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T system of cquations of kinectics and gas dynamics that deternine
the state of gas behind strong shock waves is recorded., A method of solu-
tion is proposcd tiiat takes into account of the presence of all excited
states of the actual atoms, Th¢ relaxation in air is investigated for
velocities of the shock waves vi 10 km/sec. The funcamental processes
are clarified and the relaxation times are calculated.

Examinatioa of the stage of the gas behind the front of a strong
saock wave requircs the simultancous solution of the equations of gas
dynamics and physical and chemical kinctics, Difficulties are asscciated
vith the necessity of taking into account the presence of numerous chemical
species that are formed im the relaxation process, and also the multipli-
city of excited states of the different atoms and molecu.cs /1,2/,

In the present paper, an appropriate system of tie equations is re-
corded and an approximate method of its solution is proposed that takes
into account the rolc of the excited states.

-~

In particular, shock waves in air at velocities v} 10 km/sec are
examined. In spite of the approximate nature of the solution, it seems
to us that substantially general results are obtained.

1. We have confirmed the estimates made ecarlier /3/, accerding to
which, behind a strong shock wave (for air with vy 1C km/sec) dissocia-~
tion occurs comparatively rapidly, and the length of the relaxation zone
is determined by ionization processes. This is directly oprosite to the
case of small velocities, wiien the degree of ionization increases com-
paratively rapidly and arrives at equilibrium with a state of nonequilidr-
ium dissocation and then follows the changes of the latter /4/.

2. There is a nonmonotone change of the length of the zome of ioni-
zation relaxation dependiag on tlic velocity of the shock wave. In the
region vi = 9 to 10 km/sec, the length of the zome of ionization relaxa-
tion increases with an increase of v}

Basic Eauations

If the velocity of the shock wave is sufficieatly large, then in the

aquilibrium zone beniad the front of the shock wave, there are practically
no molecules. In an apnendix applied to air, it is shown that under these
conditions dissociation procecds much more ra»sidly than ionization. For

vl 16 km/sec this permits one to consider relaxation in air .s relaxa-
tion in a mixture of atomic gases¥,

- % For other molecular gases, onc obtains this same resuli; however,
the boundarv value of v; mav be 3if’erent,

We shall write the basic equations for a plane shock wave in a single
csaponent gas whose atoms may he in the ground and various excited states,
The application of tie results to mixturces of gascs dozs not prevent any
difficulty in priacigle.
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If the wave is stationary, the balance of the number of particles at
the kth level of the atom has the form

- -ﬁ- (mav) = (manejss® = nénga?) -+ 2 (naaan = nadus) +
4 Py — aanets+ S (netinfar® — nenajin®) + Z (nattmlas™ =

— R T (antmfaa™ = Baltmjaa™). (1

», B

The left side of (1) accounts for the transport of atoms in the flow;
v - is the velocity relative to tiie front; x - is the distance from it,
The rizat side accounts for collisions and radiation processes. Atoms of
the kth level are ionized by collisions with electrons with effectiveness
jxe€ and atoms, for example, at the mth level ji.®. The quantities jeke
and. jox respectively account for the reverse processes; jkn® is the
probability of excitation from k to n by an electron collision (k =a)
or by a collision of the second kiad (n k); jy,~ is the probability of
the 2nalogous processes upon collision with atoms in the mth state.
is the probability of photorecombination; akn = Akn is the probadbility
of spoataneous transition from k to n, agp = €, if k n or if the level
k is metastable. The summation is carried out over all levels existing in
the plasma. n, is the concentration of electrons; Py is an integral term,
accounting for the formation and destructioa of the kth state during ab-
sorption of radiation from the remaining volume of gas.

Kinetic tomperatures of electrons T , and of atoms and ions T, are
not the same. The temperatures T, ave found from the balance of cnergy of
the electron gas* where Sge is the source of cnergy of electroms; ko

*The balance of energy of the electrunm gas ia general has the follow-
ing form: - .

d (3 45 L —‘1'-) v, is the velocit
’5(’5‘*7-“0")’*'7‘7""T;"'s“'*' d:(&dx ¢ Dot ve ity

of electrons, which may be distinguished from the velocity of the heavy
particles v. Houever, under the conditions being investigated here the
difference between v, and v is small,

%(—ZI:TM )-i- kTat.-:}:-as Sn-l--‘—g(&%). (2)

cocefiicient of electronic thermal conduciivity. As a rule, betause the
gradients of the paramcters of the gas are comparatively small bchind the
iront, transport processes arc unecssential, The electronic thermal com-
ductivity, as is well %nown, has a special place, and in a number of
cases, should be taken into account.
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Under the symbol S, wic consider the heating of electrons during
elastic collisions /' * this sum is taken over all states of all
"2 nnncoﬂ—
)

the particles of the pas) an. absorption of radiation Wee (with free-free
transitions and photo ionization), losses during free-free transitions

