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where B is a constant. Although the two methylene
couplings in radical I could not be determined ex-
actly, it is possible to conclude that they do not dif-
fer for more than 4 gauss. Using B 2250 gauss and
assuming that the angle <C H¢;,C(sH; remains ap-
proximately the same as in the undamaged molecule
(108°), one finds that the angles @; and @, cor-
responding to the C) — Hy) and Cy) — H) bonds,
respectively, do not differ by more than 5°, in con-
trast to the very large difference in the undamaged

16 K. MoroxuMa and K. Fukur, Bull. Chem. Soc. Japan 36,
534 [1963].
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molecule. If one assumes the rocking conformation
of the —CH, — group, | @, — @, | is even smaller 6.
Equivalence of the two methylene protons proves
their symmetric arrangement with respect to the un-
paired electron localized on C5 , hence to the plane
defined by C(5) , C(ﬁ) and C(7) . Since C(5) —C(7) bond
lies in the ring plane one safely concludes that in
the 5-thymyl radical the whole pyrimidine ring is
approximately planar.

The help of Dr. B. Koji¢-PropIC in the X-ray crys-
tal analysis is gratefully acknowledged. This investiga-
tion was supported by the Yugoslav Federal Research
Fund and by the Research Fund of Croatia.
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Occupation numbers of the atomic levels and degree of ionization of a stationary optically thin
hydrogen plasma are calculated for temperatures in the range 8000 °K < 7' < 16000 °K and
for electron densities in the range 109 cm=3 < ne < 1017 em—3. The electron velocity distribution
is not supposed to be Maxwellian, rather, it is obtained in a self-consistent way from the corres-
ponding kinetic equation which is solved simultaneously with the equations that describe the
statistical steady-state of the atomic levels. Besides spontaneous radiative bound-bound transi-
tions and radiative recombinations, inelastic electron-atom collisions as well as elastic electron-
electron and electron-atom collisions are taken into account. Hydrogen atoms are approximated
by model atoms having four bound levels and a continuum. The numerical results show that for
temperatures 7' < 10000 °K the tail of the electron distribution function differs markedly from
that of a Maxwell distribution, except in the case of high electron densities. Likewise, the self-
consistently calculated values of the atomic occupation numbers and of the degree of ionization
there deviate strongly, up to several orders of magnitude, from those obtained by assuming a
Maxwellian velocity distribution of the electrons.

1. Introduction flux is then counterbalanced by elastic electron
collisions which tend to fill up the tail of the dis-
tribution function to its Maxwellian values. Depar-
tures of the atomic occupation numbers from their
thermal values thus result in departures of the

electron velocity distribution from a Maxwell dis-

The principle of detailed balancing ensures that
in the case of thermal equilibrium the loss of elec-
trons out of the tail of the distribution function due
to excitation or ionization collisions with atoms is

exactly compensated by the production of such
electrons due to the corresponding deexcitation or
three-body recombination collisions. If the upper
level of any atomic transition is underpopulated
relative to the Boltzmann or Saha value (“departure
from thermal equilibrium™), this balancing is per-
turbed, resulting in a net flux of electrons from the
high energy tail into the low energy body of the

tribution.

This shows that in determining the spectroscopic
state of a plasma a self-consistent procedure has to
be applied. For the atomic occupation numbers
depend on the collision rates and hence on the
electron velocity distribution, which, in turn, de-
pends on the occupation numbers through the

mechanism described above. Only in the case of
prevailing elastic collisions is the electron distribu-
tion function independent of the interaction with
the atoms; it is then approximately Maxwellian

distribution function. In a stationary state, this net
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OPTICALLY THIN HYDROGEN PLASMA

and enters into the calculation of the occupation
numbers only through the given parameter “elec-
tron temperature.”

