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Recombination Studies in the Afterglow of a 

Helium, Brush-Cathode Plasma 

E a r l  R. Mosburg, Jr. 

Studies of the time dependence of atomic and mole- 
cular light intensities, electron density, atomic metastable 
densities,and electron temperature have allowed the deter-  
mination of the He 
function of electron density and temperature. 
a r e  in reasonable agreement with the theory of collisional- 
radiative re  combination. The mechanisms controlling 
metastable densities and heating of the electron gas afe 
discussed. In particular, the disappearance of the 2 S 
metastable atom seems best explained in t e r m s  of co l l i -  
sional de-ex tatio 
order  of 10 cm . 

t -electron recombination coefficient a s  a 
The results 

by electrons with a c r o s s  section of the - f f  Lz 
Key Words: Brush-cathode plasma, Helium Afterglow and 
Recombination coefficient. 

INTRODU C TION 

1 In ear l ie r  experiments, using pulsed microwave cavities or  

waveguides, the observed time dependence of the electron density was 

used to acertain the degree to which the loss  processes  were dominated 

by electron-ion volume recombination and, simultaneously, to determine 

the value of the recombination coefficient, itself f rom a plot of l /n( t )  vs. 

t. It has since been shown that, in the presence of diffusion, linearity 

of a l /n ( t )  vs. t plot is neither a guarantee of recombination control nor 

a good measure of the recombination coefficient, unless the region of 

linearity is at  least  a factor of about ten. 

cri terion is met, there a re  other uncertainties. In general, the radial 

2 

Even in cases  where this 



distribution of electron density was surmised rather than measured and 

was probably time dependent. 

interpretation of the frequency shift of the cavity in t e r m s  of the spacial 

average of the electron density. There are ,  moreover, ser ious limit- 

ations to the electron density region over which the cavity technique can 
3 

be applied. 

while, the measured recombination coefficients became progressively 

lower as  the purity was improved. 

a dependence of the assumed two-body recombination coefficients on 

electron density was neither allowed for nor found experimentally. F o r  

helium, the theoretical picture was further obscured by the assumption 

that electron loss  proceeded pr imari ly  by dissociative recombination 

This introduces uncertainty into the 

Purity of the gas was an additional problem and, for  a 

In all  of these ear ly  experiments, 

t 4 
of the Heg ion, a belief that has persisted until very recently. 

If the above uncertainties were disconcerting when only two- 

body recombination was to be considered, they a r e  much more s o  now 

after the development of the theory of collisional-radiative recombina- 
5 

tion, since this theory predicts a recombination coefficient which is in 

most  cases  strongly dependent on both electron density and electron 

temperature. Measurements of the r e  combination coefficient without 

fairly precise,  correlated measurements of the electron density and 

electron temperature a re ,  therefore, meaningless. 

Recent experimental and theoretical developments have shown 

that recombination in helium cannot be interpreted in  t e r m s  of a 

is in  reasonable 6 7 ,  8 dissociative mechanism. Other recent work 

agreement 

but further experimental confirmation i s  clearly needed. 

with the theory of collisional- radiative recombination 

In this experiment, an attempt is made to remove some .of the 

difficulties associated with previous measurements by moving to a 

regime where the loss ra tes  a re  more strongly dominated by recom- 

bination and by using a more optimum geometry, in this case a 

2 



cylinder of sufficient diameter that measurements  of radial  dependence 

become relatively easy, and of sufficient length that the end effects 

can be neglected. The newly developed brush cathode w a s  used 

because it provides a high energy (- 3 KeV)  electron beam excitation 

of the plasma, resulting in a source function which is constant over 
11 the volume. The resul t  i s  an  experimental situation which i s  very 

well suited to the measurement of recombination. 
12  - 3  

of high electron density (- 10 c m  ), low electron temperature 

(- . 05 to 0. l e v )  and relatively large size (8 - cm diameter x 50 -cm 

length) assures  both a ra ther  high degree of recombination control 

and the possibility of determining the radial  distribution of the light 

intensity. 

density, n, is relatively low (1:4 to 1 : l O )  and tEere is proportionally 

l e s s  influence of the 2 S metastables during the afterglow. 

procedure of analysis is here  presented which allows the calculation 

of the recombination coefficient, f rom the experimental line intensity 

and electron density measurements,  and in the presence of ambipolar 

diffusion, without any assumption a s  to  the specific dependence of the 

r e  combination coefficient on electron density . 