.
(2 n..n,l",.,) and nonelastic collisions.
~ »n

Sog T2 = - € o . 1
_ %‘ (Us = Us) (nanejas® ~ niniju _:":E (Un — Up) (randia

. —= Ranejar) + -3, (Oamirrtaas™ — Qru'Rerinjum) — - "
R, m

- %pmnem F Wet 20t (Qume — Fua), 3)

U. is the energy of ionization from the ground state; Uy is the energy

of excitation of the kth level; #,(T,) is the mean energy with which
electrons are born in atom-atom collisions; # (7,T¢) and £ (Te) represent
the average loss of energy of the electron gas per recombination act.

The equations of kinetics are solved simultancously with the equations

of conservation, comsidering the losses by radiation Q. In standard £
notation
o d ® T o
pv = py¥y5; P + pUt = ps + Pi¥°; —E(”‘i'"f"& dz.)g “ov (';?)

Index 1 pertains to the gas ahcad of the front. We write the expression
for Q:

Q=D (Ua—U)awna.+ 3 (Ui — Us + qa)acancn; + . '
A, n k .

+ 3 tunFre= B (U= Un)Pia = 3} (Ui = D) Pre— W (5

t Y & .

Ppn dccommts Zer che extuat.sn ¢ur.ne absor. ticn of radiation (k n).
Upon pnotoiomization, jpart of the cnergy goes to strin off an electron (it
is calculated as and another part to impart kinetic enmer

2 (U= Ur)Pas), pa pa 8y

to it. The latter quant..y <nccred into (3) and is included in Wee. We
note that under certain conditions a noticezble contribution Q may arisc
from radiation processes that arc not considered in (5), in order not to
make it excessively complicated., The role of thesc processes behind a shock
wave in air will be considircd further,
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Besides the ordinary ions n;, there are in a nlasma melecular ion
n2+. Coupling between them is accomplished by very rapid processes of re-
charging. Therefore, the ions are ia quasicquilihrium with eac otlucr. If,
in addition, it is considered that the conceatration of atoms and molecule
are also associated with the condition of cquilibrius (with dissociation
relaxation completed), then we obtain ) + .
nst = Kun,

K is the equilibrium constant of the rcaction A+ ATH+A, In view oI (5),

s

(6)

one can write the rate of associative ionization and dissociation recombinze

tion by means of coefficients of the type jye™ and jek™. These processes
were accounted for in the same way in (1), (3), (5).

The plasma is quasineutral; that is, ne = n; + ny. Actually, there is
a separation of charges, but the length of separation is small, and the
diffusion is ambipolar.

Absorption of the advancing radiation brings the gas ahead of the
front out of equilibrium and determines in this way the initial conditions
of the relaxation /3/.

The system of equations obtained is very comj:licated. However, any
approximate method of its solution should account for the entire totality
of the excited states of an actual atom.

We note that the near lyiug states are very firmly bound to each othe
by collision processes (very large cross section, close valucs of cnergy).
Therefore, all of the possible causes producing a deviation from equili-
brium can more quickly change the overall population of these states thaa
the relative distribution of particles among them. For example, the emis-
sioa of radiation, sigaificaatly lowering the overall concentration of ex-
cited atoms and electrons, does not disturb the distribution of particies
inside this block of states /5/. 1In /5/, the openness of the system was
the only cause of deviation from equilibrium. Behind the shock wave, che
nonequilibrium condition is priacipally the result of a junp of gas para-
meters across the froat. However, fop the same reason, relaxatioa imside
the block of near excited states occurs very rapidly. The relative dis-
tribution of particles inside the block nearlying states (to which we in-
clude also the continuous s5;iecirum) is dctermined by the following system
of equations: —-

(maRejae® — ”tznijfhe) + z {nacjan® — nanefur®) 4

+ X [ (Panjac™ — neninnja™) +

+ X (ranmfaa™ = Bafmfas™) ]== 0. L)

The summation over n is carried out over the collection of associated
levels. In this way, all collisions that mix particles insidc this block
of states are accounted for,
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(6)

i{f coliisions with electrong. pred
distribution (at Te) inside the block o

e

I". +'. Iae

1f, on the other hand, atom-atom collisions predomznate, then the follow-
ing relations are satzsf;ed

2 [ (nun;iu“ — BN jer™) 4

+ .\:3 {(nARrmjan™ — Rt wijns™) ]= 0. (9

The differeace betucen T, and T makes the distribution of particles in
the block comnlicated even in this case.

