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RECOMBIN ATION AND IONIZATION IN A NITROGEN PLASMA

I. INTRCDUCTION

When air is heated and is highly ionized, nitrogen and its
ions become relatively abundant for =2lectron temperatures o9f 1-3
e.v. Emissions from such air provide diagnostic information and
clay a role in cocling the heated channel. 7To describe such a
channel one must therefore perform a radiative transfer
calculation which requires a detailed knowledge of the air
species including excited states. To provide this information,
we develop as a first step, a collisional-radiative model for

nitrogen and its ion.

It is well known that a recombining plasma is a source of
radiation. The character of this radiation, line versus
continuum emission and absorption or uv versus visible and infra-
red radiation, depends on detailed aspects of the plasma. In
addition to species type important properties include electron
density, electron temperature, and optical character (thin,
thick, or optically thick in select spectral regions). To
quantitatively describe the spectral character of radiation
emicted from a piasma these properties must be incorporated in a
model which accurately monitors the evolution of the plasma,
determines tne extent to which the piasma is or is not in
equilibrium, and accounts for the radiative transfer accoirdingly.

Fcer example, in the simplest case of a plasma in local

Manuscript approved April 16, 1933.




tnermodynamnic equilibrium (LTE) the radiative 4“ransfer equation

may be scolved assuming Planck's function correctly represents the

t

source radiaticon [1]. A more

[$]

8

cmplete description, however,
requires zoupling the radiative transfer equations to the rate
equacticns which provide the population densities of 2ll bound and

continuum states involved in the radiative and collisional

vy

orccesses of the specific plasma. The work presented in this

[
ct

nicial s

[S

gaper i3 th ep in constructing such a model.

A collisional-radiative model developed by Bates et. al. [2]
nas provided the framework for studies which give the excited
state populations and their deviation from LTE for hydrogen and
aydrogenic ions. Their theory is statistical {n nature and
treats the problem in a simple and tractable way. Effective
collisional-radiative recombination and icnization ccefficients
ares defined and determined from a knowledge of the rate
ccefficients for collisional excitation and ionization and the
spontaneous transition probabilities, for the case of an
optically thin plasma. The influence of self-absorption is then
demcnstrated for the special cases of a hydrogen plasma
optically tnick fcr various optical transitions. Their apprcach
{3 o solve a coupled set of rate equations for the steady state
valiues of excited state densities at fixed electron densities and

temperztures, thereby showing the extent to which the excited

state popuiacions deviate from Saha equilibrium.




';f The werk of 3ates et. al. has motivated cthers £o study the

f @ffa2ts o collisional and radiative processes in plasmas.

L Jrawin "3 has used more recent cross section information and

; rec3a’cuilated the collisional-radiative recombination and

ionization coefficients for nydrogen and hydrogenic plasmas

, ina.osgous to Bates et. al., but within the context of a more
general formalism. Park [4] has used the method of Bates %o
2ompute spectral line intensities for specific non-equilibrium
zoncditions in a collision-dominant nitrogen plasma. Kulander (5]
nas 3.s50 studied the spectral properties of radiation emitted
from a non-equilibrium nitrogen plasma as well as the deviation

2_ Srom Sanha equilibrium of the excited and icnized states of an

optically thin plasma.

In the present work the focus is on an optically tnin
nitrogen plasma, however, unlike Bates and others we solve the
time-dependent coupled rate equations explicitly, in a manner
similar to the approach taken by Ali & Jones [6] to study
recombination lasers in hydrogen and hydrogen like plasmas. The
calculations are for a given electron temperature, but allow the
el2ctron density to evolve in time. As expected the population
densities shew an early transient behavior followed by a steady

g state, from W#hich we calculate effective collisional-radiative

‘s recomsination and ionization coefficients and compare the final

T

state pcpulations to those expected if Saha equilibrium

e
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e
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conditions were satisfied. OQur rate equations include the most
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satisfied. OJur rate equations include %the most recent
ionization, =xcitation, and recombination rate ccefficients
availabla, some of which are similiar to those used %y Drawin [3]