10 

The combination 

3 
Furthermore,  the ratio of [He ( 2  S)] to the electron 

3 A 

EXPERIMENTAL PROCEDURE 

Figure 1 shows the plasma tube including two brush cathodes, 

which a r e  operated at  high negative potential, and two grounded anodes. 

The region of the plasma subjected to study was midway between the 

two anodes and was therefore f ree  of fields except for  the space charge 

field set  up by ambipolar diffusion to the wall. The excitation current, 

which could be varied between 20 mA and 100 m A ,  was monitored by 

measuring the voltage across  a 1-ohm res i s tor  connecting the t w o  

anodes to ground. The system was baked to 450 Cy after which a 0 

3 



-10 
vacuum o f s 3  x 10 
with helium, prirified by allowing it to leak into a reservoi r  thru a 

heated quartz wall. 

the pressure  was measured using a capacitance manometer, calibrated 

against an oil manometer. 

used. 

impurity in commercial  helium. 

considerably lower intensity than t h e  F e  I impurity lines which were 

ob s e rved. 

t o r r  was indicated. The system was then filled 

1 2  In filling the plasma tube from the reservoir,  

P r e s s u r e s  of f rom 0. 7 to  1 . 2  t o r r  were  

Spectroscopically no l ines were  observed of neon, the major 

Any such lines present  were  of 

The tube was pulsed 20 to 30 t imes per  second, the excitation 

voltage being allowed to build up slowly so that the plasma could come 

to equilibrium. Thus an on-time of 3 to 5 m s  w a s  required. The 

voltage was then removed abruptly by the use of a thyratron.  resulting 

in the disappearance of the excitation current  within approximately 3 CIS. 

Although the cathode voltage did not drop quite to zero  and hence a 

slight amount of current  continued to flow between cathode and anode, 

the power involved was very low, dropping f rom-  200 W during the 

discharge, to l e s s  than 4 x 1 0  W ,  within 100 ps .  and further dec- 

reasing to <3  x 10 

mean free path, the penetration of these few low energy electrons into 

the center of the tube could occur only by diffusion. 
sfiall amount of power was contained within the cathode-anode regions. 

Ion production by this residual current  was nil since a uniform drop 

of 30 V or l e s s  in 5 cm is incapable of producing ionization in helium 

at a pressure  of 1 torr.  

- 2  

-3 W after 1 ms. Furthermore,  due to their low 

Thus even this 

Five different types of measurement were made on the decaying 

plasma as  a function of time. 

line intensity, line intensity profile, electron density, electron temp- 

They a r e  measurements of spectral  

erature,and absorption of 3889x light. These wi l l  be discussed in turn. 

4 



The spectral  line intensity of several  atomic lines, in particular 

5876g, 38893, 50162 and 47132 have been measured as a function of 

time. 

dependence of different atomic lines. 

behaviour of the 58761 and 50162 lines as  a function of time, both 

with and without heating of the electron gas by diathermy radiation 

at 2450 MHz. When the electron gas is heated, the recombination 

coefficient is reduced drastically and the recombination light is 

extinguished a s  shown by the fact  that the spectral  line 

intensity drops essentially to zero  at the time the plasma excitation 

is cut off. 

the light due to direct  excitation by beam electrons while the curves 

without diathermy heating show the light due to both direct  excitation 

and recombination. It i s  therefc;:e c lear  f rom Figs. 2 and 3 that, 

during the active discharge, approximately 80% of the 50162 light 

resul ts  f rom direct  excitation while the 58766: light is the resul t  

mainly of recombination. 

there  is an initial drop in the light intensity, due to removal of direct  

excitation, followed immediately by a pronounced r i s e  a s  the electron 

gas cools thus increasing the recombination coefficient. Subsequently 

the recombination rate, and hence the light intensity, begin to fall a s  

the electron density decreases.  