We simplify the system of equation- obtained earlier using (8), that
is, ass:minz the coupling betueen excited and ionized states is essential-
ly by eiectron collisions. We include in the block of combined states all
the excited levels and the continuous spectrum. This is possible if there
are no excited states near the ground state. Then we obtain




AU I imire: ccone

dz(n,v) = —-lv(n.+ S'm)J

>4

===---[ (n.+n.n.s'j‘“ )]-‘=Ss= 3
&>s .
a —(p;u,; = B3Rijel) = (ne2)1"* — neningjot® — nindy,. )“
'n'(e (P‘ = lleil,Uyy )n i (10)

i =ju+ Dt e +\Inll
Ju* =it 4 X, “a.=“ﬂ+2“"‘£-2:'

" " Ine

Ja* = Jub - 2 Unst = js® "'1: =) "j":'

>0 | . i
mo>q
i o __ Jen® - Jen'®
Ga’ = .ZM T (l + iul )
mO>§

ds3 ' d <’
= (_2kr.n.o) + krgn.-d;” = See = 5_', Bte(Que = Fug) +
-+ W..-n.m 2%% = Ui(rinju® — niniju*") + ndpujsdt +
+novny [2 s it + i) = Sontiat]+
h>t
+none I S e
~ Sewtan ]+ 3 (W= V)a (1)
' 'y >t
d o d(kT,
A5t Zu) o2 oy

+3 W= 0 2 nn ), (12)
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Equation (10) is not much more complicated than cach of the
cquations of the initial system (1). 1In it, as in (11)-(12), all co-
cfficients attached to n,, n,, ny derend only uvon the temperatures T,»
Te and can be calculated. in (quations (11) sp is the algebraic sum of
the number of transitions at level k as a result of collisions with elec-

trons, As a rule W is a small quantity.
S Wi~y
&) S)
ﬁ)] o 2 crveg cen-
A
s . * b - './/.v,:
Using hydrogen-like upyser exc:ted states, one can evaluate, '\ - g
&>

is the last of the discrete states oxisting in the plasma

-~

I3 . W -UpisT,
; s
:‘—- .\J‘ Ny == .:_’.‘.y'f'_l') ...._....h” z-*hexdz. (13)
* kv 2(2am kT ) (U -UgiaT,

-

If T, is not very small, thes 2 ny<n, vhich reflects the pre-
dominance of the statistical At weight of the continuous
spectrum over the statistical weirt oI the discrete states. We assume that
ionization and excitation is basically accomplished by electron ccllisioms,
in which case, iut<2]'xh’- s L£ }}n‘<{\3nﬁ then almost 2ll of the newly

L] A=t
formed excitec at.ms saonld be .. nized, which also corresponds to the ap~
proximation of "slow ionization" adepted in /1,2/. 1In the regimes examined
in /1,2/ the coaditions of "slow ilonization" were satisfied.

Beiiind the front of the shock wave, equation (11) rapidly becomes
quasistationary: in the lcft side one can neglect the terms with the pro-
ducts dT,/dx aad dv/déx. In addition, under certain frequestly o:-:uriing
conditions, the derivatives dng/dx are small, when k -1, Then the
cquatioas are simplified:

dfx___ 1,
(1.8—_. no €y
3.
Sew — 2 kTS, = 0. {14)

Here, we have introduced the degree of ionization a = n./n 27d have con-
sidered the condition of conservation nv = const; n = nj + znk - is the
total number of heavy particles. As a rule, equation (12) is also simplified.

d(5 '
nv‘T.t-(-z-kT¢+akT¢)= —Q—SQ-U;S.-.

Combination of the levels un to the limit have simplificd the prone
lem by rendering it unnecessary to czamine the kinctics of formation asul
destruction of individual excitoed states, What reagons can prevent this?

i
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The coupling of states in tne block is accomplished by coilisions. 1
the frequency of the radiation processes is much less than the frequency of
tiuese coilisions iluminescence (dcexcitation) does not disturb thc ecquilibri-
um of particles in the block., We note that this condition does not anpear
to be necessary /5/.

Moving behind the front of the shock wave, an clement of gas gets inca
diffcrent conditions, It is necessary that the relaxation time corresponding
to the mixing of particles in the block should be much less than the total
relaxation time. This is fulfilled in the combination of energetically near
levels.