-
e

and 3ates _2., and some are hased cn experimental data. inally,
we consider the case of a nitrogen plasma optically thick in

specific uv bound-bound spectral lines.
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The coupled rate equations whicn describe the evolution of
the nitrogan plasma Include the following colilisioconal and

radiative prccasses:

. Collisional excitation - a2xcitation of an upper
slectronic state by collisicns of electrons witn atoms

{(ions) in a lower state.

e + N(i) => N(j) + e > i X(i,J)
1)
g * Nk(p) -> N*(q) + e g >p X+(p,q)
2. Collisional de-excitation - the inverse of 1.
e + N(3) -=> N(i) + e j > i Y(ji,i)
(2)
e + N'(q) -> ¥ (p) + e q>0p t*{q,p)
3. Collisional ionization -~ ionization of atoms and ions
e + N(i) ->e + e + N'(p) S(i,p)
(3)
e+ N'(p) ->e +e +« N (W s"(p,u)
i, Taree body recombination - the inverse of 3.
e + e + N+(p) -> N(L) + e a3(p,i)
++ +, + (u)
2 + e + N (u) => N (p) + 2 a3(u,p)
5. Radiative recombination.
e « N'(p) -> N(i) + hv an(p, 1)
. (%)
e+ N T(u) > N (p) + nw a5(4,p)
5




0. Spontaneous 2mission.

N(J) => N{i) + av i> i A, 1)
/6\
- -, . + \ .
N {(q) -> N ‘p) + nav g > 2 A (q,2)
Since Wwe are initclally assuming 3 nitrogen plilasma that is
cctically tnin for all spectral regions pnoto-ionization and
absorption have been =2xcluded. These processes are accounted for
ncst 2asily by descricing photo-ionization as negative radiative
recombination and absorption as negative spontaneous emission as
4as done by Drawin [3], and will be included in detail in a
sudsequent report.
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QUATICONS AND RATE COQEF

(23]
4
(@]

z-1 . . . .
Let N (m) denote tne population density of the
(Z=1,-th icn {(or neutral if z=1') in the electronic state whose

index is m, where it 13 understood that the density depends on

s

cime. The rate 2gquation describing the evolution of this state
subject to the collisional and radiative processes outlined in

Che previous section is given by

aN 2wy = we T I NETN () X2 N, - ¥ ) § ¥R N, ) 3
it L<m-1 L<m-1

sNe [ I N ) 2 nym) - N ) 3 X2 N (aun) 3
n>m-1 n>m-1
o + Ne [Ne } Nz(n)a§'1(n,m) ) Nz(n)a§'1(n.m)]
5 2 n '
0 - Ne N N (m) T s¥ T (m,n) (1)
™ n
[
b - Ne [¥Ne 8% '(m) ¥ a§'2<n,z) e w2 my T %%, 0]
’- 2' - l 'Yy
i

r‘

- - - \ - -2

2 + Ne NZTS) s%Te (i,m;

n‘-_ - 2:
b
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We nave cnosen to study the nitrogen

2lecircn temperatures in the range of 1.0 e.v.

plasma for

20 3.0 e.v.. 1In

this temperacture range the important radiation Is produced by
constituents which are atomic or ionic. In our calculation we
nave iacluded She lcwest thirteen (13) levels for N I, the lowes:
zevanteen lavels for N II, and two effective levels for N III.
Zetails are presented in Tables I through III; this information
2an de found in Weise [7]. We note that this model includes as a

lavels for N I and N II used

as most of the N III levels.

in describing N I as Park (41,

and ¥ III which he falils to do, since nis interest is in a region
sf Lower elactron densities and higher temperatures.

Altnin this model tne important Btound-bound radiative
“ransitions are listed in Table IV; each %transition is described
ty 1.3 wavelsnghth, the number given by Weise [7], spectral
cnarzacter, 4“ransition index { for example2, 7T+ - '+ denotes
enission from the seventh to the first i12vel in the ien W II ),
and transicion =2nergy. Thals tadle shows, f2r instance, that the

8
':':;'.. PP L";_ P Luk el i __\ - A s — et Ao ~ —aa & ;_,l

We accountc

in Kulander's studies

While not as

for N II

LR A NN N e AR P L i O AR SIS o P A e i A S S SR 60 A AP A b B R A
wher2 Ne (s the e9lzchtrcen density. The “ime nisscory of all

specigs is obtained 2y soiving the set 2of equations constructed

from =2quatizn (7; for all ions and neutrals in 211 states, Wwhose
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e radiation comes largely from transicions in tne ion N II.

t-

visid

o
177}

Tharefore, one woulld expect this radiation Lo be lmportant once
elactron temperatures become sufficiently high that these upper

lavals 22 N II are accessed.

