NONEQUILIBRIUM RADIATION OF A STRONG SHOCK WAVE
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We examme the nonequilibrium radiation from the first negative band of the molecular nitrogen ion N2 The
various N2 ion excitation mechanisms are discussed. It is shown that for a shock wave veloeity in air
8 km/sec the primary excitation mechanism is electronic impact.

It has been established experimentally that behind the strong shock wave front in air under certain conditions
there is a peak of the nonequilibrium radiation, which is basically determined by the molecular bands of nitrogen and
oxygen [1]. Inthis case, one of the most important radiators w111 be the nitrogen ion 1\42 In the following we examine
the nonequilibrium radiation from the first negative band of N2

The upper estimate of the nonequilibrium radiation in the molecular bands can be obtained by assuming that the
excited electronic level of the molecule is in equilibrium with the ground level. However, previous estimates based on
such assumptions yield results which are significantly higher than the experimental results. Consequently, for the
correct calculation of nonequilibrium radiation intensity we need to know not only the distribution of the temperatures,
densities, and component concentrations behind the shock wave front but also the elementary mechanisms for
excitation of the electronic states of the molecules.

To determine the densities, concentrations, and temperatures we used the calculation of the structure of the
normal compression shock in air, analogous to the calculation carried out in [2]. The chemical reaction scheme is
that generally used and is the same as that of [2]. We used the values of the chemical reaction constants taken from
[2—~4]. The vibrational relaxation was accounted for using the mechanism proposed in [5,6]. The calculations of the
normal shock wave structure were made by Vertushkin and Gladkov. Typical results of the calculations for the shock
wave velocity of 8 km/sec are shown in Figs. 1 and 2. These figures also show the results of calculation of the
concentrations of the excited molecular nitrogen ion N;'* which were made in the present study.
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Fig. 1. T, = 288° K, p, = 1 mm Hg are the temperature

and pressure ahead of the shock wave front; T and Ty

are the translational and vibrational temperatures (°K);

p is density (1075 g/em?); t = x/¥(x) is physical time

(x is distance from the viscous wave front, v(x) is the
gas velocity behind the wave).

Excitation mechanisms. Excitation by electronic impact must be separated from the elementary mechanisms for
excitation of the electronic states of the molecules, since inelastic collisions of molecules with atoms and molecules
have considerably smaller cross section and very high excitation threshold.

However, one elementary mechanism should be mentioned which was proposed in [6], where it is assumed that
excitation of the electronic states of the molecular nitrogen ion N, takes place upon collision with the vibrationally
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excited molecule Ny. It is believed that the cross section of this process has a large value (¢ ~ 5- 10-1% cm?). This
assumption is not w1thout foundation, since there are experimental and theoretical data on the quenching of sodium
radiation [7,8], where the conversion of vibrational energy into electronic energy is accomplished comparatively
easily. However there are neither experimental nor theoretical results indicating complete analogy between these two
processes.
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Fig. 2. [i] is the concentration of the i-th component of air

(cm=%); aj = Ny, [il; Ny is Avogadro's number; [NT*]g (101

em~%) is the excitation by electronic impact; [N+*] (1010
em™3) is the excitation by NY.

Excitation as a result of electronic impact was not considered in [6], since a shock wave with velocity ~6 km/sec
was investigated and in this case the electron concentration behind the shock wave front is low.

In the major computat1ona.1 study [9] electronic impact is cons1dered as one of the mechanisms for the excitation
of the molecular nitrogen ion N2 The excitation cross section of N2 was taken from the experimental study [10].
However, in [10] excitation of the molecular ion N2 by electronic impact was not investigated; rather the formation of
the excited molecular ion Nz* during collision of the neutral nitrogen molecule with the impinging electron was stuﬂxed.
The threshold energy of this process is about 20 eV, considerably higher than the threshold for excitation of the N,
ion (3.16 eV) and the value of the cross section is ~1071% cm?,