If radiation transitions to the ground state are neglected, then aay
scheme of combining levels that ridigly couples excited atoms and clectrons
permits at the beginning of the relaxation the corsideration only of the
catrance of particles into the block. The pogulation of the excited levels
turns out to be small in comparison with the Boltzmaann population calculated
with respect to the ground state. Therefore, coliisions of the second kind,
bringing particles out of the block of states, as well as recombination, can
be neglected uv to a degrece of ionization very close to cquilibrium. At this
stage, the block of levels represents a passive reservoir since thc atoms
getting into it cannet leave. )

One cannot make a priori such a general conclusion concerning lumines-
cence, since the corresponding nroccss - absorption of radiation from the
remaining volume of gas - is not always suificiently intemse, But since the
concentration of excited atoms is small, there are a number of cases ia which
the first stage luminescence can be neglected in comparison with ionization
and cxcitation by collisions.

Behind stronz shnock waves the degree of ionization in the region close
to equilibrium is large, and the relations (8) are justified. Directly be-
hind the front, on the other hand, atem-atom collisions may predominate. As
a rule, the cross sections of these collisions are unknown. Howevcr, it has
already been noted that in a number of cases at the beginning of relaxacioen,
an assumption concerning the nature of the distribution of particles imnsidc
the block of levels, from the point of view of development of the relaxation
process, is not essential. This significantly simplifies the problem.

Sometimes it is expedient to scrarate two blocks of levels. Thus, if
there are low-lying excited levels near the jround state, they can be com-
bined with it.

Cencluding the remarks relative to the method of solution of the
equations of kinetics, we emphasize the necessity of carefully checking the
possibility of combining the levels into a blogk.

Relaxation Behind Strong Waves in Air

For vy 10 km/scc, molccules dissociate very raoidly (=ce appendix),
after vwhich their concentration becomes negligibly small., Therefore, we
are concerned with reiaxatjorn in a mixture of O and N, Ax a result of various
collisions, there are formed the ions ¥, oF, NO*, N2+’ 02+. Since ions arc

.- - e o - o
Pt 4 - - R il Chs AR e bty
- . =




{found in quasicquilibrium with eaci other it turns cut that thu¢ concentra-
tion of molecular ions is negligibly small,

Let us introduce some notation, The concentration of atoms is denoted
by ny, 2y. If we are concernsﬁ thn a definite th state: ny., nyg. The
concentrations of ions are ay o, 50 ; their sum is nj*. The degree of

¥The coanccntrations of molecular ions may be found as a swall incre-
nent with the help of the relations \n +n + N0 + 4 Znoz*)/n\ + nq
nng + 2ny5) = 0.21/0, 79 and CQhatlonS %ot the type equation (6): nyg
ny o K; = nzn K2, u\, =nyny K6, ngota X3.

is a = N, /a,n = ug+ ny + 2y

(o} A i*
The conditica = const reduces to nv = const., Then
d(nv) d
=S, == - ._.SP nx, - no, b
3
& — — N(nx, +no,)0. : (15}
e Arxf

In the solution of actual problems, an insufficiency of information
concernin:, atom~atom collisions frequently makes it impossible to evaluate
the kinctics of the excited states in the first stag: of relaxation., In the
case of air, this difficulty can be avecided since “hec atom-atom excitatioa
cannot compete with associative iomization. Therefcre, electroms arise,
onitting the upper excited states. The distribution of atoms among tae
excited states, f{rom the point of view of the develepment of ionizatiom, is
of no interest at this stage.

With a larger n,, tie jonization becomes stevwisc. But then, it can
already be shown that atous are distributed over two blocks of states, in-
ternal cquilibrium of which is maintained by electron collisions. The ground
state and two neighboring ones cnter into the first, and the remaining levels
and continuous spectrum into the second.

Let us write the system of equations for this scheme of combimation of
levels. We take account of electronic processes and associative ionizatioan.
The source of eclectrons is

-

3 .
Se & 2 {(Im.l ket = Il.:nx"’ja") ~{nc k"aiu". - Razlloﬂa")ﬂ' *
A}

+{Px, = nntaa’) + (Lo, = nento* fon’) =
+(nn, nyxae® = nnxnntjat’) +(no “no,h_." = Ny o tin'”)

+(nx, nogn’ "'lm.Mo"L’d"'))- (10)
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In contrast to (10) the suxmations in ja*', jae™"s @A are carried out

for n 23, Further . 3 . The designations
lh" == 2 ju Jie™ ’ I ‘{‘?‘Zjﬂ". &
n-t “ newg

ire®s Ine®, Jes™, QA RT. 3. are reserved for the atom M. For the atom C we intro-

- ' 1 iu .
duce i, ine, iet™, Ber analogously. For example' {4° = S‘ 2 iq™
a-l "
For the process of formation of Yot we intr-iuce cie 2~2ilizient

s —_—
8 '’ = ?"—-Ku =K,V 2 Sa® Py '9, account for the absorption
A
neef

of radiation.

