
ROTATIONAL TRANSITIONS IN THE ELECTRON-IMPACT IONIZATION OF 

2 + -~ 0) STATE NITROGEN IN THE N + (B ~u,: v' 

A. E. Belikov, A. I. Sedel'nikov, G. I. Sukhinin, 
and R. G. Sharafutdinov 

UDC 537.525.533.6.011 

Vibronic-state excitation in a molecule or molecular ion on electron impact is accom- 
panied by change in the rotational state. One needs to know the transition probabilities for 
calculations on electroionization and gas-discharge lasers and to examine distributions over 
excited states in molecular plasmas, discharges, the ionosphere, etc. One determines the 
transition probabilities from vibrational-band structure, gas temperature, and level popula- 
tions as determined by spectroscopic methods or by electron-beam diagnosis. 

It has often been supposed since [i] that optical selection rules apply in electron- 
impact excitation; it is also assumed that the rotational distributions match in transitions 
from the ground state to excited ones [2, 3] on the basis that there cannot be any large 
change in the momentum on electron collision because of the small electron mass, and there- 
fore the rotational-level distribution in the upper electronic state is almost the same as in 
the ground state [2]. However, recently it has been shown that electron-impact excitation 
for H 2 and N z involves considerable momentum transfer [4-6], and this increases as the excit- 
ing electron energy falls [7-9]. It is therefore necessary to determine the rotational 
transition cross sections for electron-impact excitation, which is complicated in theoretical 
and experimental respects. The theory at present does not enable one to determine the cross 
sections or probabilities in closed form for vibronic excitation by high-energy electrons, 
but the adiabatic approximation or the sudden-collision one [10-12] has given useful rela- 
tions between the rotational transition cross sections: the entire cross section matrix can 
be expressed via the vector for the cross sections for transitions from the zero rotational 
level and the 3j Wigner symbols. 

When these transition probabilities are measured, it is necessary to provide a gas 
target having a known rotational-level distribution in the ground (initial) state and to 
measure the distribution in the excited one, which can be handled by spectroscopic methods if 
the excited state has a short lifetime and is linked by optical transitions to lower-lying 
states. 

We chose nitrogen because it is a major atmospheric component and its electron-impact 
excitation is important for many processes in the ionosphere and upper atmosphere, while it 
is also a component of many gas-discharge and electroionization lasers. 

I. We examined 

N= (XIE~) + eb-+Nt  (B2Et) + eb + es 

where e b represents an electron with energy I0 keY and hv is the emission in the first nega- 
tive system INS. The gas target was provided by the nitrogen flow at the axis of a station- 
ary free jet at low density formed by expansion into a vacuum chamber. The electron beam met 
it at right angles. The emission was collected from the small intersection region and recor- 
ded by a spectrometer. We used a gas-dynamic system at the Thermophysics Institute, Siberian 
Division, USSR Academy of Sciences [13], while the methods have been described in [5]. 
Figure i shows an example of the resolved 0-0 band in the first negative sY stem(~+~B2E+~,~,2 - ~, v'= 
0, U),--~ N +/X2E+2~ g, v" = 0, k")), transitions) excited by the electron beam. In accordance with the 
selection rule Ak = U--k" =___I , there are two branches: the R branch (Ak = -i) and the P 
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branch (Ak - I). A head is formed in the P branch, and the lines in that branch are poorly 
resolved, so we subsequently used the R lines and the first line in the P branch having k' = 
0 and k" - I. There is intensity alternation associated with the nuclear spin [2]. 

The ~,s~ ~ state is excited [5] by direct electron impact from the neutral molecule 
in the N2(X1~, v=0) state. Figure 1 shows the rotational-transition scheme in the excita- 
tion and emission. The k' levels are excited from the k levels in accordance with the selec- 
tion rules Ak=k'--k =4-I, 3, 5,... because nitrogen has a homonuclear molecule and transi- 
tions between levels identical in parity are strictly forbidden [2]. If the density is low 
enough, the levels are depleted only by spontaneous emission; the contribution to N~(B2E~) " 
excitation from secondary electrons is small, and there is only a minor effect from fluores- 
cence quenching. Then the expressions for the rotational-line intensities are [14] 

k' ~rB I ~  = p k' + i ArB I f ,  = ~ ~ ~,~,, ~ ~ ,  h,. (1.1) 

