0 to 10 torr with a le’ .ist

of the monochromator. This chopped signa l gave the count of one p.ir t in 10 ’. The part i al  pressure of N 2 w i s
system transmission in the absence of NO’ . The chop- raised unt i l  NO’(c-) transfer to N, caused a more  rap id
per was th erm turned off in the open position during the decreas e in the ex t inc t i on  of diode Iain’r sign,i I in the
opt’r i t ,  t i  of I he photototti~ g lamps . The rat io of Laser t ’ - I and higher  v it ’ra t i s ’tt,e I stat t’s th ,c ‘I wi  i t  lit he’ alt ribut -

in t ens i t y  t ransmit ted after  the’ formation at NO’ to that able to dissoc iative recombiriat ion . The quench ing of

““ ‘“ ~~~~~~~~ — A —
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________ se e n  in  1 i~: 3, l ’hum.  ( t ine ’ c - a l  v in g  i-~~t t t s . t i , ’i t  a a ’-. a
s i t u , ’ of l~~si Ii  th e ’ ~~~ - pi s t i l  t i s e l t i t i e til ~ i5t th e ’ nurnhe ’i-
de n s u t i  c - s t  th e  e , i , l e - s  u n v , i ~ - ,~l In  the ’ t i  . e i s e ’ s t i s l n ,  The’

___________ 
I)opulat ion i. ci t  I i i - l ao  s t , t I t ’~ Ini ’ c ’%Ve’d In  tt i , ’  tr s, resi t i t i n
we l t -  i t e ’ Ic -t  i i i  u s ed f t  ‘ i t t  t he ej u s s s c e i . e t l v . ’ re’- e ;nubina t ion

rate’ of N0 arid l i i - relative populat ions ol I~t) ’ in the’
FiG. 3, Typical C i S c  i l l s s s - s , ’ i~ - t rac e of the ac compunent of ~‘ .erio ui. v t b r a t t o n a l  l e v e l  e. - Beet  ,it ion , t  I e ’quli I ibr ium was
transmitted laser light. Hesr itont a l s~ste represents let M5l’i asc.unucd ~~ i’s t i i l t i  i i i  the ’ e ’xpet imrnt  - V t  t i r ,t ( is s i ~~l equi -
dtv JuI on , verti cal 20 m V/div is ion.  The’ test chambe r ~~~ l i t s i - I u m , on th e ’ ~ the ’i  ha nd , was as si t r i t e id  S ‘ sea i n flit ’
f tll.d with I toi-i- of NO ~nd 1 tori- of N. , The’ laaer ~~~ ~~~~~ time scale of (Ii, ’ t \pt - I s i m i e ’ ui t
tu*eid to 5picro~ iniately the ’ pe ak of the NO’ ,’ 2 it ’ ‘‘- 3. R2
ab.terplion I tnt ’ The’ re I ;it ive ,- , ‘t s ,  ,- si t  r ,it i t i l t s  cit the’ lent e .e mid u i’~ e’ r V I —

bra t i ecna l  s t , i t , - ~ In t h e- t t ’ a n s i t i t ’n  a c r c  dci ,  i i i i i , i e ’d
through f i t t t i m ~ f lit ’ , i i - ,tsi u r ,~i a u i i d s ’a t r , i si ’- i i t i s~ - i e cic a i t t -

laser tig ht extinction by N,. as a func t i on  of N, prea— .‘ P~’e’dic’li’d specs m i t t i t  t i ’ s n i  t h e -  t i e  I . e m m i l i - - .inc t p I e ’Vn’u s l %

sure, thus gave a transfer rate of M)’~t ’, .1) to N,. measured sp.’ci ral data on p h o i t ’io i i i ;  at  t~’i  - 
* Sinc e M1~l

w I uid eew s ae’rc’ used i n  f r o n t  cit the u v Ian c ps . t he ’ ba net
The’ abs orpt ion of laser light by NO~ formed during 