The source of encrgy oI clectrons is

L —

3 R T

See 5 2 nettQune— 3, [ Un(nenx, jn” — nénwtjen") 4

Amg
3
+ "o(Mo.lu'. — ,,‘z,,oﬂde')_(%n'iz Ia -
%6 ==g

»

= Renwtnx, =~ I;‘ 214*""’ ) (’;"' 2 "‘“Ac"%-

nw=i

K,
— Beotno, = 2 ia'%a"’) (no‘na. 2 L4 - Ere"Gan™0

u-! Nemg i

3 .
— nenotnz, Ky 3} gargan™0 ) + nnstqa¥an + Mo“‘%°§a] . (17)
a==f

L'o and U - are the ionization cnerzies of atoms of oxygen and nitrogen.

This system of equations oi kinetics (ro it should be added the
ecuation for T ) is an integrodiifcrcntial system. For its solution it is
necessary to ovetcome sicaificant difiiculties of calculation, However, in
a nunber of cases, the system can “e simplified.

10
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At the be:inning of relaxzation certain processes are unessential.
In additio
a, nx X ~ 0.‘9"(‘ p— u). nﬂ a ’.l“(‘ _u). Then we have

5
S = (1= @) (019 + 020" )+ (1 — @) OIF) +
3 et
+079-0210 +02100) + 3 [ -2 20 )4
sy Re

+(Po,‘—-u*£—°iﬁ.." )] (18)
= &+ a(1 —a) (0, 790&‘*'0.21(’0:)-“(‘ = @) (Un-0,79js*** 4
+”o “0,21i°"°) + {1 — u)*(¢¥-0,79js* + 970-0,79-0,21g:8°° +

Sn

+¢°-0.21%*"). (19)
licre the following notation kas been used:
ji (1+Ja:*_ia) ziu,lh'.- :
- k=g Ju -

‘oo= 1 Jst
(1+£5 +j,)“l,
3
..Bs‘. o'
Uy ‘:;Qki ) .

e a-ti'

j .

The remaining notation is introduced analogously.

It can be shown that under our conditions for a <L 03ay (the index eq
pertains to equilirbium parameters attained in the zb-ence of loss) ome can
neglect collisicas of the second kind and recombination carrying particles
out of the upper block into the lower, and also radiation processes bota in

tiae kinetics and in the balance of energy. The equations of conservation
are corresponéingly simplified.

Calculation of Relaxation in Air

For shock waves with velocities v; 10 lkm/sec relaxation is determined
by the following processes. At first associative ionization predominates

N+0==NOt4¢, N+ N=N:*+¢, 04+0==0:*+c.  With an increase of n,

the effect of stepwise ionization by clectrons increases and the rate of
ionization is determined principally by clastic clectron-ion collisions. At
the beginniag of the relaxation, the clectrons, which already apneared "hard”
to a significant degrec, arce hecated by clastic collisions with atoms.

11




Let us evaluate the rate of the various processes that we have chosen
for calculation. Using experimental data on the dissociative recombination,
one can find the rate of associative ionization. The recombination coef-
ficients of the ions N2+, \O+, 6,+, mcasured at low temperatures, are close
in magnitide and larze. This mcans that in cach case the potential curves of
the recombination products and the molecuiar ion intereect mear the funda-
mental vibrational level of the ion, K = 0, (for Nz+ such a »oint of inter-
section is still unknoun, which, apparently, is a manifestation of the gener-
al shortage of information concerning unstable states). With such a character
of the intersection, the coeff{icients of recombination ordinarily depend on T
as T-3/2. Making use of this fact for extrapolation to larger T, we havet

Jeit = 6107°T%, i} = 4-107T-", get == 310737~ esi¥feex. (20)

These numbers are taken frem f4/, where similar arguments are given. In view
of the impossibility of exactly establishing the recombination products (for
example, one of tihe atcms of N may be weakly excited) it has been assumed in
(20) cthat the atoms are in the ground states. For large T, this assumption
does not too greatly affect the ioamization.

Apparently, the idollowing eifects produce the greatest error with in-
creasing T. First, the T-3/2 does not consider tae changes of population of the
lover vibrational levels, which reduces the recombination coefficient. Second,
the reaction passes also through others, lying above the point of intersection.
This increases the recombination coefficient.

As a light narticle, the clectron attains the eatire exccess eacrgy over
the threshold. With aa iatersectioa of the poteantial curves near K = § the
crossscction of the vrocess ranidly falls off with an increase of energy. Im

view of this is small, Under other circumstances the cross section may
depenc on the enmergy, a problem vhich is complicated by that fact that the
ion may form at different levels K. A rough evaluation shows that does not

exceed kI',. The indeterminancy of is unessential siace at the beginning of
relaxation, the clectron tempcrature does not afiect the ionization rate.