The important free-bound radiative transitions are listed in

f‘l’fﬁfqﬁﬁiﬂ??ﬁ??V}hJ{ﬂﬁii

These include all transitions for the corresponding

ions considered by Xulander [5b]. While there is a large amount

SSLIRCER A o o 8
»
[\
U
[
[
o4

Y ‘
« .

s I3 . . 3 . + .
ef uv radiation the radiative recombination from N -=> N{i) where

1> 7 is a source of visible emission. This Dbecomes the
doredominant source of visible radiation at lower =lectron
densities and temperatures; such that the abundance of N II that

created resides In the ground state.

s
[¢]]

T TY—T s
e .

c. Rate Coefficients

The rate coefficients for the collision and radiation
processes outlined in section II. and used in the rate equations,

{.e. equations (7) were obtained from several sources.

1. Transitions amongst the levels of the ground state

2

s . . 4 2
configurations of nitrogen ('S, °D, “P) and

3?, 1D, 1S) are optically forbidden.

o |

vitrogen ion (

]

lectron impact ex¢itation coefficients for the
transitions in N I were obtained from reference
{8]. Transitions among the metastable states in XN

Il were accounted for using the analytic

L e v s B Sigte dep g J0ge e it i Tl IR R B A B
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axpressions £or tne de-gxcitation rate coefficients

o
[

Ziven in reference (3. The reverse rate

ccefficients were obtained from detailed balznce.

2. Collisional excita<cion rates of transiticns which
are ophtically allcwed, see Table IV, are odtained

using the following simple formula [9]:

X(m,n) = 4.3 «x 10- , M) 2.8% {-E/n’m)/Te} k4 (npm) (8)

1/2

where Z{n,m) = E{(n) -={m), m < n, £(n,m) is the

oscillator strength, and
¥ {n,m) = 0.2 for ions (9)

Win,m)=(1.0+2(n,m)) " {(20.0+E(n,m))  +1n(1.25(1.0+Te/E(n,m))]}
Te Te

for neutrals

[ .

¢

1 The de-excitation rates are calculated from

.

}. detailed balance.

pt

b °

S 3. Collisiornal ionization from a specific level m to

o the appropriate level, n, of the next highest ion

.

- Wwas obtained using “he formula of Drawin [31],

t'- 7 -1 3 L‘2 ‘
h'. S l(:nyn) = 2.38 x 10 “H f‘f’n)i(m) R4 (A_E ’ 1\; (10)

L - 1/2 o f ‘
2 AE (Te) \Te ;

! i
(- .

" .

N 10

®

F.J'._-
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wnere 2,0 is 123,53 e.v., £ (m) tne numser 2°

I

>

equivralant elactrons, AE = E m,, im.
tne oscillator strength, and z = ! for rneutrils ar.

> 1 for ions. V¥ i3 ziven Dy

. ® .
E ‘i = IAE/ dx | 1-AEi{ exp {(-x) in 1.283% C11
T Te Te AZ/Te | Y

where 8 = 1+0(z-1)/{z+2)]. The oscillator strengtn
Wwas chosen so that rate coefficiants given by
equation (11) matched closely the ionization data
in Table VIII of refarence 19 which is based on
experimental cross sections for the iconization of
nitrogen; our choize was f(m) = 0.2. The rate
coefficient for three-body recombination, obtained

from detailed balance, is

- . - -1 - -
ag 1(n,m) = 1.66 x 10 22 gz (m) S° 1(m,n) exp ]Ag} (12)
gz(n) Te3/? ' Te]
where 32'1(m) is the statistical weight of state m
and gz(n) is the weight of the ionic state.
L, The rate coefficients for radiative recombination
were obtained using the approximats formula cf
Bates (2], e.g.
- -1 . 3 I -
a§ "(p,1) = 5.2 x 107 Yexp {AE) !A_E}3/2 g, (AE- (12)
\Te; | Tej . Te CT