~~ ~ti~ tigI wh i ch  je t s s c( o i i , l m s  , et i o i t  i’ouid t u t u  i a at -
phot oinn iz a t ion  t yp i ca l l y  gave a s ignal  as she~~n in F ig.  Un t i t ed  from l l ~ c’ te e  ~~~ A }‘ortunat et~ , the ’ r~ has ,
3. This trace repre sents the ac component of laser been mans’ itt s,die ’i ’ i i i  the  th re~ hole1 reg icili of the NO phs ’l ight  faL l ing  on the detector , Discharge noise caused a t o ionj zat ion , ’ “ From the’ measur ed ph e ’Ioi e in l ia t i s ’it
larg e positive spike which  t r iggered the oscilloscope , e f f i c i ency  in this region , the measured wind ow tran s-
NO’ formed by photoionization absorbed the laser em i a— m iss ion  in th i s  re’~ i cu , i , and assuming a l . i n i i ’  outpu t s i l
Mon giving the drop in total intensity. Dissociative re- 

~~~~~~~~ b lat -k -he al s- con t inuum , tht ’  re l a t i v e ’ phote ’u ’si
combination , together with  quenching of the vibrat ion to — i r a t i o n  a-as olit ai,,, ’d .i ’s a tun.i lo l l  c ’1 a- ;ec- e ’It ’ngth , Th i s
tation line by NO and , as in Fig , 3. 1 torr of N,. caused 

~~~ p~eiU~~ in  }‘ig 4 A lso  p lotted are’ (ti e’ i ’i t c s ’t s ~ I uv
the signal level to return to its de level, The noise at lam p temper ature ’ of 40000 and 20000 ’ K black hodc .
late times was typical of the detector noise wi th in  the ’ The v ib r a t i o n a l  P a i ’ t i t i ~~n. usin g this  technique and ( t i e ’
system even when no laser signal was present . vibrat iona l p ar t i t i o n s  measured .es a (unc t ion  u t  u~ wav e-

lengt h by l’an a k t  • s a t-  . g ive ’  0. 2t ~, P ~9, 0 2~ , 0. 01’
III, MEASUREMENT OF NO’ A BSORPTION and 0, 02 f or  the e e l . e t  l v i ’ popu lat i ons  of (lit’ r • 0 thr ou~ (m
COEFFICIENT 

,- ‘  4 levels , respee ’huvc - li
The absorption coeff icient  for ~~i- • I vibrati ona l traii-

si t io n in the NO (X ‘E’) ground electronic leve l was ol’ The’ sL~’u’t r , I l  sibs~- rp t ion  cross  St ’ e’t 100 tom a meclet ’u le-
ta m ed by measuri ng the t ime varying ex t inc t ion  tie- is given t ’~ ) l , ’, -~ 

- last
scribed abo ve . When the iase’r wavelength was co in c i-
dent w t t h  the N O ’(t- )  line , some extinct ion of laser r~ di.i  1 

l l ( ;
’
~ - ( I I

icon wt ~ald result alter the flash lamps were fired as

I —y
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TABLE I, NO’(v) rota tion lines w i t hi n  lase r bandpa... may be neg lected , and assunm in~’ o is re l a t ively  m dc-
__________-

~~ 

- 
- - _______——- pendant of t - , the concentration sit NO ’ in the ’ vibrat iona l

Calculated Measured ( ‘ r uss section le ’vt ’~ , , and rot a tiona l level J , is
Vibrational location lea’at ion at peak

_____- ——-—---—- --— N - Øtransit ion (cm ’) (ent~ ) (cm~ ) Ng

t- O t o  1 P12 2294 .1
P13 2289. 7 2289 7h S IO ”t* 2 ’l  The tot~ f absorption by NO’(,’, J ) , from Eu I I ) ,  must  be
P 14 2285 .2 t ime  dependent , such tha t lnU 0/t~ mui t t  vary  as I N .
P15 2281 1.