Tue cross sections for calculation of j+* ju#, iR are found from the
oethod provosed in /6,7/. In it, the pneculiaric.es ol ihe exact behavior of
the cross section near the threshold and for large energies was more come
Pletely taken into account. In the range T, = 8090 to 18,000°X

et =310V T T, 3 == 1,8-10-WYT, %o cadfecx, (21)

The s>recision ol these coesficients is sullicient i. .t is c-niidered that the
rate of excitation by ciectrons is td a significant degrece determined by the
transfer to them of enmergy i{rom the heavy garticles [7/.

The transfer of eaergy irox ions to electrons is found in the ordinary
ways

Qe

_26¥2am, kT —kR.r. O(K1.)?
mg (kT L™ snetm T '] :
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For atom=-electron e¢quations it has been found that

4me 1 85Te o kr— kTYU — (1 4 T/T 7}
Q.¢=—’-n-;-v pepey O(LT. LT)(‘ ( +‘ y

=6 . 1616 ca? for ¥ and 5.5¢- 16-16 for G. Correspondingly, T, = 3.1-10%
and 1.2 - 16™0K. These constants came from approximations of the crdss sections
measured in /8/.

Tue Gistribution of clcctrons over velocities uas assumed Maxwellian.
Estimates have shown that for those ng for which excitation and ionization
by electrons becomes essential, the Maxwecllian distribution occurs.

x and o are found with the hel» of transition proababilities
attaindd by the quantum defect method, Im the range T, = 8 to 20) - 1030k,

Qe = 5,0-10~ 80077, 1. 1 2. 1011 £-181T, ear¥/cen. (22)

The quaniity oi Bes®- nas a sinilar value,

Associative ionization is such a powerful mechanism for initisl ioni-
zation that in the zoac of relaxation one may disregard the absorption oi
radiation from the remaining volume of gas. An upper estimate of the effect
oi radiation can be made by assuming that all photons that are radiated in
the direction oi the front and that correspond to transitions onto the lower
three levels, are efifectively absorbed. In argone the associative ionization
proceeds slowly and radiation processes were substantial /2/.

The equations of kinctics are written for the case in which equilibrium
insice the two blocks 9f lev<ls is maintained by electron collisions. We siiow
that the nature of the distribution inside the blocks begins to have an eifect
only whea the adonted assumbtion turns out to be justified.

We comparc the life time of the state with the interval of time between
collisions that bring an atom from one of the neighboring levels ¢pll. Inde-
peadently  of whether we find the cross section from the method of Milford
/6/, or use the quaziclassical expressions /9/, it turms out that in the
interesting range of n, and for pj 1073 awwm/ i. In addition, it is
necessary to comparre tae efiectiveness of electron-atom and atom-atom coi-
lisions that wmix particies betweon the upper levels. Estimates have shown
that for those n, when the nature of the combination oi levels in the block
is essential, the atom-atom collisions can be neglected.

The cxcited states of thc basic configuration are mctastable. With the
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necessary values of alpha, the elcctron-atom cross sections are large cnough
/18/ to waintain equilibrium insicde the lowver blocks of levels,

The relaxation in argon has bcen studied earlier /2/. It began with a
certain final degrec of ionization. The large values of p; permitted com-
bining the upper levels already for these values of alpha; that is, the
assumption of ionization of the excited states was justified.

The equations of kinerics were solved up to - = 0.5 ,,. 1t was pos-
sible to disregard luminescencs, collisions of the second kind, snd recom-
bination. The effecc of lumincscence in (14), evaluated with the help of
(24), attained a maximum of 30%. Actually, the lines that provide the main
contribution to (22) are strongly reabsorded, that is, it is necessary to
consider not only radiation from the given elemcentary volume of gas, but
also the absorption by it of radiation from the remaining gas. This can be
done anproximatcly by introducing into the determination ck* and ok
instead of the lifc time of isolated atoms, the effective life times /11/
It turns out that such effective values gk and; .k are an order of magnitude
smaller than (22). Radiation cooling in this part of the relaxation may also
be neglected: Q = 0.

Discussion of thc Resulis,

The analysis of clementary processes carried out above shows thatr up to
~= 0.5 q the relaxacion in air proceeds according to a binary scheme®.

*In refercnces /4,2,13/ where the nonequilibrium was investigared behind
shock vaves in 2ir for vy 9 km/sec, the bimary nature of che relaxation
was also noted. However, in argon /2/, the relaxation process was not binzry
as a result of the essential effect on the relaxation of radiation issuing
from the equilibrium zone.

ad
ac

For a given v; this permits onc to coustruct a universal profile of the
aoncGuilibrium nazrameters as fuactions of plyx. (We recall that A eq de-
pends on p3. The solution obtained above is justified for - - 0.5 .
Consequently, the profiles constructed as functions oi pyx for different p;
are correct in different intervals plx). As an example, figure 1 shows the
profiles. of alpha, T and T, for v; = 12 ka/scc.