First investigations of this self-consistency prob-
lem have been undertaken by BIBERMAN, VoORO-
BEV, and YAkKUBovl, and by PeEvyraup2. BIBER-
MAN et al. try to develop a procedure for the most
general optically thin case, based on the idea of
diffusion in discrete energy space, and compare
their theory with experimental data of a positive
argon column. PEYRAUD investigates the specific
case of an optically thick hydrogen plasma by means
of model atoms with three discrete levels and a
continuum; unfortunately, the cursory treatment
of radiative transfer by means of an only estimated
“coefficient of imprisonment’ introduces once more
an inconsistency into the calculations, this time via
the radiation field, and may thus lead to consider-
able numerical errors.

The present paper treats optically thin hydrogen
plasmas in a self-consistent way by solving the
kinetic equation for the electron velocity distribu-
tion simultaneously with the balance equations for
the atomic levels. The procedure is straightforward,
largely based on results of an investigation of the
effect of single bound- bound or free-bound transi-
tions (“‘two-level atcms’) on the electron distribu-
tion3. In view of numerical calculations that
Drawin4 has carried out for model H-atoms having
different numbers of bound levels, it was judged
sufficient to take only four bound levels and the
continuum into consideration. The results thus ob-
tained are indeed in fair agreement with values
published by Bates, KixasToN, and McWHIRTERS
and by DrawinN4, provided, of course, that for the
electrons a Maxwell distribution is assumed.

The main result of the present paper will be that
for temperatures below 10000 °K the assumption of
a Maxwellian tail of the electron distribution func-
tion in optically thin hydrogen plasmas is unjusti-
fied for most electron densities of practical interest,
and that accordingly calculations of atomic occu-
pation numbers and of the degree of ionization
based on this assumption lead to results that may
be wrong by orders of magnitude.

1 L. M. BiBerMmAN, V. S. VorosEv, and I. T. YARUBOV,
High Temperature 6, 359 [1968].

2 N. PeEYRAUD, Phys. Letters 27 A, 410 [1968]; These,
Faculté des Sciences de Paris, Paris 1969.
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2. System

The system considered is a stationary, homoge-
neous, and isotropic plasma without external fields,
composed of hydrogen atoms, electrons, and pro-
tons, the proton density being equal to the electron
density. Hydrogen atoms are approximated by
model atoms with four bound levels and a continu-
um, and equipartition over the degenerate states
of a level is assumed. All bound-bound and free-
bound transitions are supposed to be optically thin.
The physical processes taken into account are:
spontaneous radiative bound-bound transitions;
spontaneous radiative recombinations; inelastic
electron-atom collisions for excitation, deexcitation,
ionization, and three-body recombination; elastic
electron-electron collisions; elastic collisions of
electrons with H-atoms. Inelastic atom-atom colli-
sions are neglected. The H-atoms are supposed to
have a Maxwellian velocity distribution of tempe-
rature 7', and the electrons to have a Maxwellian
velocity distribution of the same temperature 7' for
energies that are smaller than the lowest resonance
energy of a hydrogen atom.

3. Basic Equations

We first define dimensionless quantities to be
used in the following.

Instead of energy E, temperature 7', electron
density 7., and proton density ., we introduce

e=E|[Ina, (1)
G =IulkT, (2)
Ve = Ne @3, Vi = Ni+agyd (3)

(Ia = eo%/2ap = Rydberg unit of energy,
ay = h2/meo2 = Bohr radius,
eo = elementary charge, m = electron mass).

The electrical neutrality of the plasma requires

Ny = MNe, V+=Ve- (4)

Let E; be the ionization energy of the level
with principal quantum number ¢ of an H-atom,
and E;; = E; — Ej (i <j) the energy difference of
levels ¢ and j; the corresponding dimensionless
quantities are then ¢; = 1/12 and &5 = & — ¢; .