Dur in g the e~~ eriment , the r a t i , ’  (I,— f l  1, w a s  at c l i
v — I  to e- — 2  P5 ,‘2iC1 . hi 2 2 9 1 . 63 1.5 t i l , 4 a 1(i ” ti times less than I 0 .  Thus , m U 0’!) may be’ suit,stitu ’.’d

Phi 2 2 s  , 4 2287, 4~’ 1. 3 ’  0 . 5’ lO ~~ by the e iq)ansloIt giving
P 7 2 25i 1 . 3 2283.35

Ln (,4/ I)  (1a~ ’ 1) / I , A l l , . (‘1 1
- - 2 to v . 3  R I  2 2 8 2 , 8

R 2 2 5 - I - . 7 ~2ii I~, 72 2 , 2 0.3 vI0’~ Note that the choice of I 0 in Et 1.  (0) ca ii b5’ rather
R3 221• 55 . 4 arbitrary, prov ided that there is no productoso term in
114 2294.4 Eq. (4 ’ . Sh n c~ bot h Al/I, and 1 ‘N must have thet s~n iv

c -- 3 to , - - 4  RIO 2282.7 time dependence , the concentration N at any t ime I, may
f l I I  22~ I~, 1 2266 . 30 2 * 1. 5 ’  1O ’° be calculated by the re ia t i(’fl
R12 2289.5

Al(
~ - 4 to r .5 R2 i )  22~1. 9 — 1 t N(t,) o,(I — I,) .

R21  22 84 ,9
1122 22’t 7 . 8 Here , it may be seen that N (10) is not a func t ion  cut the

total ext inct ion but only of the ra te  of ch.ing e of extinc-
t ion a- i th t ime.  The number densi ty ra, thus bt’ relat ed
to the change in ac In t ens i t y  w i t h  t i m e ,  It is assumedwhere N is the flumbe r of molecules in the absorbing
here that no other quenchin g of NO ’( i )  I s  occurr in g

level , and ( i s  the total path lengt h in the absorbing gas ,
simultaneousl y -equa l in this case to the num ber of passes in the Whi te

cell t imes  the length of the photoionized region. The The tuning  rang e of Laser over lapped - -c ve’r .i l vibra-
quant i t ies  I and !~ 

are the transmitted tight  intensities tiona l rotation lines in NO’. These’ f ine - - are listed in
wi th  and without absorption, respectIve ly.  Table 1. Wh i le  there were Laser l ines ah i c h  overlapp ed

The concentration N is a func t ion  of the photoioniza- all of the NO ’(m ’) lines listed , measurements  of the inte-

t ion cross section , the recomb inat lon rate , and the re l- grated absorption coefficient were made’ only of the P5

al ive number of molecules in the particular vibrat ion ’- line of the t- ” I to t’ • 2 transition and the R2 line of th e

rota tion level, Thus, N can be expressed as ii • 2 to ~ - = 3 tran siti on ,  In addition , spectral absorption
• coefficients were obtained for the RU l ine  of the p = 3 to

N ’(b 5N,U) , (2) ,- =4  tra nsition and the P13 Line of the t -~~O to ‘-=1 tran-

where ~~ is the rotat ion partition function and N,(t ) is Bl t io n ,  Unfortunate ly, due to the low Sign a l-to-noise

the number dens i ty in  vibration level e- . in this experi- ratio of these latter two measurements , soff iclent data

ment, rotational equilibrium was assumed, as the ro- was not available to obtain a meaningful integrated ab-
tatl onal relaxation time was approximatel y an order of sorption coefficient from these two transitions , Sinui -

magnitude faster than the shortest experiment a l time of lar ly, the P6 Line of the v = 1 to t’ 2 transition was mea-
interest. Thus, the rotational partition function is sured using a rather weak laser line , which was near

the mode shifting threshold of the laser He ause of the
?irB uncertainty introduced by the laser shif t , the integrated

•~‘ 
(2J + 1) -

~~‘~~~
- e~~[_ J(,1 I )  

~
‘
~
] . absorption coefficient was not obtaInable ’ using this tran-

sition.
where J is the rotational level anti B the rotational quan-
tum num ber. The rate of change of the number density The locations of the lines of interest were fou nd by
of NO ’ In  vibrationa l level i’ is given by measuring the locations of know n CO, lines ” anti inte r-

— \‘V — h,N,M ’ 
polating across the tuning range to obtain the precise lo-

d cation of the NO’. In this way, the P5 line of NO ’ (r ’
to t ’-2 )  was fou nd to be at 2291.63 cmv’. while R2 line

where ~, is the recombination rate of NO’ in vibration- of the i - ” 2  to t ’—S transition was found to lie at 22B8. ’72
al level r. N~ the concentrat ion of NO’(v), N, the elec- cn~

1 These measu red va lues were wi th I n  0. 1 cm ’ of
tron concentration , atal k is the attachment coefficient measurement. by Miescher, “whe deduced the vibration-
of N, to M .  The initi a l cond ition to Eq ~~ al structure fr on~ electronic transitions of NO ’.