The rogion of smalil x in figure 1 shouid not be givea great significance.
Naturally, there is a small overlapping (unessential for cthe developmcat of
relaxation) of the regions of ioaizztion and dissociation. In additiom, thc
lack of precision of determination of lcads to an indeterminancy in T,.
Calculations with various did no: give noticeably different results, al-
though for a small x, T, underwent strong changes (figure 1 shows the case

= 0). For thc same reason, it is also unimportaant that the electronic
conductivity tends to increase T, in tne regioa of small x.

The dependence of T; ard T, on x was discussed by us earlier /2/,

Figurc 2 shows the dependence of Pyt on the velocity vy (¢ is the
relaxacion time in the laboratory system of coordimates).

Investigations of rclaxation in air were carricd out carlier for shock
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waves with velocitics vy 9 km/scc*, For 21 7 km/sec, the length of the

*Relaxation behind the front of strong shock waves in air werc consider-
ed by V.A, Bronshten /16/. It was assumed that ionization is*accomplished by
collisions with electrons (atom-atom collisions were not considered), It
was assumed that in the entire unequilibrium region, the relation of the con-
centration of atoms in excited and ground states was determined by the Boltzmann
Law, It was assumecd that such a high concentration of excited states is
created by absorption of radiation. Excitation by collisions was not con-
sidered. An clementary calculation shows that the energy being radiated by
the shock wave is clearly insufficient for maintaining the Boltzmann distri-
bution in the conditions of the nonequilibrium zone of the shock wave, In
addition, thermo-dynamically contradictory exnressions were used for the
cocfficients of triple recombination and ionization by electron collisions,
Since the clementary processes of ionization considered in /6/ are not re-
liable, it is hard to imagine that the characteristics of the nonequilibrium
zonc_obtained bv V.A. Bronshten are reliable in order of magnitude.

zonc of relaxation of ionization was mecasurcd - the distance at which the
concentration of clectrons, shar::ly incrcasing, arrives at quasiequilibrium
with the staue of the gas that is slowly changing in process of dissociation

relaxation®, Uy to vy = 9 km/scc the length of the relaxation is determined

“We note that at such vclocities this quasiequilibrium value of n
exceeds its equilibrium value., A calculation carried out for V1 9 km?sec
showed that ifor larzc v, this ecxcess disappears /4/.

by the kinctic decomposition of molecules. Figure 2 Shows the results of

these papers,
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Fig.2: Dependence on the velocity of the

o[ a nonequilibrium gas bechind a shock wave of the product of the relaxation
sitock wave, vy=12 km/sec. The result time t (in the laboratory system) and the
docs not depend on the pressure ahead pressure ahead of the front py (in units of
oi the front pl(up to - 0.5 ; microsecond millimeters Hg.P1=0.02mm Hg.

- e (p1).In view of the indeter- Ionization relaxation:__calculation (for
minancy of Te for small x (sec text) vy 9,/4/, for v; 10,present work); --,
this portion is given in Figure 1 experimental data /4/. Dissociation relax-
by dashes. ation: __._ _ is evaluation carried out in
appendix,

Fig, 1: Profile of the parameters
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It follows from figure 2 that in the range vy = 9 to 10 km/scec, the
character of the relaxation sharply changes.® For vy 10 km/sec the total

*In [act, in the interval vy = 9 to 10 km/scc. . changed by a [actor
of 10 (in the range foom 10-11 km/scc by a factor of 2) and the energy of
ionization made a noticcable contribution to the enthalvy.

relaxation time is determined by the kinetics of ionization. In the range vj
= 9 to 10 km/sec the calculation of relaxation is complicated. However, it
is clear that the time of ionization relaxation should increase with increas-
ing vy. This result is not associated with the precision of determining the
rates of associative ionization. Use of other values of these quantities
changes the absolute values of the time of ionization relaxation but pre-
serves the nonmonotonicity. Mcanvhile, we assume that more precisc values of
reaction rates should not lead to a sharp change of the quantitative results,

It should be noted that the assumptions lying at the base of our con-
siderations are satisifed better the large vy. For this rcason, the case,
vy 10 km/sec is more subject to the effect of various unfavorable factors,
such as incompleteness of dissociation reclaxation and inexactness in the
effectiveness of dissociative ionization,