Under stationary conditions, 

N B, ~ Bx = Ph'k (Eb) N x. ( i. 2 ) 
h 

The constant C includes all the quantities independent of k and k', including the beam cur- 
rent and the gas density; the superscripts R and P denote the R and P branch lines, NB,. are 
the rotational-level populations in the ~T+/BSY.+ u' = 0) state N x the same in N /X IT,+ 

B X  0), and P~,k the rotational transition probabilities on excitation from the N2(XZ~.+,~U O, k) 
state by electron impact to ~T+{B2~+ v' O, k'). 

2. The Bx Ph,k  c a n  b e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  l i n e  i n t e n s i t i e s  I k, a n d  p r o d u c i n g  a 
known p o p u l a t i o n  d i s t r i b u t i o n  Nk x i n  t h e  g r o u n d  s t a t e ,  a s  i s  e v i d e n t  f r o m  t h e  [1 ,  2] e x p r e s -  
s i o n s .  I n  p r i n c i p l e ,  t h e  Nk x c a n  be  d e t e r m i n e d  u n d e r  a n y  c o n d i t i o n s  f r o m  a d d i t i o n a l  m e a s u r e -  
m e n t s  s u c h  a s  i n  l a s e r - i n d u c e d  f l u o r e s c e n c e  [15]  o r  i n  s p o n t a n e o u s  o r  i n d u c e d  Raman s c a t t e r -  
i n g  [16 ,  1 7 ] .  U n f o r t u n a t e l y ,  t h e s e  m e t h o d s  a r e  a t  p r e s e n t  t o o  c o m p l i c a t e d  f o r  u s e .  We 
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obtained known distributions by providing equilibrium conditions at the axis of the free low- 
density jet. The NXwere derived from a Boltzmann distribution having a temperature derived 
by calculation on equilibrium isentropic expansion into vacuum [18]. Gas target preparation 
has two parts: i) defining conditions in the jet such that the Nk x have an equilibrium 
distribution but the gas density is low enough for one to neglect secondary processes and 
fluorescence quenching, and 2) demonstrating that one can use a theoretical calculation on 
the expansion to determine the axial temperature. 

A free jet readily provides low translational temperatures in the range from a few 
degrees to a few tens of degrees Kelvin, but then the gas is below the saturation curve, 
i.e., supercooled. The state is affected by nonequilibrium condensation, which deposits 
energy, and the condensation also influences the rotational-level population kinetics [19]; 
so producing an equilibrium low-temperature distribution is complicated by the need to ensure 
that there is no condensation. These conditions were determined here by experiment. 

The above distribution is produced as follows. If there is no condensation, the rota- 
tional relaxation is dependent on binary collisions. The distribution tends to equilibrium 
as the collisional frequency increases, which in turn is provided by an increase in nod,, 
where n o is the gas density in the forechamber (retardation density) and d, is the critical 
section diameter in the nozzle. The Nk x attain their equilibrium values at a given point as 
nod, increases at constant retardation temperature T o in a way that can be checked by mea- 
surement on the rotational structure in the iNS spectra. From (I.I) and (1.2) we see that 
the relative rotational-line intensities should tend to constants defined by the constant 
populations Nk X, but this occurs only if there are no secondary processes or condensation. 

Figure 2 shows measurements on the rotational-line intensities Ik, R as functions of nod. 
for a nozzle having d. = 0.54 mm, which were made at the axis at x/d. = 38 and T O = 295 K 
(points i). As nod. increases, the relative intensities at first fall towards a certain 
limit, which is determined by the Nk x corresponding to the calculated isentropic temperature 
for that x/d., with the limit in Fig. 2 represented by the solid lines and determined by the 
use of the BX Ph, k derived below. That behavior is due to rotational relaxation. However, as 
nod. increases further, the intensities increase because condensation energy is deposited. 
Figure 2 shows that this nozzle with pure nitrogen does not give a region reasonably extended 
in nod * where the intensity distribution is independent of the latter, and therefore the Nk x 
attain their equilibrium values. At the same time, with the same nod * but d. = 5.11 mm 
(points 2), where the density is lower, i.e., condensation is less prominent and secondary 
processes are less important, we obtained a short range having constant relative intensities, 
and it is suggested that the Nk x should attain their equilibrium values there. 