3 J. OxEN1US, Z. Naturforsch 25a, 101 [1970].

4 H. W. DrawIN, Ann. Phys. Leipzig 14, 262 [1964].

5 D.R. BATEs, A. E. KingsToN and R. W. P. MCWHIRTER,
Proc. Roy. Soc. London A 267, 297 [1962].
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As in Ref.3, we define numbers o;; and f3; through

njni = oij (7212) exp {— Ey[k T}, (5)
1 kT\32
nenifn =i i (5ags)  exp{—EikT} (6)
(ni,m; = atom densities). They can be written in
terms of the more commonly used b-values as

oij = bjlbi, Pi=1/b;, (7)

b; being defined by
by = ni/n3*h? (8)

where 72 denotes the value of n; that follows
from Saha’s equation using the densities ne and n.
actually present.
The degree of ionization will be characterized by
the quantity
y=nH/M:, nH= an 9)

Finally, instead of the normalized electron dis-
tribution function f(E) we introduce, as in Ref.3,
the reduced distribution function y (&) through

J(B) = 7€) o pyos Xp{— E/E T} (10)

We will suppose that the electron distribution
function can be considered Maxwellian for all en-
ergies K that are smaller than the lowest resonance
energy 12 of a hydrogen atom, i.e. that y(¢) =1
for 0 =< & < ¢12. Thus only the effect of the reso-
nance transitions on the electron distribution func-
tion will be taken into account. This seems to be
justified as a first approximation because the den-
sities of excited atoms are very low.

3.1. Balance Equations of the Atomic Levels

We write (cf.Ref.3) the cross section for colli-
sional excitation of level j from level ¢ (¢ < j)

21g\2 E

(fij = absorption oscillator strength), and the cross
section for collisional ionization from level ¢

21In

(11)

As functions ¢ we take
@12(u) = (0,58/u)In (1,3 u), (13)
P1(u) = 0,6 go(u), (14)
and for all other ¢;; and ¢;
go(w) =" In(1,25u). (15)

J. OXENIUS

The function ¢12, which is finite at threshold u = 1,
has been determined by approximating the cross
sections @ (1s —2p) and @ (1 s — 25) calculated by
BurkE and collaborators using the close coupling
approximation§.

The rates of the different collisional and radiative
processes can then be written in the following way:
a) Collisional excitation 7 — j

nine Ciy = A2bi&ij ; (16a)
b) Collisional deexcitation j —1

nyme Dy = A58 ; (16Db)
¢) Collisional ionization from level ¢

nineSi = Abi&; ; (16¢)
d) Three-body recombination into level ¢

nyme2 Ty = AED ; (16d)
e) Spontaneous radiative transition j —¢

nj Ay = Abjn ; (16e)

f) Spontaneous radiative recombination into level ¢

niNe Rl = );771 (16f)
The b; are defined by Eq. (8), 4 stands for
A =26720cap® 93niny (17)

(o = eg%/hc = fine structure constant), and the &’s
and 7’s are given by

iy = 12 (fij]ei7) [ 7 (e) (e]eis) iz (eei) e~ de, (18)

€ij

oo

EQ = i2e®(fy;[eyy) [ (eees) i) (efe) e~ P d e,  (19)
£ = i2 e (1fer) | p(e) (efed) pulefee*d e, (20)
EO — i26% (1er) [ (efeq) g (eler) =% e, (21)
iy = (3/16 7112) (e 932)132 fig 2 % (22)
n = a3 (30) 32 (e 93/2) 1 (Tfi%) ™ By (Ber)  (23)

(I'; = Gaunt factor; we take Iy = 0,8 and I; = 1

| (e,,!/tydt = exponential in

otherwise. K1 (x). =
tegral).

The rate coefficients Dj;, T, and R; have been
calculated using a Maxwellian electron distribution
as is certainly justified since primarily electrons of
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low energy are involved in these downward pro-
cesses. In determining R;, use has been made of
Kramers’ semi-classical cross section for photo-
ionization.