N,,. ,,N,. The concentration of NO’ was calculated using a least
whe re 4’, is the relative production rate of NO’ In vibr a - squares fit at the data to Eq. (8) assuming ~~ , • 4. 3
tionai l level i- and N, Is  the t ota l number density of ND’ xlO” cm’sec ’ (T./S 0O) ”°”.’4 The relative population
produced By operat I ng at low enoug h NO pressures so of the lower state involved in the absorption transition

the second term on the right hand side of Eq. (41 was then given by Eq. (6). UsIng thi s technique, the

- - L ~~~~~~_ —
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~‘li . 5. Spt ’et,-al at ssorption cross section of the Pt> line of t- Laser l u n i n g  Current  iamps l
• I Ii.’ v 2 level ban d of NO’. Line center at 2291 .63 4 0.0 1 r~~~. 6. Siccetr at at ~~~ 1 - t  u, ’, s-r , ’s,- secti on ,,t the’ R ,~ l int ’ u s  (i s,
cm ’, tuning r amp of 7 cm ” A . 

t- 2 to , - - 3 band , Tun enhi ramp equals 7 en ” ‘A . Lint ’ ls’s .i -

tiofl at 2 2 5 , - . 72 s 0 ,0 1 ,~ ,us ’ .

spectral absorpt ion coeff icient was obtained as a func-
the se relative vaiues , i t  n ear  be assumed th .ut NO ’ ist i on of laser c urrent from Eq . ( 1) . The spectral ab- 
harmonic oscillator w i t h  a l inear dipole n io f lue n t  den y- Isorpt ion cross section for PS line of the i- • 1 to ,-‘2 and ative , in which case s~,, may be extrapol ated I , ’ g ive’ athe 112 l ine  of the , - = 2  to ,-~~3 t r ansi t ions  are shown in
value of 

~, -
~ 215 cm ’~ atne ’.Figs, 5 and 5, respectively. The laser current. p lotted

on the abscissa of these two figures , was fi t  to the tun- These in tegrated . ub s s s rp t i on  c o e f f i e - u e ’sst s  mar lit’ (‘1 55 -
ing slope show n in Fig. 2 to obtain the linewidth , The verted into vibr -at i on.ul  f num bers and Ei n s t e ’us s  .4 e ’sst ’f t i -
tu n ing ram p was  7 cm~ per A , gi vin g an absorption cient s . The respective ’ values for E in st e i n  A c , a ’ f t u c i e ’ s s t ~’ha ll-width of 0.0056 cm ”~, approximately the Doppler of the p = I and r- ~

. 2 levels , together wi th  the ext rapo-
width for NO’ at 300 ° K. A Doppler profile was thus fi t  lated ,-~~0 level , are listed in Tabl e’ II.  Als o l i s t e d  here
through the experimental data to compute the integrated are the corresponding values obtained isv ~ - 1( u l l u n g s l t ’v
absorpt ion coeffic ient . The absorption cross section tram MCSCF calcula t ions  and obtained t -~ II. II .  M i t ’h , ’ls
was obtained by assuming that the relative populat ion in using CI calculat ions .
the c- 1, , 2 . and t- - 3  levels were 0, 39, 0.22 , and
0. 08, respectively. The correspond I ng Integrated ab- IV . MEASUREMENT OF THE NO’ VIBRATIONAL
sorption coe fficients become S,,~~236~~20 cm ’atm ” for EXCHANGE WITH N ;
the P 5 ( 1—2 ) line and S,1 325*20 cm 2 atnf ’ for the