Hare 31 is the exponential integral

5, (281 = /7 gx exp (AE x (1)
i Te | 1 X 1 Ta

11
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5. Finally, tne Zinstein A coefficients for

(]
-3

(W]
.

spontaneous emission were taken from Weise

z. icnization Potential Reduction

[}

v 3
[$3
®
T

ionization energy 2F an isolated 2%tom or ion is

iff2rent from one immersed in a pilasma [!1)] and must be
correc=ad accordingly. The net ionization potential reduction is

due to energy released upcn placing an electron-ion pair in a

[}

piasma; one of the consequences i{s that 2lectrons occupying

ztates wnich in an i{solated atom would be bound now become
unbound snouid the corrected ionization potential be less than
the 2nergy of the state. Our rate equations have been modified

0 account for this high electron density (low electron

temperature) pnenomenon.

At each step In the numerical Iintegration ¢f the rate

2qu3ations, egs. (7), the =2l23ctron density and temperature are

noted and the ionization potential reduction, JAE

-1 -1 faga VT
22270 2 193 . 10710 g Tyett2 -
® ’:;-.;x (152
.AUJI
!
\
12
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Wahera Asi-’, and Te ar2 in e.v. and Ne has units #/cm3. Reducing
-ne isnization pocential an amount determined by eg. (15) has
<ne 2°fect 0° mcdifying the collisional ionizacion rate
2gefficiant, 2g. 107, as follows:

-1

S (m,a2) = 3% '(a,n) x exp{AEi"/Te} (16)

For 2xample, in the extreme case of low temperature, Te = 1.0

2.V, and nigh electron densit Ne = 1019/cm3, the ionization
’ g Y,

rata increases by %4% so its effect can be substantial.

13

ST, R L A . . . : . -
o« e RN . T T S

R ‘- . .. . Co —F. - . - “ ‘-'I ..‘. T - .
O R P S SR SRR SN 3 VR W Sy, T O IS




t':.~'*rv'-i"~~--,- P A S i A e i
AN

p -,

0N

F_. rer v ~acr -y ma

. : DAY NUMERIZAL RESULTS

b

ol

) A. Time-2ependent Populaticn Densities
Figures {1)- {10) show representative results obtained

by integrating equations (7). Numerical integrztion was

Sf; accomplished by using CHEMEQ, a routine specifically designed to
51 30lve stiff ordinary differential equations [12]. The iaitial

éil ccenditions for tnis set of figures are Te = 2.0 e.v., N(1) = 4.0
Lﬁg X 1073/cm3, Ne = N'(1) = 1.0 x 1017/cm3 (i.e. charge neutrality),

Wwitn all otner population densities being set agqual o zero

. , . ) . .
iﬁf (actually 1 x 10 /cm3). The general behavior of the time-

- dependent solutions is as expected - an early transient behavior
:f; followed by rapid relaxation to a steady state. The relaxation

time is ¢on the order of 15 - 22 nsec¢. Such rapid relaxation led

Bates et. al. 2} to solve for the excited state population

densities using a steady state approximation.

In Figure (1) the total population densities of the

electrons, neutrals, and ions are presented., At Te = 2.0 e.v.

l VLY.V

4’* '3 . .

; the number ¢f XN ions is negligible, i.e. approximately three
b

P crders »f magni-ude less than tne neutrals. Consequently, the
- .
EE: total numbdber of electirons nearly equals the total number of N
,f_ ions whiech, in the steady state, exceeds the population of

lT_ neutrals b5y 2 factor of three.

- .

..

;,

b

™y
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i~ Zxamination of Figures (2) - (4) shows that most of <he

itrogsn populaticn resides in the ground state and <he

Metastadble s<ates, particularly the 230 stata. The

« 1
"l’.

)
v
LIS
»

evals wWhich

[

cr

contribu

<t

2 to tne emission of bound-bound uv radiation,
N(4-6,13), are approximately equal in populazion to those which

contribute to the emission of bound-bound ir radiation, N(8-12).