The balance equations that describe the statisti-
cal steady-state of the atomic levels then take the
form

4
ZBUCbkz Bi (i: 152’354) (24)
k=1
with the coefficients
By = > (&2 + nri) + 2 & + & (25a)
k<i k>t
By= — (& +ny) (<)), (25b)
B]i = — Eij (1 < ]) 5 (250)
B; =& + . (25d)

3.2. Kinetic Equation of the Electrons

The assumptions of stationarity, homogeneity,
and absence of external fields reduce the kinetic
equation for the electron distribution function to
the requirement that the collision terms due to
elastic and inelastic collisions cancel each other:

(0f/dt)er + (Of/Ct)iner = O. (26)

3.2.1 Elastic collision term. The Fokker-
Planck collision term due to elastic electron-electron
collisions, valid for the high energy tail of the dis-
tribution function, is given by?

of \ee m32neI" d [ f(E) d [ /()
(f)a =" ap|x +#7 4 iz ) @D
where
dme 3(kT)32
= 2 InA s A= 2 71/2¢,3 nei/z . (28)

Collision term (27) implies in agreement with our
assumptions that f(E) differs from a Maxwell dis-

< of \ti
8t'>inel -

the first term describing the effect of excitation
collisions and the second that of deexcitation colli-
sions. The cross section for collisional deexcitation

—u ()" QuB) (B + i |

6 B. L. MorseiwitscH and S. J. SmiTH, Rev. Mod. Phys.
40, 238 [1968].

7 M. N. RosExBLuTH, W. M. MacDo~NALD, and D. L.JupD,
Phys. Rev. 107, 1 [1957].

8 S. Cmapmax and T. G. Cowring, The Mathematical
Theory of Non-Uniform Gases, 2nd ed.: Cambridge
University Press, London 1952.

: (;)I/Z(E

+ ng 3
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tribution only for energies £ > kT so that it still
makes sense to speak of an electron temperature 7'.

The corresponding electron-proton collision term
is smaller than term (27) by the factor n,m/
neMp = m|My (M, = proton mass), and is hence
negligible.

The collision term due to elastic collisions of
electrons with H-atoms is given by 89

() -2 & (gm0
crg (W) e

(M = H-atom mass). As total cross section Qex for
elastic scattering of electrons by H-atoms we take 10

QeH(E) = na026,5(IH/E)1/2. (30)

Collision term (29) describes the effect of elastic
collisions of (light) electrons with (heavy) H-atoms
(m <€ M) that are supposed to have a Maxwellian
velocity distribution of temperature 7'; the electron
energy E has to satisfy £ > (m/M)kT. Only colli-
sions with H-atoms in the ground state 1 have been
taken into account, and an isotropic differential
cross section has been assumed.

The total elastic collision term of the electron
distribution function is hence

(Of/0t)y= (Of[O)GF + (Of /20N

3.2.2. Inelastic collision term. According
to our approximation, only the effect of the reso-
nance transitions on the electron distribution func-
ion will be taken into account.

(31)

The collision term due to excitation and deexcita-
tion collisions for the transition between the ground
level 1 and the excited level ¢ is for energies £ = ex-
citation energy Ey; given by3

E2

)" QuiE) H(E — B,

has been expressed in Eq. (32) through the cross
section for collisional excitation @i; via the prin-
ciple of detailed balancings3.

9 E. MoreaU and J. Sarmoxw, J. Phys. Radium 21, 217
[1960].

10 B. L. MorserwirscH, Elastic Scattering of Electrons,
in: Atomic and Molecular Processes (ed. D. R. Bates);
Academic Press, New York and London 1962.
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The corresponding term due to ionization and three-body recombination collisions is for energies

E = ionization energy E; given by3

(== m () @ 18y + nene T [ [ (55 ) " Res (B3 B, ) oy 7y ar g, (33)

the first term describing the effect of ionization
collisions and the second that of three-body re-
combination collisions. The transition function
Ry (E; E', E"), which appears in Eq. (33) because
the corresponding transition function for three-body
recombinations has been expressed through it via
the principle of detailed balancing3, is proportional
to the probability density that the ionization collision
of an electron of energy E produces two outgoing
electrons with energies £’ and E", respectively; it
is related to the cross section for collisional ioni-