The t r an sfer  rate ’ cut v i b r a t i on  Ir on s tht ’ , • 1 ~nd ~
- 2R2 ( 2— 3) line. Note that these absorption coefficient s

le vels of N i l ’  t , ’ N , a .i s- n,e ’ .esured t i~ obs e’rs-ung ,u t ss ~sr p -are taken with h ighl y nonequilibrated vibrational tern-
t ion in the’ PS and f~ ,i tus~u e-pt i s u i s  l ines 01 th e s, t~~o vul s , - .eperatures. 11 we convert these absorption coefficients t iona l lt ’ ve is , r e ’sp e-cl ~~,- ‘ , Br us ing the ’ absorpt ion ofto their respective rates at therm odynamic equilibrium , iofrar ecl light as a ‘u s ’ s s u t u ’ r . the ’ rt ’ l . e t i ve -  popu l .etion s oftheir absorption coefficients becam e S11- 430~ 50 and the •0 , 1 . t -  2 . .~ict ‘3 le’v , ’ts  were ’ monitored asS~~’SS3*S0 cm 1athf ”, respectively , The larger error a funct i on of N 2 pressur e- . Sinc e the extincti on of Luse ’rin the equilibrium calculation stem s from the uncertain- 1gM is direct ly pr~ui a v t i s ’ss.u to t he’ popul a t ion of the ab-ty In the relat ive populatIons of the ,-~ 1, v ’ 2 , and t ’ 3  sorbing level , the t i m e ’ varv u rc,’ signa l is a mea sure ’ oflevels of the photoionized NO. vibrational tran sler  from NO . The’ dis appearance ’ of

Note that the ratio S,,/ S,, is approxi mated 3/2. From NO’( t- ) us Ire-rn the ’ f u s l l o w i n g  processes

e— N. O ( R i ) ,  • .4 .  3X i 0”(T,/$OO)’0 ” cm 1sec ’ (Re’f . 141 ,
NO’( r ) sNO .NO—140’. NO+ N O 1B2), k,.5x 10”  cm sec’’ (Ref . 15)
NO’(t’).N,.N,— NO’. N,.N, IRS), k,- 2aiO” cm’sec ’ (Ref . 15) .
NO’(,’). NO — NO,NO ’(t ’ — 1) IR4) , k. ’th is work

anti

NO’(t ) . N ,— ND ’(v_ I ) ,NI (R5) . h1’thi s work .
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TABLE U. Comparison of the mes,e u red No’ l ine strength with calculsieci values,
— ~~~~~~~

—— ——— _____

S1,, (c m ’~ sim .l~ .4,,, (..c”~
This wo rk Si,’F’ This a, ,rk 5Cr ’ 8CF1 Thus won, SC )-

is • 2—3 653 176 95, 8 26. 2 73 2 . 7 w  10 2 . 1 - ’ 10”’
v . 1— 2  430 176 C3 .4  26 .2  51 1,ti ’- 10 1. 4 ’l O ”