As in the case of N the ground and metastable states of

N  are the more heavily populated, see Figures {(5) - (7). Unlike

«“

snly N'(4) and N'(5), i.e. the first two excited states which
o]

({4}

mit bound-bound uv, are highly populated because of the low
elzctron temperature. The rest of the uv and visible emitting
levals are two orders of magnitude less than the N radiating
levels. The population of the lower N' levels is important for

the emmision of radiation resulting from radiative recombination,

free-bdound.

3 5 ++
Figure (8) shows that the N ions that are created

reside, as expected, predominately in the ground state.

While a direct comparison cannot be made with the

results of Kulander [5a] our steady state populations are in

X qualitative agreement. The relative population of the major

f! 2quilivbrium specias for Ne = lolo/cm3 to 1019/cm3 and Te = 1.0

:3 2.v. to 2.0 e.v. follows the trend obtained by Kulander. At Te =
N 16, 3 19,3
o 1.0 2.v. N(1) is the major species for Ne = 10 °/em® to 13 7/az
¢

= wnils at Te = 2.0 e.v. N {1) predominates. At Te = 1.5 e.v.

:".
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species 3t lower electron densities
. Py s . s ; (ant9 2
wnile N{1) is at higher density (°C “/ecm”).
Xi1lancder also presents results on the distributicn of population

amongst speclias varsus elaciron concentration. Again our resuls

(as

are in general agreement. DJetailed aspects of our population

distridution are discussed in section IV. C..

3. Collisional-2adiative Recombination-Ionization

Bates et. 3l. (2] have defined effective recombination
and ionization coefficients which account for the net effect of
collisional ionizaticn, three-body recombinaticn, and radiative
recombination in a vary simple way. These coefficients have been
tabulated exclusively for nydrogen and hydrogenic ion plasmas,
2] and [3]. 1In this section we define the effective
ccefficients anaiogous to Bates et. al. and present resulis for
our optically thin nitrogen plasma as well as the case where all

bound-bound uv lines are assumed to be optically thick.

1 + s Iy .
Denotin af , and a., 2s the effective recombination
CR CR

PR i . o + : -4+ + ~0 ~F
coeffizients for N -> N and N -> N and S5, and Sog 28 the

effective ionization coefficients for tne reverse processes the

. + + 4+ .
rate equations for N, N, N , and Ne may be written

A - ) \ e
d¥ = Ne N7 a2 - Ne N 3
& CR CR
\At
16
e SRR s S
PPV . W SR W S SRS SR T O O I R O AR IV I U I N S U
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2 * = - N O A d r .'o A A * * - * * *

§§ Ne M 2og Ne N Scr + Ne N aCR Ne N SCR

d\]## V \I* S+ \‘ \J++ + (17)
1_;_ = .e - CR e a GCR

4 - ~0 . + - N _ ++

:ye Ne N Seg Ne N SCR Ne N JC‘ Ne N GCR

Tnerefore, in terms of the detailed rate ccefficients outlined in

e + o} + " I
- ®5as %ego SCR' and SCR are given by

(n
o
Q
ct
[N
O
3
(3R]
]

adg = e T ag(p,1) N'(p) » [ ag(p, 1) NT(p)I/N’

CR o oLy
- . « +, + + - + + + +

a = {Ne ; aj(u,p) N (u) + )} a5 {(u,p) N (u)}/N

cR oou 3 b1 R (18)
s, = { I N(i) 3(i,p)}/N

b i,p

5O = L 7 NT(p) sT(p,m)}/N"

CR o

A quick check shows that these definitions satisfy the conditions

for particle and charge conservation.

The coefficients defined in equations (17) and (18) are
~ime-dependent, due to the time dependence of the contributing
popuiation densities; see Figs. (9) - (10). The steady state
ralues are presentad in Tables VI - IX as a function of the final
2lectron density and electron temperature (Te was fixed

throughout the integration). Close examination of these results

”

ev=2als the following: At high electron densities the effective

<
[}¥)

racombination coefficient i{s linearly proportional to Ne. Thals

i3 due o the dominance of three-body recombinaticn over

3

. ) . . . . . . 1
adiative (two-20dy) recombination in this regime, Ne > 10 -

3
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LA

b )
VA dety oy A 3
, Y

g
. ¢ s b

Adv et g

/em” .  For lower 2lectron densities the opposite i3 <rue and
tne effective coefficlient approaches the two-body value. The

coilisional-radiative ionization coefficients show a rapid rise

-

- R ) 1 ’7

for low slectron densities (Ne < 10 ° - 101'/cm3) and a much
iy - o o , . ~18 3, —~

siower rise for niger densities (Ne > 10 “/cm~”). This is in

contrast to the benavior of the ccefficients of Drawin and Bates
Wwhich shoWw a saturation at high ¥e. The density dependence in