6,5m mni/ne

zation @ by3

QuE) = [[ R+ (E; E',B")dE' dE". (34)

The total inelastic collision term of the electron
distribution function is hence
4

(0f/0t)mer = 2 (f[20)i5e + (OF/O0) -

=2

(35)

3.2.3. Kinetic equation. Gathering all rele-
vant relations, the kinetic Eq. (26) for the electron
distribution function can be written (cf. also Ref.3)

Dm my/ne

. 6 3\,
{H"JT sa &)Y (8)_9[1+'M 4In A 83/2<1_ 2196')]7(8)

_ (m/ne) d { % hi e

2In A £1i €1i

QL (;%) [y (&) —oiy (e —e1)]

(36)

+'€11*fi' P1 <f:1'>[y(8)— ’Qﬁé)*ffm(e;s’,s”)y(e’)y(e”)dE’dS”]} =0,

where the dimensionless transition function r1+ and
the dimensionless cross section ¢; are defined by

Q1(E) = mao®q1(e), (37a)
Ri.(E;E'E") = (mae?/Iu?)ri+(e;€',¢"), (37b)
qi(e) = [[r14+(e;¢", &) de’ de” ; (37¢)

furthermore, it is understood that the functions ¢,
which contain the energy dependence of the collision
cross sections, vanish for energies smaller than the
respective threshold energies.

Eq. (36) is valid for ¢ = ¢12. It has to be supple-
mented by the equation

yE)=1 if e=ep (38)

which expresses the fact that the electron distribu-
tion is Maxwellian for energies below the lowest
resonance energy Eis of a hydrogen atom. In addi-
tion, y (&) has to satisfy the boundary condition

(39)

The origin of the different terms of Eq. (36) is as
follows: The first two terms, proportional to y"
and ', respectively, are due to elastic collisions,
the term “1” being due to electron-electron colli-
sions and the term ““(6,5m/M)...”" due to electron-

¥ (oo) finite.

atom collisions; the third term, which contains
only y itself, is due to inelastic collisions, the term
¢ Z ...” being due to bound-bound transitions and
the remaining term due to free-bound transitions.

4. Electron Distribution Function

We now proceed to find an approximate solution
to the kinetic Eq. (36).

Since we are interested in temperatures
T < 16000 °K (J = 10), only a rather small e-in-
terval needs to be considered. Taking ¢ = 10 and
assuming a Maxwellian electron distribution, one
readily estimates that about 909, of the ionization
rate are due to electrons with energies in the range
1 =< e =14; the corresponding energy range is
still smaller for larger values of ¥ and/or for non-
Maxwellian distributions. This means that a solu-
tion of Eq. (36) for 0,75 < ¢ < 1,4 is all we need
in order to calculate the collisional excitation and
ionization rates.

If 0,75 = e¢=1,4, one has y(¢ —e1;) =1 for all ¢
because of Eq. (38), and in the last term of Eq. (36)
the double integral and g¢; (¢) cancel out because of
Eqgs. (38) and (37c¢).

Since # > 1 and ¢ ~ 1, the term 3/2f¢ is negli-
gible compared to 1, leading to identical bracket
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expressions in the first two terms of Eq. (36). Re-
placing there ¢3/2 by a constant £p3/2 with
0,75 < g9 < 1,4, one introduces an error which will
be of the order of 2 in the case of predominant
elastic electron-atom collisions (n3/ne € 10%) and
which is negligible in the opposite limiting case of
predominant elastic electron-electron collisions
(n1/ne < 10%).