More definite evidence was obtained with argon containing a little nitrogen (less than 
5%). Figure 3 gives the intensities at the nozzle axis for x/d. = 1.67, isentropic tempera- 
ture T = 44 K, measurement made with d. = 15 mm and T o = 290 K. There was a broad range in 
nod. where the intensity distribution was independent of the latter and therefore there was 
more basis to take the Nk x distribution as equilibrium (the dashed lines in Figs. 2 and 3 are 
the I k, calculated from the [i] model). 

We always derived the equilibrium Nk x on the assumption that the isentropic calculation 
applied at the axis. Without entering into the complicated question of free-jet formation 
and hydrodynamic description (see for example [20, 21]), we note that the range in nod * where 
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R R Ik,/I1 and therefore N~ will not vary is the one where that assumption applies. This is 
confirmed by comparing the isentropic calculations on the Nk x for a pure nitrogen jet [20] 
with measurements on Nk x by Raman scattering [16] for nod, - 3.3"1018 cm "2, T o = 290 K; under 
those conditions, one expects [20] the equilibrium distribution shown in Fig. 4, which shows 
also the Nk x calculated from the INS spectra (recorded under the same conditions) with elec- 
tron-beam diagnosis for the Bx P~,k. The good agreement confirms that isentropic calculations 
[18, 20] can be used to determine the equilibrium Nk x. 

3. The Ik ,R in the 0-0 band of the INS can be measured for known Nk x for N 2 in the 
ground state and used with (I.i) and (1.2) to derive the P~(E) , which belongs to the class 
of ill-posed inverse treatments, which causes difficulties [22]. One cannot determine the 
.... BX ' Pk,~ matrix from rotational-spectrum measurements alone because the number of unknown ele- 
ments in Bx Pk'h is greater than the number of measured Ik,, and one needs a fairly large set of 
spectra recorded under independent conditions differing considerably in the equilibrium Nk x, 
i.e., it is necessary to make measurements at different gas temperatures. 

BX As the dimensions of the Ph'h matrix increase, there are tightening specifications for 
the accuracy in measuring the I~ and for correctness in specifying the initial N X dis - 
tribution. Handling the ill-posed problem can be simplified considerably if there is addi- 
tional a priori information on the transition probabilities, e.g., the dependence of IP~ x on 
k' and k. An effective theoretical method for such transitions excited by fast electrons is 
provided by the adiabatic approximation [10-12], where the ~E_~E transitions have probabil- 

B X  ities ~k'k related by 

h,+~,~. (k ,  k l  ~ Bx ~,  (3 .  I )  (E) = (2k' + t) P,o (E) 0 0 ) '  
" / =  - - / t l  

where P~(E) is a vector specifying the probabilities of transitions from the zero rotational 

in the initial state to rotational level 2 in the excited state {~i 72 7~ being the level 
' ~ m I m 2  m3 ! 

Wigner  symbol  [ 2 3 ] .  The e x p r e s s i o n  f o r  t he  33 symbo ls  f o r  m 1 = m 2 = m 3 - 0 i s  [24 ]  

0 O /  (YI+72 +h + i)! (3.2) 

[ "! ]~, 2P = 7~ + 7~ + ?8: x ( v -  ( p "  h)!  (p - 

We examined the xZ--~E, transition, i.e., the excited state was a doublet, but as the 
splitting of it is very small, the unresolved excited state can be treated as the IZ state. 

BX Then one can use (3.1) for the P~,h on the basis that nitrogen molecules in even and odd 
rotational levels represent different and independent modifications. The P~0 for ortho and 
para nitrogen may in general be different and denoted by n(+)and P~)correspondingly. Also , ~ l o  , 

the only possible transitions are those in which the rotational-state parities change, i.e., 
k' + k is odd. As the 33 symbols differ from zero only for even values of k' + k + s it 
follows irmmediately that ~ in (3.1) can take only odd values. 
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BX 
The P~,k matrix is thus expressed via a unique vector P~+! for the nitrogen molecules in 

the even rotational levels k and the vector P~) for the odd levels. 