Excitation cross section for electronic impact on molecular nitrogen ion, In the following, we consider cross
sections averaged with respect to the velocities of the impinging electrons; therefore, it is very important to know the
correct magnitude and behavior of the cross section near the threshold. The formula for the excitation cross section
of the molecular nitrogen ion N;L by electronic impact is derived in the dipole approximation, which yields good results
at the threshold velocities for excitation of atomic ions [11]. Let us examine the process

Ny* (B2 E.%) +e — Np™ (X)) + e. (1)
The complete Hamiltonian of such a system in atomic units is written in the form

2z2—1
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HZHNZ‘P_‘-Ir—"/zRI»_Ir“I-I/zR“'Lyé]r—rjl—iAr' (2)

Here Hy,+ is the Hamiltonian of the molecular ion, r, is the coordinate of the impinging electron relative to the
center of gravity of the molecule, R is the distance between the nuclei, rj are the coordinates of the bound electrons.
In order to use perturbation theory, we write (2) in the form

H:H0+W1

2z—1
- it 1 1 z z 1
Hy=Hye—F—5 A, W= ,——[r_l,zm—iwl/gm—%é et (3)

The solution of the unperturbed wave equation
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H¥ = E¥ (4)

breaks down into the product of the Coulomb wave function ¥, of the impinging electron and the molecular wave
function. Consequently, the wave function of the initial state of the entire system ¥; and that of the final state tIlf can
be written in the form

V= V(N ¥, (k;, 1), ¥ =¥ (N W, (K, r). (5)

Here \II(N'{) and \I/(N}L*) are, respectively, the wave functions of the ground and excited states of the molecular
ion, and ¥¢(kj, r) and ¥e(ks, r) are the conventional Coulomb wave functions of the electron in a unit positive charge
field; kj and k. are the wave vectors of the impinging and scattered electrons. Using conventional perturbation theory,
we obtain the following formula for the total excitation cross section:

1k 1
Gy = m,ég,—“,ZSI Ay "dQ,

Ap = (B W) (6)

Here the sum over f' denotes summation over the number of final vibrational and rotational states; J is the total
molecular moment, To calculate Afi we expand the last term in the perturbation W into a series for r > r; and limit
ourselves to the second term of the

]“—rirj]z;—+w+"" (7

=

Then the perturbation W takes the form
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Only the last term of (8) makes a nonzero contribution to As;, since all the other terms do not contain the bound
electron coordinates rj and cancel by virtue of orthogonality of the molecular ion wave functions. We have

Ay = <‘Ff|2 :—r;’ ‘Fi> =
2r—1 .
= )| Dms | @) ) 0| [ el ) (9)

In accordance with the Ehrenfest theorem the force matrix element r/r® = # can be expressed in terms of the
dipole moment matrix element

T
=

Y,(i, 1)) = 052 (¥ (kp, 1) [ £ F, (I, 1)),
op =Yy (k2 — k%) = AE. (10)

(¥, (k)

r
¥

Here wyj is the transition energy in the molecular ion N} . The integral M = (\Ifc(kf, r) v [¥e(ki, ) is known from
bremsstrahlung radiation theory and was calculated in [12]. Now let us transform the integral

2\ T; ’ ¥ (NoY) >|2 .

l <'\P‘(N2+*)

Since we are considering transition between the Z-states, the molecular wave function separates into the
product of the electronic, vibrational, and rotational wave functions

¥ (N*) = ¥ (1)) ¥, ¥
Then
|[<e@a|Sn| ¥ (Nar)| "=

= [ ) [ S [ E D |1 CFw 1) PI | W P = B, S (11)

Here R? is the square of the electronic-dipole-transition matrix element; qyy' is the Franck-Condon factor; SJJ,
is the Hanley-London factor. The electronic-transition oscillator force is,

26



2 2
fig = *s0n l<‘f*(l'j) izr;‘i ‘F(l'j)>; , (12)
. 7
and in summing over the final vibrational and rotational states we obtain

D =1, ASp=27+1. (13)
v J’

Substituting into Afi the matrix element M from [12] and using (11)-(13), we obtain the formula for the total
excitation cross section

LTy exp (2mn;)

d P .
oy = (20* T AE " [exp (2mm;) — 1] [exp amy) — 1] © | £y iy L) P (14)

