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The work repor ted  here  has led to an express ion showing the variat ion of the intensity rat io for e lec-  
t ron -beam-exc i t ed  e lec t ron-vibra t ional  carbon monoxide bands with the vibrational tempera ture .  The ex- 
per imenta l ly  measured  vibrational t empera tu res  agree  with gas t empera tures  behind a sonic jet with 
quenched vibrational t empera tu res .  

Passage  of a h igh-energy  electron beam through a low density gas gives r i s e  to severa l  band s y s -  
tems,  the excitation mechanism varying f rom band to band. 

E lec t ron -beam measurements  of vibrational t empera tu res  in ra r i f ied  gases are  based on the relat ion 
holding between the emiss iv i ty  of the e lec t ron-vibra t ional  band of the molecular  spec t rum and the popula- 
tion of the lower molecular  vibrational levels.  

It has been shown in [1] that e l ec t ron -beam diagnostics of low-densi ty  gas s t reams  must be l imited 
to those bands of the molecular  spec t rum which can be excited direct ly,  bands excited through a gaskinetic 
coll ision mechanism being unsuitable for this purpose.  This is equivalent to requir ing that the gas mole-  
cules be excited out of their  ground states by p r i m a r y  beam electrons and that the band-emit t ing level not 
have cascade population. A second requi rement  is that the l ifetime of the emitting level be short .  

The bands in the e l ec t ron-beam-exc i t ed  emiss ion spec t rum of carbon monoxide have been studied in 
[2]. There  it was shown that the only bands suitable for e l ec t ron-beam diagnostics of carbon monoxide are  
those of the f i rs t  negative sys t em of the CO + molecular  ion (B 2E+~X2E+ transit ions).  This band sys t em 
falls in the 2000-2500 A range,  a region of the spec t rum which is access ib le  to quartz optics; its excitation 
and emiss ion mechanism are  shown schemat ica l ly  in Fig. 1. The beam electrons c a r r y  gas molecules f rom 
their  XtE + ground state into the B2E + state of the CO + ion. Since the vibrational levels of this la t ter  state 
are  ve ry  shor t - l ived  (4 .10 -s sec [3]), per turbat ions ar is ing f rom gaskinetic collisions can be considered 
as of minor significance up to p r e s s u r e s  of the o rder  of 0.2 mm Hg at 300~ [2]. Higher excited states of 
the CO+ ion do not come into play here ,  since the B2Z + state does not have cascade population. Under these 
conditions, the emiss ion intensity of the (v2, ' v2,) e lec t ron-vibra t ional  band is given by the expression 

I~,,%,, = K (~;~,,) N~;h%;v;,cA~;~;, (1) 

r ega rd l e s s  of the type of optical sys t em used in examining the spectrum.  Here the subscr ipt  2 indicates 
states of the CO + ton; v 2' is the number  of the vibrational level of the B2E + state;  v2,, is the number of the 
vibrational level  of the X2E + ;K(A) is a scale factor  for the measuring sys tem,  a quantity which var ies  with 
the emiss ion wavelength and includes the s y s t e m ' s  t r ansmiss ion  coefficient; Nv2, is the population of the 
vibrational  level v2'; Vv2, v2, is the t rans i t ion  wave number ;  h is the Planck constant; and c is the velocity 
of l ight.  

The vibrational levels of the ground state will be well populated if the t empera tu re  is reasonably high. 
The ra te  of excitation of vibrational level v 2, of the B2E + state by an electron beam of current  density i will 
then be given by [4, 5] 

~= c , ~ . V  p (2) 
/ i  �9 v l"  V2"~1" 
v t"  
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Nvl, being the population of vibrational level vl,, of state X1E +, c I is 
a constant, the value of which will vary  with the sys t em of units, 
e is the charge on the electron,  and Pv2, v-" is the s t rength of high- 

, 1 
speed e lec t ron-beam excitation of the vibrational band. 

With no allowance for quenching coll isions,  the rate  of deex- 
citation of level v 2' will be determined by transi t ions f rom level v 2, 
to all levels v2. of the X2Z + state t ransi t ions between vibrational 
levels of the B22~ + state being neglected 

a = .%. Y, ~o,,. . .  (3) 
r~ '  

At equil ibrium, the rate  of excitation must equal the ra te  of 
deexeitation. F r o m  this it follows that 

---~- /_.j r j z~ , , ,~ ' z  ,, 
(4) 

The intensity of high-speed e lec t ron-beam e lec t ron-v ib ra -  
tional band excitation f rom the ground state is given by the equa- 
tion [6] 

II (5) 

Here G(r) is the per turbat ion integral for excitation of level v 2, by electron impact,  and r (r) and 
Cv 1, (r) are the respect ive  nuclear  wave functions for the B2~, + and XI~,+ states.  