• 0— 1 215 98. 9 3 1 . 5  13.6 26 9 ~ 10” i s  10 ’
J

The experimenta l technique for measuring the rate k, [N O ’(t 3) 1(t ) 
~~~~~~~ 

~ ~~~ 
— e’ ~~was to intr oduce N, into the absorption cell described — 1’~ . 1 i -  an~t 1 ‘

in Sec. 11 at incre asing pressures unt i l  the recombina- (9 1
tion rate a no longer domInates the disappearance of
NO ’(c’) . Since the abso r ption cross section of NO ’ is where n0 is the ini t i a l  concentr at ion of NO ’, d , and is~ tJ
constant wi th  tim e, the amount of absorption is propor- the ini t i a l  fract ions of 1N0 1 in the c- - 3 and c’’ 4 levels
tiona l to the number density of NO’ in t he lower and up- corres pond ing to 0. 08 and 0. 02, resp ectivel y, and 7 ,
per states . The decrease in NO ’(t’) concentration with and 1 4 are the quenching t ime  constants toe the t - ’  3 and
time is given by the sum of Reactions (RI )  through t~s t ’’4 levels , respect ively , gIven by
minus the increase in No’(,- ) conc entration due to Reac- 1/i , ‘k 4jN o] + k,1[ N ,1 - ( 10)
tions (R4) and (R5) on the It -  + 1) vIbrational level. Re-
action (R3) becomes impo rtant when N, with in  the test Since 1’~ was not measur ed , only  a rough es t imate  of ,
cham be r exceed s 30 torr in this experiment , Note that can be obtained using the measured [NO’(r 3) 1(tL Thi s’
i n order to measure Reactions (R4) and (R5) for ~

- i . was done by assumin g a var ie ty  of values for r~ , The
these reactions must be measured for t- 2 , etc . How - f ractions of NO’ produced in the t- 3 and 4 levels
ever , sin ce the ini t ia l  concentrati on of NO’ in i - ‘4 and were assumed to be 0. 08 and 0. 02 , respe ctivel y .  Thus ,
above is negligible compared to r~~1 and r = 2 , the the quenching rate of the -~~4 vz brats rn could introduce
quenching rate of ,- 2 and c- = 1 are not greatly effected an error of onl y 25% to the t ‘3 qUCfl~’hi s s c ~
by their quenchi ng rates . Si nce the NO pressure was Since no quenching rate was measured for the r 4 vi -

held constant at 1 torr , the effect of the association re- brat lona l level , only a rough rate of
— action (112) was to increase the apparent rate of Reac-

tion (R4) by the rate 1.6 x 10-us c’m’sec ’. k1k - ‘ 3 ) =  2 * 1  x i O ~’ cm ’sec~ ( 11)
was obtained ,The quenching of NO’ (t- 3) was measured by observing

the decay of intensity of the 1111 line of the i = 3 to p 4 The t ime vary in g concentration of NCj’(t ’~ 2) us a tun e -
transition. The transient absorption signal by this line , t ion of this rate as well as the rate for quenching
propo rt ional to the concentration of NO ’(t ’ = 3), can be NO ’(i 2) . ThIs quenching rate is related to the t im e
represented as ‘ vary i ng NO ’(t - 2) concentration by

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ f r ”4 — e ~~”
1) ~ t z1.(e ”4 _ e ’”1)1 _~ a ( 1 2)15 _ l i ‘ 11 s T g ) ( T 4_ 1 ’ ,) (7 2 _ l 4 ) ( l 4 _ 15 ) J  1 + ant ‘

Note that the maximum effect of NO ’(t ’ = 4) on the concen- = 2 .  5 * 0. 5 \ iO”
~’ cm’ sec ’

tration of NO’(i’ 2) is less than 4’~
,’Ø,. Since this is

less tha n a 10% effect, it may be neglected In the calcu- The quenching of NO ’(v- ” 2 ) by NO was obtained by cx-
lat ion of r ,. The pressure of N, was varied while mcii- t r apo lati ng the total quenchi ng time plotted in Fig. 7 to
curing the absorption of ,‘ 2 112 line, The calculated zero N, pressure. Thus,
time constant r , from the tim e history of [NO’(i ’ = 2 ) ) ( t ) k4 (, - .2 2. 5 *2xI0” ” crn sec t
Is plott ed In Fig. 7 as a function of N, pressure.

The rate constants for k4 anti h~ are obtained by f i t ting  
Using these rates obtained for t ’” 2 together with mea-

surements of the time rate of change to signal train thethe time i~~ from Eq. (10) with respective concentrations PS line of the t - =  1 to ,‘~~ 2 transition., the quenching hro f N,arid NO. N, and NO were obtained in a simIlar manner: Eq. (12)
The pa rt ial pressure of NO within the test cell was 1 extended to v =  I. The NO ’(t ’.l) quenchtng rate by N,

torr at all t imes to provide the photoionized NO’. By becomes
extrapo lating to zero N, pressure, a quenching rate for
NO was also inferred (see F ig. ‘7). k5 (v . 1 ) a S * 0 . 5 x 1 0 ” czn .ec~

Using this techn Ique , the vibrationa l quenching rate of and by NO is
?4O’tu”2 )b y  N,was fou nd to be h,(t , . 1) , 1.SxiOi$10. i cm’sec ’
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ievel would be 215 cm ’
~atm” as lis ted In Table TI. This

Best Fit ~r .2 
value is not too d ifferent from the value which Billings-
iey4 would obtain using a s l ight ly different dipole mo-
ment derivative in place of his multiconl igurat lon SCF
calculated result, Using his single conf igurat ion Har-

6 ‘ I tree—Fock calculations , B il l ing siey obtains an inte-
-~~ , I/ I, grated absorption coefficient of 251 cm”atm ” com pared
xi” / to his published 88.9 cm ’ sec t . This value would be
~ 5 / within 20% of our measured value. Similarly, our num-

/
/

/ her differs from Michels’ calculated num ber by 25%,
well withIn the error bars of either our measurement,

/ or his calculations.
/1 

~ 
/ Our value for the integrated absorption coefficient of

/- 
/ No’ in the v = 2 to ~ = 3 transItion is not in disagreement

. / with the Stair and Gauvin ’ observations , as their assump- I2 J, ~ tions of therm odynamic equilibrium between No’ and