Thus the following approximate differential
equation holds:

. " na/ne)d | < i € €
Y’ =9y — ;}l/lni)A { gz Ll”**qm (E)[V — o]

€1i €1i

€1

1
+aan(a)w—pa)=0 uo
where
6,5m nl/nei 3/2

®=1+ "5 4ma - (41)

We now replace the numbers o;; and f; by the
largest one among them, i.e. by a12. This means
that we approximate the true distribution function
by an upper limit of it since we overestimate the
collision rates of the downward transitions. Writing
a12 = ba/by [cf. Eq. (7)], we have

y(e)= (1= )pole) + 5

where yo(e) obeys for & = 12 the homogenous
differential equation

(42)

" ’ (nl/ne)‘l9 ' 1 fli € &€
Y0 =PV Guind | 2 ey & Pl (;u (43)

=2

with the boundary condition

0 (oo) finite; (44)

in addition,

vole)=1 i == eis. (45)

As a last step, we approximate the functions
u @ (u) by linear ones3:

(u=1); (46)

we take k1g = 0,46; 13 = 0,31; k13 = lig = k1a =
l]4 = 0,45; ]Cl = ll == 0,27.

The function yg () can then be written down ex-
plicitly. One gets

u@s(u) ~ ksu — Is

I:0= e = e12)YP(e) =1, (47a)
(II: £12 = & < €13)
YD (e) = crre®®? Ai [P (e)], (47Db)
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(III: &13 = & < €14)

Y0 (e) = erre®® Ai[Prn(e)], (47¢)
(IVienn <e =<¢g)

PV (e) = erv e Ai[Prv ()], (47d)
(Vieg = e <o0)

vV (e) = ey e™? Ai [Py (¢)], (47e)

where Ai(x) is the tabulated Airy function 11. The
constants cr1, cimr, ¢rv, ¢v, which we do not write
down explicitly, are chosen such that vy is continu-
ous, and the functions ¥ are given by

ON 1/3 N 14+ ud?
win(e) = (1 wg) (e o+ asgon)
(N = II, ITL, IV, V) (48)
where
u=6,5mep322 M (49)

(we take u = 1,5- 1073 corresponding to g9 = 0,9),

_ mfne 8a32ePy;
0= 992Ind = 01 g12n@pB2are09 0 (O0)
and
oir = fi2k12/ €122, T = fizlis/e12, (5la)

ot = ot + fiskis/es?, T =t + fislis/e1s,
(51b)

owv = ot + frakis/era?, Tiv = T + fralia/e1a,
(51c)

ov = o + kife1?, v = Tv + lifer. (51d)

5. Numerical Results and Discussion

The balance Egs. (24) for the atomic occupation
numbers b;, which depend on y through Egs. (18)
and (20), and the Eqgs. (42) and (47) for the electron
distribuion function y, which depend on b; through
Eqgs. (42) and (50), have been solved numerically by
an iterative procedure: Starting with the Maxwell
distribution y(® = 1, one calculates the correspon-
ding 5 and from them the first iterated y (1), and so
on. In the average, about 10 iterations were required
in order to obtain convergence. In addition to b; and
y, the quantity y [cf. Eq. (9)], which characterizes
the degree of ionization, has been calculated; it is
given by

4
X =8a2pe§3/2 > byiZetu.
=1

(52)

11 M. ABramowITz and 1. A. StecUuN (Editors), Handbook
of Mathematical Functions; Dover, New York 1965.
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1° ‘ . . : : Figs. 1 to 3. The reduced electron distribution function
- y = distribution function divide Maxwell distribution
8 distribution f ion divided by M 11 distributi
s V=10 [Eq. (10)] as a function of energy in Rydberg units ¢ = £/Iy
for different values of temperature ($ = 15 & 7' = 10530°K;
=175 T = 9020°K; ¢ = 20 & T = 7890°K) and
1 electron density (ne = 6,7 - 1024 yo cm—3).
0T »=10"9 ] . o v
1 J e The main results are summarized in Tables 1 to 3
and in Figures 1 to 3.
€ o s . .
ye) The at first sight surprisingly strong deviations
10k » -0 E from the Maxwellian case found for certain tempe-
/[ ® ratures and densities are due to a ‘‘feedback effect’:
On the one hand, the deviations of the distribution
function y from a Maxwellian one increase with in-
03k %, o 1 creasing density ratio mj/ne, and, on the other
/ hand, n;/ne increases when y becomes smaller since

the ionization rate decreases.