There seems to be little o r  no difference between the time 

Figures 2 and 3 show the time 

Thus the curves w i t h  diathermy heating represent  only 

As the exciting electron beam i s  cut off, 

In order  to determine the radial light intensity distribution, 

measurements of the projected spectral  line intensity profile were 

made by scanning the spectrometer across  the tube. 

ments were  made with time resolution using a gate length of 1 0  to 

15 ps .  The Abel inversion of these profiles was calculated by a 

computer program using a ser ies  expansion in either Legendre, 

Tchebycheff o r  Gegenbauer (a = 2 )  orthogonal polynomials. 

These measure-  

13, 1 4  

5 



The resulting radial  line intensity distributions f rom one extensive 

se t  of projected profiles, showed an initial change during the first 

50 to 100  p s  after which the radial distribution remained essentially 

constant for at least  2 ms. 

density, measured a s  an average along a diameter of the plasma tube, 

can be referred to the values on the axis by a factor which remains 

constant f rom at leas t  100 p s  to 2 ms. 

Thus the light intensity and electron 

To determine what this factor should be, the equations for 
15 1 6  

non-linear diffusion but with the recombination loss  added were 

solved on the computer for  the case of zero magnetic field. 

The resulting radial  electron density distributions, n ( r ) /n  (0), 

for various values of the ratio of recombination loss  to  diffusion loss  

were  related to the radial  spectral  line intensity distribution, I (r), by 

the equation I 

used in the calculation could be two-body, three-body o r  the inter-  

mediate case of collisional-radiative recombination for some given 

electron temperature. When the resulting radial line intensity dis- 

tributions a r e  compared with each other,it is immediately seen that 

the shape of the distribution depends mainly on the ratio of recom- 

bination loss  to diffusion loss  and is relatively insensitive to the 

particular mechanism of recombination being considered. 

more, the needed correction factor, which is just the ratio of the 

electron density at the center to the density averaged along a diameter, 

is itself fairly insensitive to e r r o r s  in the ratio, R, of recombination 

loss  to diffusion loss. 

2 a (n) n , where the recombination coefficient, a (n), 

Further-  

The resulting correction factor for the electron 

density w a s  between 1. 30 and 1.35. 

to see how it could be in e r r o r  by more than 10%. 

Referring to Fig .  4, it is 'difficult 

6 



Comparison of the theoretical curves calculated under the 

steady state a s  sumption, with experimental distributions measured 

in the afterglow can be justified by two arguments. 

neutral  collision time is many orders  of magnitude shor te r  than the 

t ime during which the electron density changes noticeably, we a r e  

therefore  considering a case where only an  adiabatic change occurs. 

Furthermore,  in the theoretical calculation, the rat io  of the equiv- 

alent source frequency vc= s/n (where s is the source t e r m  in units 

Since the electron- 

V - 3  -1 - 3  
of c m  sec  and n is the electron density in  c m  ), to the electron- 

neutral  collision frequency has  already been chosen very small  

(-10 

re t ical  radial intensity distributions with the experimental ones 

gives a reasonable indication of the actual ratio of recombination loss  

to diffusion loss at  the center of the plasma. In the analysis of the 

I (t) and n (t)  curves, as will be seen la ter ,  one obtains an  additional 

check on this ratio in t e r m s  of the ratio of y to D/A . 

- 6  
). Consequently i t  is thought that a comparison of the theo- 

2 

Measurements of the t ime dependent electron density, n (t), 

were made using a microwave interferometer a t  35 GHz 

of which was collimated by absorbers  to a c i rcu lar  c r o s s  section 

of 35 mm diameter. 

of the average electron density along a diameter  of the plasma 

tube. 

corresponding to approximately 10 electrons p e r  c m  . 

17 
the beam 

Thus the observed phase shift was a measure 

Phase shifts of a s  low a s  one degree were  detectable, 
10 3 

was measured by a pulsed 
Te 9 

The electron temperature,  

Langmuir probe technique in which the probe was pulsed, 

afterglow period, using a square pulse of app'roximate duration 10 U S  

once in each 

7 



and of variable height. By manually varying the height of the pulse, 

a probe curve was thus traced out on an x-y oscilloscope, the t race 

being brightened during the flat top of the pulse applied to the probe. 