The 3 o symbol normalization condition k+t (k' kl~2__ (2k'+ I)~0 0] I automatically implies the 

~'=lk--l l  0 

BX ~(+). 
normalization condition for the Pk,k, if the ~z0 . are normalized: 

= z~ ~zo E (2k '  + l)  = E P i~  ) = t 
l h '=l~-/I  0 l 

(2 takes odd values (2 = I, 3, 5 .... ). Only P~$) has the meaning of the transition probabil- 
ities from the zero rotational level, which follows from (3.1) for k = 0 on the basis that 

(2k' + ~) 0 = ~k , l , i . e . ,  P ~ = P ~ ? ) .  

P~) does not have that meaning, but it can be related to the probabilities of the 
transitions :from levels ~ in the ground state to the zero rotational level in the excited 

. ( _ ) f o  1 . . . .  
state k' = 0: ~Pol = ~lo iO 0 '= P~)/(21 + i): . If we assume that ,z0o(• = J and P(• 7--0 

for ~ > I, the probabilities P~,k ~ will be equal to the dipole ones with the selection rules 

h k  : k '  - - ~  : •  

pO) k + t . D(~) k ]r 
k,k = 2 ~ ,  k ' = k +  i ,  ~ k , k =  2 ~  , = k - - t .  

(3.3) 

Such rotational-transition probabilities arise when one incorporates the dipole interaction 
in the first Born approximation and in particular they describe the probabilities for allowed 
optical dipole transitions. 

In [I] it was suggested by analogy with optical emission and absorption that the (3.3) 
dipole selection rules apply also on the excitation of nitrogen from the ground state to the 
N+r +~ state by electron impact. The [i] has been extensively used in research on nitro- 2~ u] 

gen flows by electron beam methods. However, when the method has been extended to low temp- 
eratures and free nitrogen jets, it has been found [24-26] that the (3.3) dipole selection 
rules do not apply for this process. 
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TABLE i 

ht 

t 
3 
5 
7 
9 

ti 

P lo 
ol 

Plo 

l 

t I 5 9 

0,825t 
0.8259 
0,8278 
0,8276 
0,8278 
0,8279 

0,8277 
0,0045 

3 

0,i4%" 
0,1494 
0,t5t6 
0,t5i2 
0,15t6 
0,1521 

0A5i4 
0,0024 

0,01825 
0,01778 
0,01959 
0,01876 
0,01972 
0,02193 

0,01865 
0,00093 

J 7 
0,00192 
0,00180 
0,002i7 
0,00453 
0,00433 
0,0t229 

0,00199 
0,00053 

--0,00015 
--0,00003 

0,00004 
0,00016 
0,00t3 
0,00175 

0,00020 
0,00032 

9 
E Plo 
/=l 

0,9946 
0,9949 
t,0012 
i,0023 
1,0048 
1,0160 

0,9999. 

We used the (3.1) adiabatic approximation to specify the multiquantum rotational-transi- 
tion probabilities. The input data for rn(-+)10 for the ortho and pare forms were provided by 
measurements on the If, (Ti) for the R branch of the 0-0 band with equilibrium distributions. 

n(• We used 25 spectrograms recorded at isentropic temperatures from 3.9 to 45 K; the rz0 were 
determined in two ways, in the first of which we used a set of R-branch intensities ':I~, (T~)for 
each spectrogram with a fixed T i separately for even and odd k'. 