It should be noted that the calculated distribu-
0+ > o2 - tion function is likely to overestimate the actual
distribution function because 1. the number of
transitions has been underestimated by considering
only four bound levels, 2. the effect of non-resonant

1075k %=10 -13 4 transitions on the distribution has been neglected,
9= 20 and 3. the influence of the downward collisions
Vo= 10'15 v 1 corresponding to resonance transitions has been
Vo= 0 ® ¢ overestimated.
-]0‘ 1 1 1 1 1
075 08 09 10 ] 12 €



9 =10
12630°K 7T = 15790 °K

® =125
T —

¥ =15
10530 °K

T =

¥ =175
= 9020 °K

T

20
7890 °K

D)

T

< < < < s, . P s
A i - v - v - v v
— —~ — — = Q o = — = — — [3) o | || —~ | |
=S By <+ ©® 0® | 8 -2 | o35 = o3 o3 oo | & -3 =)
S . N L S B S S B B e |2 e w4  ox oo |2 s e <2 == o 5
-z ik e e e, o = > = = bl a0 w2 S L, W hptsF e, -
= he
= & = &
i 53
b =
s | ¥ 5. | ¥
> 10 >~ 0
s NES . %S
— s — —~ . ol ™ 22y 2 ey s —~ — s
o3 BN <+ ©© 0 ® ...m__ m% o3 =35 o3 =1 =) Mnﬁ 48 | o3 o3 - -3 —E
o~ .n ~en EENIETN o on o on o on S PENIEEN LTS ENETN [ FENEEN PESEES o en o en o en
[QAR Qe w=HE 8o Ao |2y ([~ 199 o9 =m =He =a | 3 = | oe <o% - e 59
] — - o MM o en B e E| - [ K] 10 H +H oM M =¥ E = %= o O N - — - -
z o ack c €| 5 =z a bl ck 18 & L. bl = =
Ses & Ses &
B g
- +~
=K =]
8= | 82| ¥
. 12}
2 ps 2 - =
SN~~~ | &8 o] 7] 0
00102243648&,161718 Es | T8 000000102030405050 g8 [ —8 221122324252627272
Th T o T SR e 5 e ) e P Ve 2 TR e e e et Lo\ e e el sl b
SEANEESERESIASaEAS | S | 19 | SSa4004S5 G IAGSIEAS | J8 | 12 | SESdSaae SIS HisSgas
AR A EHRIONIONNNO N ..m.m nmu__ oSN ONH NS —E-HNS | 5 ov__ HEHOX A=A AN HNHNHNNNION
n n o
.~ Q By - &
g2 2=
S
g =
- 1~
£5 | ¢ 5| ¢
o~~~ | B2 | KQ B2 | =
O HS NN HM©O F 0B = O i~ D k= -3 00 oSoS-HoONSMSHo WSS oqm -3 333333435363738393
EXEAFSELICSIISASES | 25 | |1% | SEIAANTEIISAISIIEE | 55 | 19 | X SASIEHF LA ST
Nd-Fidl S FdFaledalodal | 258 |l | - dad-Sagadf—~FE—~ErdE | BE5 |all | ddasFfdAfS AT TAAA A
= —
=5 | © =3 | ©
> B ® 2
oS =
= =
2o | ¥ i P
e S~ S =) N N = =
OSSN RNH RO TD B D o~ @D S | T2 | 080505 ~SadndwSndwd |5, | VS 4444445464748494w4
SRS SSnddrdadadaae | gf | 15 SSIAyAlsIASqSagadd | e | 15| SASES IS SIS S FRH S X
M E NS =TS oS N NS N /1..m DY | "N TN NS = =S F /2..m D | CAFAST RSO0 S~ 18 5156 S
) 3 = IR By
I & I &
) [
S B $ B
8 s
=} Ean
+ O + O o
q_umo,omnwmo_omgvma_umn._umq_u%m.m “wq_uﬁq_uw_oowq_unwa_umlu o.oa_u,mq_uq_u%q_uq_uow
3 3
5 8 8 8 & 8 & g ¢# 5P m m m m m m m g § W.v m m © m m m m g ¢
2 5 2 8 8 4 8 2 & |g 2 8 2 B 84 3 B & £ e 5§ 3 8 8 25 8 g o
2 B8, 28.8:8:8022 | B S 2.5%.%8.2.5%.3.3.%8|# =
oRcohabaNoRoRoRoBorn : bohoRoNohohoboshioRh i ohohooohonhohon
L 1 T w O I
sgegrgagegeergrzee|g serereraegegesR | g creeraraoELELENRR