/ CO in order to arrive at their integrated intensities al-

low for error s as large as a factor of 3. Since the NO ’
i i

/ produced in the upper atmosphere is by no means in
thermal equilibrium , and with the rapid dissociative re-
combination of No’, thermal equilibrium between NO ’

I —‘ ‘ _L

2 4 6 8 10 12 and CO would indeed be fortuitous .

- N2 Pressure ftorrt Other sources of error in the measurement of the NO ’
f  number are in the uncertainty within the extent of the

FIG. 7. Quenching of v 2 NO’ vibration by N 2 and NO. The photoionization region, which could introduce a a 5% er-
pressure of NO was held to 1, 00 torr at all times. ror , and in the slight detuning of the diod e laser during

lamp discharge , which would change the NO’ Li ne Loca-
A measurement of vibrationa l transfer to i~~O of NO’ tion by *0. 005 cm~~. These sources of error are much

was attempted by monitoring the P13 line of v~~0 to 1 less Important, however , than the uncerta inty In the
The initia l vibrational population was inverted , i .e .,  num ber density of NO’ Ii - , J) .  Finally, the NO ~~, 5, and

there was more NO’(,.’ = 1) than (v 0) . Thus , negative bands excIted b the uv flash lamps may all have vi-
absorption was monitored during the lamp pulse, which brat ion rotation lines wi th in  the NO’ vibrational frequency
decayed to zero very quickly. ThIs Indicated either a range. These electronic bands have radiative lifet imes
more rapid recombi rua tio ru rate in the v = 1  level than in on the order of 0.4 ~isec, however, so their absorption
v = 0 , or quenching of r- I by NO In the system . Upon of infrared radiation quickly disappears after the flash
introduction of N,, it was hoped that absorption would be lamp turns off , The absorption of laser light by these
seen at late t imes , when NO’ (v= l)  had been quenched to bands during the lamp flash gave what at f irst  appeared

below the NO (t ’ = O) concentration, but before dissocia- to be a very long spectra l tail in the NO’ absorption,
tive recombination could take place. This effect was which could have been prevented by using a Long wave-
seen, but no quantitative information was avai lable with- lengt h cut off j ilter in front of each flash lamp. As it
in the signal-to- noise ratio of the systen . turned out, because of the very short lifetime of these

states, their effect was to provide a better base ieve l
V. DISCUSSION from which to determine lamp shut off.

The rad iative lifetime 0f NO’ has been calculated from The measurement of NO ’(t ’) transfer to N, was some-
measurements of absorption in the v = 1  and v = 2  levels, what more accurat e than that of the NO’ vibrational life-
Since these rates are a function of the relative ~~~~~~~~~~ 

time , since the absolute number density of NO’(t-) was
trations of NO ’ in the lower and upper states of the ab- not necessary for this determination. While the Inte-
sorption, con e uncertainty is introduced when relating grated absorption of excited NO’(v ) scaled approximate-
the measured values to an absorption coefficient at ly as U + 1), no such simple scaling was available on
thermal equilibrium . From these measurement s, ,~~ 

NO’(v) transfer to N,. This transfer rate was seen to
brational thermal equilibrium wou ld occur only U the decrease slightly for higher vibrationa l levels of NO~,
majority of NO’ vibrational excitation vu quenched by rather than increasing . If this trend holds for vibration-
N, before recombination could take place. al levels higher than 3, it wou ld be expected that NO’

form ed in the high vibrational levels would contribute
The ratio of absorpt ion coefficIent between v • 2 to v

• 3 and t = 1 to v • 2 tra nsitions appear to follow the rules 
most of the radiation In the upper atmosphere. Since

of a simple diatom ic molecule with a linear dipole mo- 
only transfer from v = I and v = 2 levels were measured
in detail , however , thIs is a premature conclusion.ment deri vative around the equ ilibrium inte r molecular

separ at ion, i.e. , S~ — (v. 1)~~, where v is the vlbna - While no previous measurements have been made on
tion a l leve l of the lower state . Using th is scaling, the NO’(v) quenchi ng by N5, various estimates have been
integrated absorp tion e~efJici.nt of the v ’O vibrat ional made based on the observations of auroral activity .”
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I

P’ron~ (ti. lack of detection of NO ’( v )  in the upper at ino- duri ng the vari ous phases of this work , and Mr. Robertsphere , quenchi ng rat e ~‘sti mate, of as high as 10” Brown for his invalu abl , assistance in the laboratory.cm ’ sec ’ have been propos ed , Due to the extremely
good overlap of P~~’ wi th CO,, however , the lack of any ‘j , ~~~~~~ ICECAP 1973 Dat&, p ssenl.d at USA ttA I~detect able N0 may be due to the fa ct that the signal is M..Un1 (Jun. 1877),
buribd with in the very la rge CO, signature. It is inter- ‘.7. kumer , “Analysis of 4 .3 ~s ICE CAP Data , ” Report AFCRI

• est i~g to not e that quenching of MD’ by N, is on the order TR-? 40334 (J uly 1974).
of 10 tImes more efficient than the t ran sfer  of CO U ’)  ~A . T, Stair and H, P. Gauvj n, ~~~~ aj,J AI P gIoN , dited t~it . M , Met ormac (Reinhold . Ne~ ~‘ork , 19t7),to N ,. This could easily be accou nted for by the ionic 