To solve (i.I) and (1.2) for P20, we used regularization [22], and to improve the ac- 
curacy, we used a form where the trial solution was used as the initial approximation, with 
that solution for P~) taken as the one-parameter solution Pz0, obtained in [25]: P:0----0.8277, 
P30 ---- 0.1514, P~0 = 0.0187, PT, ---- 0.0020. For each T i we derived the ~zoD(• separately for the 
even and odd rotat$onal levels, and subsequent averaging gave the mean values for .p~+) and 
"~0D(--)" ~:oD(+) = 0.824 ___ 0015, P(~-~) = 0.819 ~ 0.025, P~+) = 0A47 ~ 0.009, P(8~)= 0A50 ~ 0.025, P(5 +) '-: 0.019 + 
0.009, P(5o)= 0.022 + 0.010. It is clear that the P(+), p(i) and P(~01)'for the even and odd i evels 
coincide closely, so we: assume below that :P~+)~-P~o D---- P~0. A deficiency in this method of 
determining the Ps from a particular spectrogram at a given temperature is that the number 
of input data is relatively small, and therefore there is a stringent requirement for ac- 
curate Ik, measurement. 

In the second method, all the measured intensities were represented as :INB,(Ti) for each 
k'. The resulting populations N B, are shown in Figs. 5 and 6 for odd and even k' cor- 
respondingly (ENf,= I for even and odd k). 

h 
Equation (1.2) has been solved by regularization [22] for each odd k' and the entire T i 

set to give P20 by the use of the trial solution from [25], as in the first method. The 
regularization parameter was derived by maximum likelihood [22]. The spread in the input 
N B, for each k' was determined directly from Fig. 5 The P~0 calculated for k' = I, ii 
are given in Table i together with the trial solutions Pi0 used and the sums ~P~ for each 

l 
P20 set. Any difference between such a sum and one is indicative of the accuracy in cal- 
culating P20. The trial solutions for 2 ffi i, 3, and 5 are close to those derived by regular- 
ization. Also, (I,i) and (1.2) show that the term having 2 = k' in (1.2) is the dominant one 
for odd k' for sufficiently low T i. This is particularly well seen for T i ~ 0, where only 
one level having k = 0 is populated in the ground state and .Nf=0-+ I. Then the excited- 
state populations tend to their limiting values: 

Nf,  (T 0 ~ , E  Plo (2k' + t) 0 = Pk,o. 

The P~0 for a given ~ are best determined by measuring the line intensities for k' = 2. 
These are on the diagonal in Table I, and the standard deviations a2 in determining them are 
shown as a separate line. The sum of the diagonal P20 is 0.99992, which is additional evi- 
dence for taking them in calculating the entire Ph,~, matrix. 

The lines in Figs. 5 and 6 give the calculated Nf,(Ti) for odd and even k' based on the 
selected P~0 with (1.2) and (3.1). There is very good agreement with experiment throughout 
the temperature range, which on the one hand indicates that (3.1) is applicable and on the 
other confirms that isentropic equilibrium conditions apply in these nitrogen and argon- 
nitrogen jets for our conditions (for Nz, the isentropic calculation corresponds to the flow 
in a diatomic gas, while for Nz--Ar, to a monatomic one). The Pk,h for even k' (odd k) can be 
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TABLE 2 

P k ' h  

M h 

0 2 4 6 8 iO 

0,82506 0 , 3 6 8 4 4  0,03i43 0 , 0 0 2 9 5  0 , 0 0 0 5 5  O,O00ii 
i 0,8346 0,3706 0,0310 0,0037 0,0006 O,O00i 

0,8277 0,3700 0,03i7 0,0027 --  - -  
t 0,4000 0 0 0 0 

0,14940 0 , 5 4 0 8 1  0 , 3 9 7 4 6  0 , 0 3 7 7 0  0 , 0 0 3 6 5  0,00066 
3 0,1350 0,5384 0,3975 0,0365. 0,0045 0,0008 

0,i5i4 0,5427 0,3984 0,0377 --  --  
0 0,6000 0,4444 0 0 0 

0,0i959 0 , 0 7 7 6 3  0,495i6 0,4i058 0 , 0 4 0 6 4  0,00402 
5 0,0233 0,0747 0,4948 0,4i05 0,0494 0,0050 

0,0187 0,0775 0,4963 0,4ii7 - -  - -  
0 0 0,5555 0,4615 0 0 

0,00453 0,0i025 0 , 0 6 5 5 8  0 , 4 7 8 5 5  0,4i798 0,04247 
7 0,0051 0,0i24 0,0635 0,4783 0,4179 0,0412 

0,0020 0,0088 0,0657 0,4799 --  - -  
0 0 0 0,5385 0,4706 0 

9 
0,00i42 0,00228 
0,0012 0,0026 

0 0 

0,008t3 
O,OiOl 

0 

0,06088 
0,0590 

0 

0,47005 
0,4698 

0,5294 

0,42268 
0,4225 

0,4783 

derived from (2kq-i)Ph,k = (2k'q-i)Pk~,, which follows from (3.1) and the symmetry conditions 
for the 3j symbols. 