Here F{in;, inf, 1, %) is the hypergeometric function

- Ay 1 N T
Lo (ni - 11;)2 y = ki y nf kf 1 k’L 2E
After differentiation we obtain
1 f exp (2nny) i . _ N
%= () 5 3F Texp @ang— 1] [xp @ — 11 | | (— Ie-di— o L=
—[F (=i —ing 1, 1, m)*| (15)

Formula (15) was used to calculate the total electronic excitation cross section Oif of the molecular nitrogen
ion N7 by electronic impact. Figure 3 shows the cross section oir as a function of the impinging-electron energy. The
magnitude of the electronic-transition oscillator force Jfif was taifen from [13]. We see from Fig. 3 that the cross
section 0 has a finite value at the threshold energy; this agrees with the Wigner rule.
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Fig. 3. N; excitation cross section versus the energy
of the impinging electron.

Calculation of nonequilibrium radiation intensity. The radiation intensity in the electronic bands of the molecules
is calculated using the formula

Iij = (’)iinjNi*‘ (16)
Here Aij is the Einstein transition coefficient, and N’{ is the number of excited molecules.

The number of excited molecules for the system, including excitation, deactivation by collisions

1
A+ BI7A* LB,

2

and deactivation by radiation A*¥ — A + w, is obtained from the equation

A1 A* . * y
S B — kB L - B LY, (17)
1] . A4z
C M N 3 Mo )
fy = (o (0)y == 4 (‘Z{/?T) \ exp (- 51721) s (v)vidv. (18)
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Here [A*], [A], and [B] are the concentrations of the corresponding particles; k, is the excitation rate constant,
which is the excitation cross section averaged over the Maxwellian velocity distribution; vy is the impinging-particle
velocity corresponding to excitation threshold; k, is the deactivation rate constant, which can be determined from the
detailed balance relation (see, for example, [13]); UTRE! the excited state lifetime. Two elementary mechanisms for
excitation of the molecular nitrogen ion were examined:

1) excitation by the vibrationally excited nitrogen molecule
Ns™ + Np° - Ny -+ Ny j
2) excitation by electronic impact (1).

The first mechanism was calculated using the assumptions of [6]

ky - by = 5-107™wyem?.-gect,
Fe= 00, [N, = [Ny exp (" 66- “’4>.

Here (v) is the average velocity of the molecules; Ty is the vibrational temperature.

The excitation by electronic impact was calculated in the dipole approximation (15). The excited molecular ion
concentration was calculated for both excitation mechanisms and for two shock wave velocities (v = 6 km/sec and
v = 8 km/sec). Formula (16) was used to calculate the nonequilibrium radiation peak from the first negative N{ band
(Fig. 4).
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Fig. 4. Radiation intensity from the first negative
band of N;r: I(v) is for excitation by the molecule
Ny, I(e) is for excitation by electronic impact.

For optically thin gas layers the radiative flux can be estimated using the formula

s

q = < 2nlds, (19)
0

where s is the thickness of the relaxation zone.

For the shock wave velocity v = 6 km/sec the radiational flux from the first NJ band for molecular excitation is
q(v) = 1.24 W/cm?, the radiational flux for electronic impact excitation is q(e) = 9.87 1072 W/cm? For v = 8 km/sec,
a(v) = 1.95 W/em?, g(e) = 8.02 W/cm?, which agrees with the experimental data of {14].

Discussion of results. We see from the curves of Fig. 4 and the calculation of the radiational fluxes that, for a
shock wave velomty of 6 km/sec, excitation of the molecular nitrogen ion N+ by the vibrationally excited nitrogen
molecule N2 is the dominant mechanism in comparison with electronic impact, since in this case the electron
concentration is low. For the shock wave velocity 8 km/sec electronic impact is the primary mechanism for excitation
of the N;r ion in comparison with excitation by the N;’ molecule. This is a result of the significant increase of the
electron concentration at the 8-km/sec velocity and agrees with the experimental data of [15]. At higher shock wave
velocities the electron concentration will increase the effect of the electronic-impact excitation mechanism will
increase.
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