0 o
Dﬂ

o3 and °ER at high Ne in our calculation comes from the
correcticn discussed in section III. D.. The level-specific
collisional icnization cocefficients depend on Ne and Te in the
manner of =2q. (1%); this carries through to the definition of 38R
and SER in eq. (i8). Neither Drawin nor Bates included this

correction.

The collisional-radiative coefficients in Tables VI and
VIII can de loosely compared %o the results of Bates .et. al. [2]
and Drawin [3J. While there is no apriori expectation that the

results should be in strict agreement, to the extent that a

}}ﬁ nitrogen plasma differs from a hydrogenic plasma, many of the

D

R rate coefficients were obtained using similiar (hydrogenic)

ﬁ%, expressions. However, it must be pointed out that the results of
ﬁ;. 3a-2s et, 2l, and Drawin &are not, themselves, in agreement.

’;' Specifically, the recombination coefficients of Bates et. al.

{f exceed -“hose of Drawin Dy up %0 a factor of four wnhile the

;[ ionization coefficients are greater by an order of magnitude. At
- ; . L LA16, 3 oo

° 10w e2lactron densities, Ne- 0 “/em”, our recombination

. coefficients are generally a factor of one to four less than

oy

) 18
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those of Drawin and 3a<2s 2%. 2al., depending on temperzature. AT
nigher Ne, - "0 “/2m”, sur rez:zmbiaation coefficients fall
between t<helir rasults. Cur 20l.isional-radiative icnizazion

coefficiar ent ‘facter of 1.0 - 2.0) with

3
ot
n
[$Y]
"3
/]
)
23
[4,2]
O
O
[
w
[¢ ¥]
'3
113
{1

co 10 7/em3. At nigher Ne
our ccefficients exceed those of Drawin %y up £o a factor of
ten. This difTerence 1s due primarily to the lonization
potential reducticn correcticn discussed above. As a reminder,
the calculations of Bates and Drawin zare for hydrogen where at
higher electron densities the character of the ion dces not
change. In contrast, in nitrcgen other stages of icnization

arise.

In a subsequent report it will be shown that the
absorption coefficient for our model nitrogen plasma is on the

order of 104/cm in the uv spectral regime. This corresponds to a
mean free path of - 10 %m. In Tables X through XIII the
collisicnal-radiative coefficients are presented for the case
where all bound-bound uv lines are assumed to be completely
reabscrbed. As expected, there is very little difference between
the optically thin and optically thick recombination

3

18
cr nigh slectron densities, > 12 “/cm”, wheres the

L)
"

coefficients.
piasma is collision-dcminant (see tne discussion in the next
secticn), “he ionization coefficients are comparabls. However,
for lower electron densities the optically thick ionization
20efficients are much larger than the optically thin case, 2s

great as a factor of ten.

19
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cor’T

coillision-dominated.

ocpulations ¢f the constituent

ra2spcn:

equation at the

aquilibrium

* rates exceed the

icion

O
.. -]
r 4
s
n
o
(@)
3
[sV]
t -+
ct
a3
m
o |
[}
fos

Wnen ¢

{

r

iing radiative tra tions is said to be

D
o]

—
C

S tne plasma

It is then possible o specify the

species by using the Boltzmann-

local =2lectron ire 113, The onset

temperatu

depends on Ne and Te; for =2xample, an

cptically thin nitrogen gas at Te = 1,0 e.v. bDecomes collision-
. 1 -
dominant at Ne =~ 10 3/cm3 f5al].
One form of the Saha equation is, [111],

Y/ A /2 =2 2= -

Ne N%(p) 2 g°(p) {kae}B exp{-[E%(p) - E (i)1/kTe:?