4. Table 2 compares our Pk,h, (line i) with the [26] results, with the one-parameter 
model [25], and the dipole model [I] (lines 2-4). Multiquantum transitions having [Akl=Ik r 
-kl>1 constitute from i0 to 18% for the various k. This may appear to be a minor dif- 
ference from the dipole model, but the multiquantum transitions play a considerable part as 
Fig. 2 shows, if one considers the low gas temperatures. Also, the :Ph,~ for the multiquantum 
models are similar for Ak= -+i, --+3 and appreciable differences set in only for ]Akl~5. 

The [25] model resembles ours in being based on (3.1), and in it, it has been assumed 
for simplicity that the Ps have a one-parameter relationship: 

P z o =  ( 2 / + 1 ) = ~  (t--=~)2 l = 1 , 3 , 5 ,  E 2F+q77 = (2l  + (3 + " ' "  ( 4 . 1 )  
l 

Parameter a has been chosen to give the best agreement between the calculations and measure- 
ments at the axis on the INS rotational line intensities; a ~ 0.28 i 0.01, which describes the 
spectra well. The main disadvantage of this model is that there is no particular basis for 
(4.1), which is eliminated in our study by the direct calculation of the P20. 

Theln [Plo/(21-~i)]as functions of 2 can be compared for the P20 corresponding to the 
diagonal values in Table I; this shows that the probabilities are closely described by (4.1) 
for ~ ~ i, 3, and 5. The slope of the straight line gives a = 0.278. This line also passes 
closely through the origin, i.e., the normalization factor in (4.1) is one: 

( 2 / +  t) az = a (3 + a~)/(l - -  a2) ~ = I. 
l 

(4.2) 

This also enables one to determine ~: =0 = 0.27704127, so from (4.2) the probabilities are 
P~0 = (2~ + l)exp(-62)(5 = -In ~0 = 1.283588). 

Most of the measurements used here were made on exciting the nitrogen with electrons at 
10-20 keV; the measured relative distributions were independent of the electron energy under 
unaltered conditions, but measurements at the edge of the electron beam [6], where the N z is 
excited mainly by secondary electrons whose energy is close to the threshold for exciting 
the N~ (B~Z~) state (E = 18.7 eV), showed that the rotational transition probabilities (p~> 
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BX for such electrons differ substantially from the Ph,k for fast primary ones. For example, 
the Ps for i0-20 keV electrons defined ~ = 0.28, whereas ~ = 0.56 for the secondary elec- 
trons [6] ; so the slow electrons transfer much more momentum. 

The energy dependence in Bx P~,h (E) can be derived from measurements on the rotational 
energies of the N+(B~Y +) ions for fixed rotational energy in the N2(X1Y.+).molecules. The 
rotational energy of a molecule in the ground state in degrees is EXn=6)x~.a NXk(k +I) while 

B -- -- k ~ " - in the state excited by electron impact, that energy E R can be represented by means of 
= = ~ P~,kNk = the Pu, h. as  E B O B ~_~ NB, k ' (k' + 1) OB E k '  (k' + t) o x 

It t h t h 

x ~ /k k' l)" 
=oB~h,k'(k' + i) (:,k' + t) E N k  ~.~P,o [ ] ( 4 . 3 )  

_ �9 , , o o o "  

The r e l a t i o n  ~.k ' (k '+l) (2k '+l)k ,  0 O) = k ( k + l ) + l ( l + l )  f o r . _ _  t h e  3 a s y m b o l s  [24] can  be 

u s e d  w i t h  ( 4 . 3 )  [o  d e r i v e - E B =  O B ~ N X ~ p t o [ k ( k  + t) + l(l + t)], so  t h e  n o r m a l i z a t i o n  o f  ~ a n d  Ps 
gives h l 