Neglecting the dependence of the perturbat ion integral on the 'distance of internuclear separation,  one 
has that 

P,.,~.., = I c ,  I-'q,~,~,,, (6) 

l l  " 
q r  ,~ , , =  ~ ' ~ ,  ( r )  ~ [ ' t , "  ( r )  dr , (7) 

o 

qv 2, vl ,  being the F r a n c k - C o n d o n  factor for the excitation process .  

Drawing on Eqs. !1), (4), and (6). and assuming the ground state vibrat ional- level  populations to follow 
the Boltzmann equation, the express ion for the intensity ra t io  for two bands with different upper levels 
takes the fo rm 

I v 2, r =,, 

t ' V 
2a  2 a  

" L t ' I  t" 1 .J ] t . /~ 

K % . . - . . . )  ~. ~ , , .  _ , .  . 
## 

"2a 

(s) 

Here Gvl,  is the energy of vibrational level vl,, of the ground state,  T is the vibrational tempera ture ,  
and k is the Bottzmann constant. 

The scale constants depend on the wavelength and are ,  in general ,  unknown; the r ight-hand side of Eq. 
(8) is a function of the rat io of these constants,  K (~.v2,v2,,)/K(~.v,2av,,2a), for given values of t ransi t ion 
probabili t ies A v 'v "and Av, -..,, - Determination of the scale constants would require  that the optical 

2 2 2 ~  v 2(,t �9 
sys t em be specihlly cal ibrated with respec t  to a s tandard light source ,  a matter  of considerable difficulty 
since one would be working in the ultraviolet region of the spectrum. These constants were eliminated by 
dividing (8) by the express ion for the intensity ra t io  for these same bands at a vibrational tempera ture  so 
low that the population Of the upper vibrational level can be neglected in compar ison with that of the zeroth 
level. For  carbon monoxide, this condition is met even at 300~ The expression for the reduced band- 
intensity rat io then takes the form 

F(T) [Ir~,rr ~ [Ir.~..,~-i qT" ~q*'*'~.l'exp(--Grl"hc/kr) 
= = 2 o 0  ~, , ,  ( 9 )  

V r  \I, .~:.;o]~=.oo~ ~<,o ,,..~ ~ , ., oxp- ( - < . . ~ c / ~ r )  
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Equation (9) contains only the Franck-Condon factors for band 
excitation and the ground state energy parameters. The Franck-Con- 
don factors in question here are given by expressions of the type of 
(7) for the various vibrational levels of the XIZ + and B2Z + states. 
Values obtained in this way are given in [6]. Rather precise values of 
the vibrational energy levels of the XI~, + state can be found in [7]. 

Equation (9) is transcendental in T and of a form which does not, 
in general, have a solution. The vibrational temperature was obtained 
by developing the F(T) function on the Mfr-i computer, working in 50 ~ 
steps h~om 400 to 2000~ The results of these calculations on the 

band-intensity ratios I01/123 , I12/123 and I(~3/1% for the first negative sys- 
tem of the CO + ion are shown in Fig. 2. Curves corresponding to fixed 
upper vibrational level and different lower vibrational levels coincide, 
just as predicted by Eq. (9). The result is that the intensity ratios 

I03/I25 and I03/I36 are  identical with the ra t ios  I0t/I2~ and I0t/Ia4. Analysis  shows that the most suitable bands 
for the present  purposes  would be those for which Av=v2'--v2" = - 3 ,  i.e., the bands 0.3, 1.4, 2.5 and 3.6. 
The band-intensi ty  ra t ios  I01/I12 and I03/114 were found to be only weakly t empera tu re  dependent. 

The calculated resul ts  of Fig. 2 can be used to obtain vibrational t empera tu res  for any experiment in 
which the intensity ra t ios  of these selected bands have been measured.  The accuracy  of such determination 
will depend on the accuracy  of measurement  of the band-intensi ty ra t ios ,  on the validity of describing the 
excitation process  in t e rms  of F r a n c k - C o n d o n  fac tors ,  and on the accuracy  of determination of the values 
of these fac tors .  

The resul ts  of these calculations have been compared  with values of the F(T) function for the f i rs t  
negative sys t em of CO + bands as measured  during expansion of carbon monoxide in vacuum. 