z-1,. z-1,, | ! 19

¥ Ty e, (19)
i'*~ We have used eq. (19), after correcting the exponential factor
= for the ionization potential reduction (see section III. D.,), to
b compare tne steady state population densities witn those expected
-
fﬂ assuming a collision-dominant environment for a range of electron
® .
& s +A10 3
= densities, Ne = [10 - 190 /cm ], a2nd temperatures, Te (1.0 -
o
-
j : 5.2 2.v.]. The ratio of the level population to the Saha
t‘ pcpulaticon may be dafined as
"'.
P-
L.. Z“!/\ \‘4‘1/\ u-“f\ ’
F, z {n) = N {n) /N n) (20,
in-f
@
b .-
-
b
T
o
0 20
b
o
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NS T2 H;‘ ¢ i3 “he solution L0 tne corrected
T3idl2 {I7 we present thresnold values for

®. Column 1

satisfied for 311 N I and N II levels,

criteria to excited states of N I (specifically,

r

and column 3 to 2xcited states of N II (i.e. p =

7e3Ul%S showWw the

following: First,

aumber of

eq. (19).

for any given Te,

-4

Ne above whiech

column 2 restricgcts the

i =7 ¢to
7 to 17). The

as the

alectrons increases equilibrium is achieved for sxcited

N I states bYefore excited N II states and, as expected, before
tne lower ztates. In addition to Ne the %threshold values depend
on T2. As Te increases more electrons are necc¢essary to have a
completeiy zollision-dominant environment, 1.e. complete LTE.

For an optically thin nitrogen plasma a state of
1
> (2.2 - 5.0) x 10'%/cn3

exists if Ne /em” for Te ranging from 1.2 to h
3.0 e.v.. The criteria given by Griem [11] and others on %the .
validity of LTZ is that the electron deexcitation rate of the j
I

rasonance line must exceed ten times the radiative decay, i.e. 3
for the nitrogen atom one must nave )
]

‘1

K

o

Y74,1) Ne > 10 A(4,1) {(21) ;

A

- - \ : .~18 3. ;
Tor T2 = 1.0 e.v., Eg. (21) gives Ne 2.3 x 0 “/em” in our P
case ZowWever, wnile radiative processes may bYe important Lo the ]
LIwer 12va2.1s the =2x2ited states ¢f N I are still controlled by J
e . - 17 3 , N
22llisional prccesses for Ne > (5.7 - 2.1) x 10 " /em” cver the ;
zama2 <“2mperature range. This gquasi-stationary stats exists for 1
21 :

3
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ccmplete
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less than ls

times

ct
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~pT e
et

-
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- e o o

Thne recombination and ionization processes for an opticall

«

ene cnarge neutral nitrogen 2lasma have veen

19 0m

cus,

c s 1
ectron densities be-ween 10 3 and '9

”
i

£o

iated which describe the net reccombination and

(¢}

ization and may be used in scpnisticated plasma chemistry

codes. The bound-bound and free-bound radiation has

aracterized. It has been snown that for eslectron

3

1 .
10 8/cm a state of local thermodynamic

equilibrium exists whereas exited states may be in equilibrium,

1 )
cecllision-dominant, for electron densities as low as - 10 7/cm‘.

This nas implications for simplifying the description of
. . . 13

radiative ftransfer in a plasma. For example, above Ne =~ 10 /cm3
- a transfer theory based on the assumption of LTE snould be
f? . 17 3 . ] .
. alequatas while below Ne -~ 10 '/cm” individual 3pecies must b2
- ccnsidered In detail. In the intermediate regime nybrid theories
=
L' D - o bl
° snou.d prove useful.
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Znergy Levels for N I

Index State Configuration(132232) Energy{e.v.) Weight

: 430 253 0.0 4
2 2p0 2p3 2.38 10
3 250 2p3 3.58 6
by p 2p2(3p)3s 10.33 12
5 25 2p2(3p)3s 10.69 6
5 qP 23213,4 10.93 12
7 2s 2p2(3P)3p 11.60 2
8 *p 2p2(3p)3p 11.76 20
9 4p 2p2(3P)3p 11.85 12
10 4s 2p2(3pP)3p 12.00 4
1 2p 2p° (3P) 3p 12.01 10
- 12 2p 2p2 (3P) 3p 12.13 6
o 13 %p 2p°('0)3s 12.36 1
.
2
.
g
=
‘.
] 23
L