corresponding to a Maxwell distribution of the electrons. Read: 3,7; 4 = 3,7 - 104

Table 3. The quantity y = ng/n+ [Eq. (9)]. Without brackets: self-consistently calculated values. With brackets: values



1310

The Maxwellian values in Tables 1 to 3 are in
fair agreement with previously published ones4:5;
differences, up to factors of about 3, are essentially
due to the use of a cross section Q12 that is finite at
threshold.

The results indicate that below 10000 °K the
degree of ionization is smaller than it had been as-

R.SCHWENN

sumed up to now. Accordingly, the effects of radia-
tive transfer and of inelastic atom-atom collisions
will be more important there.

I wish to thank Miss N. Benoit for having written the
computer program.

Messungen der radialen Verteilung der elektrischen Feldstirke
im Wasserstofflichtbogen mit axialem Magnetfeld *

R. SCHWENN

Institut fiir Plasmaphysik, Garching bei Miinchen

(Z. Naturforsch. 25 a, 1310—1316 [1970] ; eingegangen am 3. Juni 1970)

In a stationary hydrogen arc with axial magnetic field the radial distribution of the axial electric
field E; was measured by shooting a double potential probe across the arc. It was found that E,
strongly decreases outside the magnetic flux tube defined by the cathode radius and tends to zero.
The measured distribution of E, agrees qualitatively with computations allowing for the observed
rotation profile. In a very fast rotating arc with a hollow anode E; was found to vanish not only
outwards, but also towards the axis, as predicted by the theory.

I. Einfiihrung

Ein starkes Magnetfeld, das einem Lichtbogen
axial iiberlagert wird, reduziert die radialen Warme-
verluste 173. Deshalb konnten in stationdren Wasser-
stofflichtbogen (Bogenstrom ~~2000 A, Magnetfeld
10 — 40 kG, Druck 1 —10 Torr, Lange 10 —40 cm)
schon Temperaturen bis 150 000 °K erzielt wer-
den* 5. Bei diesen Experimenten war der Radius
des Bogens stets sehr viel kleiner als der des ihn
umgebenden Gefiles und auch unabhingig davon.
Die bekannte Theorie fiir wandstabilisierte zylinder-
symmetrische (d.h. unendlich lange) Bogen kann
in diesem Fall offensichtlich nicht angewendet wer-
den. Gibt man allerdings als Gefdfiradius den op-
tisch bestimmten ,Bogenradius“ vor, dann erhalt
man nach dieser Theorie Temperaturprofile, die mit
den gemessenen gut iibereinstimmen * 6. Die Frage,
wodurch dieser Bogenradius bestimmt wird, blieb
offen.

* Auszug aus der von der Fakultdt fiir Maschinenwesen und
Elektrotechnik der Technischen Hochschule Miinchen ge-
nehmigten Dissertation iiber ,Sondenmessungen der ra-
dialen Verteilungen von Potential, elektrischer Feldstiarke
und Stromdichte im Wasserstofflichtbogen mit starkem
iiberlagertem Magnetfeld“.
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