OB O~ ~P~ol(l__ 1). (4 4) = + + 

Here 

Ae xB = oB~.aPlo(E) l(l + l) 
I 

d e f i n e s  t h e  a d d i t i o n a l  r o t a t i o n a l - e n e r g y  t r a n s f e r  t h r o u g h  t h e  m o l e c u l e  on e l e c t r o n  i m p a c t .  
I n  t h e  a d i a b a t i c  a p p r o x i m a t i o n ,  Acx~, i s  i n d e p e n d e n t  o f  t h e  r o t a t i o n a l  d i s t r i b u t i o n  i n  t h e  
i n i t i a l  s t a t e  b u t  may b e  d e p e n d e n t  on t h e  e l e c t r o n  e n e r g y .  

At h i g h  t e m p e r a t u r e s  and  c l o s e  t o  e q u i l i b r i u m ,  ~ n ~ * R ,  ~ n ~ R ,  and  i f  T~>>Ae x ' ,  t h e n  
( 4 . 4 )  becomes  ? ~ : ( 0 ~ / ~  x) T~ ,  which  i s  u s e d  w i d e l y  f o r  l o w - t e m p e r a t u r e  p l a s m a s  t o  d e r i v e  t he  
gas  t e m p e r a t u r e  f r o m  m e a s u r e m e n t s  on e x c i t e d - m o l e c u l e  t e m p e r a t u r e s  [9,  27, 28 ] .  

M o l e c u l a r  n i t r o g e n  e x c i t e d  by  10-20  keV e l e c t r o n s  h a s  h e a t i n g  Ae xB ~ ( 4 . 4 •  x = (12,7 
d=0.9)K as  c a l c u l a t e d  f r o m  t h e  P20 i n  T a b l e  2, w h i l e  f o r  t h e  d i p o l e  model  (P20 = 1 ) ,  no m a t t e r  
what  t h e  e l e c t r o n  e n e r g y ,  Ae  x B =  2 o x ~ 5 . 8  K , wh ich  i s  a r e s u l t  o b t a i n e d  i n  [6,  2 9 ] .  

As AeZB i s  i n d e p e n d e n t  o f  t h e  p o p u l a t i o n  d i s t r i b u t i o n ,  one c a n  c a l c u l a t e  t h e  r o t a t i o n a l  
e n e r g y  i n  the-N~-(X~E~) s t a t e  w i t h o u t  e x t r a c t i n g  t h e  l e v e l  p o p u l a t i o n s  f o r  t h a t  s t a t e  f rom 
s p e c t r o g r a m s .  

I n  [ 7 ] ,  t h e  r o t a t i o n a l  t e m p e r a t u r e  was d e r i v e d  f o r  ~,~x~+tB2~+~uz i n  a j e t  o f  n i t r o g e n  or  
a r g o n  c o n t a i n i n g  a l i t t l e  N 2 on e x c i t a t i o n  b y  e l e c t r o n s  w i t h  e n e r g i e s  f rom 20 t o  600 eY. The 
s y s t e m  [7] i n  g e n e r a l  was t h e  same as  o u r s .  The m e a s u r e m e n t s  showed t h a t  T ~ w a s  i n d e p e n d e n t  B 
o f  e l e c t r o n  e n e r g y  a b o v e  1 0 0 ' 1 5 0  eV, w h i l e  be low 150 eV down t o  c l o s e  t o  t h e  t h r e s h o l d ,  T R 
and Ea B i n c r e a s e d  by  a b o u t  10 K, so  AeXBnear  t h e  t h r e s h o l d  f o r  e x c i t a t i o n  o f  t h e  N~(B~E$) 
s t a t e  i s  a b o u t  ( 8 + i ) O x . ,  i . e . ,  a b o u t  20-25 K. 

T h i s  a p p r o a c h  t o  e l e c t r o n - i m p a c t  e x c i t a t i o n  f o r  n i t r o g e n  c a n  be  a p p l i e d  t o  o t h e r  sub-  
stances, as the main advantage is that a free jet is used as a low-temperature gas target 
having a known rotational-level population distribution. 

We are indebted to N. V. Karelov for participating in the early experiments. 
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