In this paper, questions connected with luminescence of the gas behiad
the shock wave are not coasidered. One should keep in mind that frequently
the role of some component in the kinetics and in the radiztion irom the
shock wave are comoletely differmt. A small concentration of some intemnscly
radiating conponeat of the gas may not have any effecct om the kiaetics, For
example, if the urocesses of rechargiang are insufficiently ranid, then ny2*
nzy be coaparatively large; it can exceced its value in cquilibrium while ro-
maining substantially less than the concentration of atomic ions. Therefore,
in saite of the strong connection over the major portion of the relaxation
length, of the concentration of excited atoms and clectroms, the problem of
the conceatration of radiating sarticles cannot be considered :zolved. More-
over, during the first nart of the relaxation the concentrated part of the
excitec atoms is sufficiently known and there is a definite number of still
undissociated molecules. Without having any effect on the kinetics, the two
latter circumstances can be very imoortant from the point of view of lumines-
cence behiad the shock wave. However, with an increase of vy their efiecct
siould be reduced.

We have comsidered the region of ionization relaxation in which one can
neglect reverse srocesscs. Tae region in which the gus passes through a state
very close to equilibrium is very complicated. Im this region, reverse pro-
cesses are very importaat. Ia addition, the last stage of relaxationr takes
place in a gas which may be aoticeable cooled owing to the emission of radia-
tioa. If » is large, then the gas can achieve equilibrium before radiation
cooling substaatially lowers its internal energy. Later, equilibrium will be

sreserved but with a general lowecring of the temperature f15/. It is possible,

howcver, that the emissioa of radiation uwill have a substantial cifect already
in the last stage of relaxation. In this case, equilibrium is gemerally not
attained as a consequence of comtinuous uncompensated combination of excited
ané ionized states /5/. 1If, houcver, the effectiveness of collision processes
is suificiently large, then the gas arrives at a state of local equilibriun

but with a temperature lower thaa that calculatced in the assumed absence of
radiation losscs.
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In a subsequent paner we hope to examine the entire region of relaxa-
tion using the general nq ations writtea above,

The authors thank Yu. P. Ragzer for valuable comments.

Appeadix

Dissocation relaxation for large v;.

It has been noted /3/ that the length of the zone of dissociation re-
laxation behind a strong shock wave is very small. The molecules dissociate
directly in collisions with atoms and with one another. We make the following

equation.

Under our conditions thc molecules of 0, dissociate practically simul-
taneously. Let us examine the kinetics of dissociations of Np;. We introduce

p=nx/(ax+2nx), m =2mx-imo, §=021/0,79.

then 9p 19z = m’ (2p,00) S (). 23)
With the notation Sy for the source of atons of nitrogen -we- consider
Ne4+M=2N+M, M=ON,N: (24)
Introducinz for thelr 40 }4N) 1N we obtain

tae notatx

Sx= [ns 4 ko -+ m%) ] (3 + 25+ DI ~B) X
X [2k: - 259 - (1 — )], (25)

Tauation (Z3) is integrnted consicering the conditions of
conservation

kT = (llgn’ — Do, — 8)x,) I(-!;‘l'sﬁ'f‘g). P =P (26)

We have asswmed ihat the vibrational relaxation ol 32 has finished. This
assumption does not aficct the result.

The given calculation, carried out with rates of dissociacion taken
irom the review /13/. are nresented in Figure 2. The time t ;. corresponcs
to the point at which the fraction of molecules is 0.08 of the entire number
oi particles. At velocities v, 1¢ km/sec Lais is comparatively small.

Associative ionization occurs simultaneously with dissociation. But the
degree of ionization attained in the time tgje is small and does not affect
the parameters of the gas, as occurs also for v; 9 /4/. We calculate the
degrce of iomization attained in the course oi dissociation:

alz) = m' i (3 + 22+ W1 § Sod. @n
1 ]
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For v, = 10 km/sec¢, during the time ¢

¢ there is attained 1.7°1673,
This quantity is emall and does not a?%cct the subscquent coursce of the
reiaxacion,
The case v

= 9 km/sec was also examined, Here the dissociation of N
through the formation of NO plays as large a role as in (24). Ionizatiom
relaxation proceeds simultancously with dissociation. As expected, the ob-

taistied characterisitcs of ionization rclaxation agrecd with that presented
in /4/.

NOTE ADDED IN PROOF. After the present paner was submitted for publi-
cation a paper appeared by R.A. Allen, A, Tekstoris and John Wilsor (J.
Quantit.Spectr.Radiat.Transf. 5, °5, 1965) in which the times of relaxation
were measured. For shock waves with vy = 10.9 and 11.25 km/sec and n, =
0.1 mn Hg, the time of fonization relaxation is L 1 scc. This is good
confirmation of our conclusions.

Moscow Pouer Institute Received - October 6, 1964
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