~~~~ ~~. ~~~~~~~~~~~~~~~ 11. Chem. Phya. L~~tt. 33, 160 t197 3) .nature of NO’ as we l l as its dtpo ie moment . This higher ‘H. H. Michel, “Air  Molecular Computation &ud~ , ’quenching rate, together with  the factor of 10’ lowe r AFG L .. TR 77 0032 (1977),NO’ concentr at ion than CO, concentration, even during ‘r, u . wiu te , J .  Opt. &w. Am SI, 2$A (1942),an IDC class II aurera , would mean NO’ emission is ‘T. Lyman . Science 64, 811 ( 1926) .
io w eaker than CO,U ,) in an auroral event. F .  Hol a r ichieran dj.  L. FmmeII , App) . Opt . I , l4 S9( 196~i

‘K.  Tanaka, K. flon,na , I , Lot ai no, and I. Tana,¼g, J ,  Ctw n -I n conclusion , both the NO’ t , 1 radiative lifetime and Pt,ys. 10, 3347 ( 1974) ,
the t ransfer  of vibration to N, have been measured in “P. C . Ki llgoa r , J r . , C. E. Leroi , .‘ . B.rko~~ii: , and ‘.t . A .
this expe r iment , While bot h these measurements were Chu~~a , .7. Ch.m. Phys. 58 . $03 (1973),
the f irs t  to be perform ed on the NO ’ ion , th ey agree “K . Wa iSnahe , F. M . Mataun.igs , and H . Saks, , App I. Opt

S. 39) (1967).at least qualitativel y to values inferred from upper ~ “H. Oberly, K, N . Ilso, Y. II . Hahn . and T . K , McCubt~in .mospheric studies. In order to obtain a better pi cture Jr. , .7. Mol. ~~.ctrosc . 25 , 138 (19~ S) .of the NO’ emission duri ng electro n disturbances in the o
~ , Mi,.c hr r , He’Iv. Pins. Acta 29 , 13:~ (19: ~t I .upper at mosphere, both the degree of vibr at ional cx ci- 

~~~~~ ~i . ~~~~~~ N. A. Biond i , and H. John- -i -n , Pins .  Ri’~ .t a t i~ ’n during NO’ formation and the transfer of vibration A 11, 901 U975 .
t~ 0 and 0, must also be measured. l’W . C . L ineb erg eran d L, J .  Pueketi , Pins .  Ht ’v . 186 . 116(1 o,~

~~ Johnsrn. C . N . Huang. and N . A , Ition di . ~1 , t ’hi ’m .
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