Measurements  were made in a low-densi ty  aerodynamic  tube [8], working in the free carbon monoxide 
flow behind a sonic nozzle. The gas was excited by a 20 keV electron beam and the emitted light focussed 
by a quartz lens onto the sl i t  of an SP M-2 monochromator  equipped with a quartz p r i sm  and an Fl~U-39 pho- 
tomultiplier .  The unamplified signal f rom the multiplier was r ecorded  with an I~PPV-60 potentiometer.  
Band intensities were r eco rded  on the tape of the apparatus ,  the spec t rum being scanned throughout the se -  
quence of Av = - 3  and Av = - 1  bands. The e r r o r  of determination of the intensity ra t ios  was fixed by the 
stabil i ty of operation of the photomulttplier and potent iometer ,  and amounted to no more than 4- 2%. 

The e lectron beam was generated by a magnetically focussed two-lens electron gun which gave a 
nar row weD-defined beam in the working a rea  of the low-densi ty  aerodynamic  tube. By using a separate  
vacuum sys tem,  it was possible to reduce the p r e s s u r e  of the neighborhood of the cathode element of the 
gun to 10 -2 mm Hg, even with p r e s su re s  in the working a rea  of the aerodynamic tube as high as 1 mm Hg. 

The e lectron emit ter  was a vacuum-baked tablet of tantalum hexacarbide.  Stability of emiss ion was 
attained by having a tungsten wire heater to heat the tablet to at least 1600~ All of the heated elements 
of the cathode of the gun were made from either molybdenum or tantalum. 

A 20~keV accelerating potential was applied to the cathode of the gun, and the control potential ap- 
plied to a special control electrode. By carefully stabilizing the accelerating and control potentials, and 
the magnetic lens currents, it was possible to obtain a 2-3 ma beam, 1.5-2 mm in diameter, which would 
remain stable to within ~ 2% ever an 8 h operating period. 
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The gas was hea ted  in an exchanger  of the type shown s c he m a t i c a l l y  in Fig.  3. The n i ch rome  coil  
heat ing e l emen t  3 was i n s e r t e d  in the space  between the two coaxial  quar tz  tubes 1 and 2. The ou te rmos t  
of these  tubes was cons t ruc ted  to fo rm a sonic nozzle  of 3 mm c r i t i c a l  d i ame te r .  The gas t e m p e r a t u r e  was 
de t e rmined  with the a id  of the s t anda rd  p l a t i n u m - p l a t i n u m - i r i d i u m  thermocouple  4. The t e m p e r a t u r e  and 
p r e s s u r e  of the gas in the fo rechamber  were  de t e rmined  through the inner tube. The e l ec t ron  beam 5 was 
se t  10 mm f rom the nozzle  opening. 

The r e t a r d i n g  p r e s s u r e  was s e l ec t ed  so that  the v ibra t iona l  t e m p e r a t u r e  could be f rozen  at a value 
c lose  to that  of the r e t a r d i n g  medium. It has been shown in [9] that  the r e l axa t ion  t ime  of carbon  monoxide 
at 1500~ is 10 -3 s e c - a i m ,  or  5 .4 .10  -3 sec  at  a maximum r e t a r d i n g  p r e s s u r e  of 140 mm Hg. Thus,  the 
t ime r e q u i r e d  for v ib ra t iona l  r e l axa t ion  was c ons i de r a b l y  g r e a t e r  than the 6" 10 -4 sec  r e q u i r e d  for pas sage  
of the gas  f rom the point  at which the t e m p e r a t u r e  was to be m e a s u r e d  to the point at which s p e c t r a l  o b s e r -  
vat ions were  to be c a r r i e d  out. By working in the f ree  flow it was poss ib le  to obtain na r row bands with low 
ro ta t ion  Cempera ture  thus avoiding the p o s s i b i l i t y  of band over lap .  

Exper imen t s  we re  c a r r i e d  out over  the in te rva l  f r om 300 to l l00~ Heater  p rob l ems  made it impos -  
s ib le  to go to higher  t e m p e r a t u r e s .  The r e s u l t s  on the band- in t ens i ty  r a t i o s  I0~/I23 and I03/I3~ a re  shown in 
Fig.  4., the full curves  indicat ing ca lcu la ted  v a l u e s , a n d ' h e  c i r c l e d  points ,  values  obtained exper imen ta l ly .  
The ag reemen t  he re  was to within • 5%, the l i m i t  of e r r o r  in the m e a s u r e m e n t  of F(T).  The fact that t e m -  
p e r a t u r e s  obtained f rom the 2.3 and 3.6 bands ag reed  to within the l i m i t s  of expe r imen ta l  e r r o r  could be 
taken as ind i rec t  indicat ion of Boltzmann law v i b r a t i ona l - l e ve l  populations in the ground s ta te  of the mole -  
cule at the quenched t e m p e r a t u r e .  

The author would l ike  to thank A. K. Rebrov  and A. A. Bochkarev for valuable  advice and N. I. T imo-  
shenko for a id  in c a r r y i n g  out the expe r imen t s .  
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