—amm e T
Az’ >z I

2

)
3
[ Znergy Levels for )
Q

Index tate Configuration {(1s gy (e
: 3p 25%2p° 9.01
2 "o 25%2p° 1.90 5
3 s 25%2p° 4.905 :
4 350 2s52p3 11,44 15
5 359 252p3 13.54 a
3 150 252p° 17.88 5
- 350 25%25(%?%)3s 18.48 9
3 150 25%2p(%p%)3s 18.50 3
9 330 252p3 19.24 3
1c o 2522p(22%) 3p 20. 41 3
- ; 3p 25%2p(°p%) 3p 20.66 5
¢ > 150 252p3 20.58 3
13 33 25%2p(%p%) 3p 20.94 3
: : 3p 25%2p(%p%) 3p 21.16 9
'5 D 25%2p(%p%)3p 21.60 5
15 's 25%2p(%P%) 3p 22.10 1
17 3¢9 25225 (%p%) 34 23.14 21
Tazre III
L_l Znergy Levels fo
:f Indsx Stats Cenfiguration (152) Znergy (e
-
- 250 2525 0.0
t.
& 2 *p° 252p° 7.1 12
[j’.-
3 24
¢
e
L- R R S U R T o P e S TGP TR
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TABLZ IV

Radiative Transitions {Bound - 3cund)
Navelength(i) #{deise) Spectrunm Index Cnergy {(2.v.}
44,99 3 uv 9+ - 1+ 19.23
560.28 5 uv 12+ - 2+ 18.79
£71.48 T uv T+ = 1+ 18.48
745.8%4 3 uv 12+ - 3+ 15.483
745,98 3 uv 8+ - 2+ 16.50
775.96 4 uv b+ - 2+ 15.59
316.34 2 uv 5+ - 1+ 13.54
1085.1 1 uv 4e - 1+ 11.43
1134.5 1 uv b -1 10.93
1199.9 2 uv 5 -1 10.34
1243.3 5 uv 13 -2 9.98
1411.9 & uv 13 - 3 8.79
1493.3 3 uv 5 -2 8.31
1743.% u uv 5 -3 7.12
3437.2 20 near uv 16+ - 8+ 3.50
3995.0 19 vis 15+ - 8+ 3.10
h623.2 17 vis 14+ - T+ 2.68
5028.3 1% vis 13+ - T+ 2.Uu6
5679.4 15 vis 11+ - 7+ 2.18
6U82.1 18 via 10+ - 8+ 1.91
T7452.2 23 vis 10 -4 1.696
3211.8 22 ir 5 -4 1.51
8617.5 25 ir 12 -5 1,43
8691.5 21 ir 8 -4 1.43
9395.3 24 ir 1T -5 1.32
11502.0 7 ir 10 -9 1.07
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3 143164 uv Ter - 13+ 8.56
- 1468.96 uv Tee - 14 8.4l
- 1549.75 uv Ter - 15+ 8.00
Ly 1653.07 uv Te+ - 16+ 7.50
b 1913.29 av e 17 5.46
E;? 2944, 39 uv 14 - U 4,21
- 045,19 uv 2+ - 13 4,97
A 3220.26 uv 1+ - 5 3.85
- 4217.01 vis 1e - 7 2.94
o 4459, 71 vis 1+ - 8 2.78
L 4608.92 7is v -9 2.569
¢ 48871.10 vis 1o - 10 2.54
E 4900.40 713 1. 11 2.53
b S144,40 vis 1+ 12 2.4
- 26
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Figure 3.

x
;f ' Population densities for uv emitting N states;

i.e. N(4) (solid line, top), N(5) (dotted line),

- N(6) (dashed line), and N(l3) (solid line, bottom).
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Population densities for N ground configurations;
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N (1) (solid 1line), N (2) (dotted line), and N (3)

(dashed line).
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Population densities for N+ uv emitting states;
N+(4) (solid line, top), N+(5) (dotted line,
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