Such probe curves, taken in the steady state brush cathode plasma 

were compared with a spectroscopic determination of the electron 

temperature both from the relative light intensity of the high lines 

( n =  10 to n = 21) in the n 

the continuum beyond this s e r i e s  limit. Of the two, the continuum 

measurement was the more precise,  with a precision of about i 570 
compared to approximatelyfl5% for the relative line intensity. 

precision of the pulsed probe measurement was aboutf5’$0. 

t ron temperatures found f rom the continuum measurements and the 

pulsed probe measurements agreed to within approximately 570. 

80-cm Leeds and Northrup spectrometers were used in tandem in 

order  to reduce the scattered light so that these measurements could 

be made. 

scopic measurements of the temperature using a pulsed discharge 

were not feasible. 

3 P -, 2 S ser ies ,  and f rom the intensity of 

The 

The e k e -  

Two 

Due to the low fractional duty cycle, time resolved spectro- 

Finally, measurements of the absorption of 38892 and 50162 
3 

radiation by the plasma,  allowed an estimate of the densities of the 2 S 

and 2 S helium metastable atoms. A water-cooled helium capillary 

discharge was used as  the light source. 

measuring low fractional absorptions was s imilar  to that of Phelps 

and Pack 

tially the same. 

1 

The technique used f o r  

18 - 4  
and the limiting sensitivity of 2 x 10 was also essen- 

Fractional absorptions a s  high a s  .24 were observed 
5 

for  the 38891 line, corresponding to a 2 S metastable density of 

approximately 2.6 x 1 0  cm , averaged along a diameter. Frac-  
11 - 3  

tional absorption of 5 0 1 6 1  light was an order  of magnitude lower than 

this and exhibited a fas ter  time decay. The maximum observed 

F 
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1 9 - 3  
valne corresponds to a 2 s metastable density of 6 x 10 cm . 
In calculating the metastable density f rom the fractional light 

absorption, gaussian line shapes were assumed for both the emission 

profile of the lamp and the absorption profile of the plasma, with the 

ratio, p , of the absorption width to  emission width becoming a para- 

meter  of the equatior. (see the appendix). The solution of the equation 

shows that, for  a constant fractional absorption, the variation in the 

calculated metastable density as  p as  is  varied f rom . 5 to 2.0 is l e s s  than 

a factor of 2. The data was analyzed assuming p = 1. 

ANALYSIS OF DATA 

In all  of the following analysis, it is understood that the function 

n (t) used in  the equations has already been corrected to the density at 

the center of the tube by the method outlined above. 

The differential equations governing the concentration of the 

three major charged components of the plasma are ,  where a dot over 

a symbol indicates its time derivative, a s  follows: 
t t D t DM h= -a (n)n[He ] - a M \ n )  n [He2 1 - - [He ] -7 

A 2  A M  

3 2  
[Het] + Y [ z  S I  [He 1 = - a (n) n [He 3 - - ' t  t D 

A 2  

t 2 t t D M  
[He2]  = 6 [He] [He 3 - aM (n)  n [He2] - -- , 2  

9 



the atomic and molecular line intensities are given by Furthermore,  

and 

t = k A a  (n) n [He 3 

'M = k M a M (n) n [He;] 

IA (4) 

(5) 

where, in general, k and k differ for  each line considered and a r e  
A M 

to  some extent temperature dependent. Other symbols used are the electron 

density, n; the atomic and molecular recombination coefficients 

expressed in two-body form, but actually without any assumption as  to 

their n-dependence, o. (n)  anda  (n) respectively; the atomic and M 
molecular ambipolar diffusion coefficients, D and D the cor res -  

ponding diffusion lengths, I\ and AM; and the rate  coefficients, y and 

6 ,  for the following reactions: 

M; 

( 6 )  
3 3 1 

He (2  S)  t He ( 2  S) He'  t e t He (1 S) 

and 
6 t 

He + 2He - He t He.  
2 

Finally,  

( 7 )  

(8 1 t -I- n =  [He ] t [HeZ ] . 
Brackets indicate the densities of the reactant components. 

19  We have calculated y f rom the relation y = vu using the value 
-15 2 -10 3 -1 c m  sec  . O f 0 ' 5 X l O  cm , which resul ts  in  y = 5. 8 x 10 

-31 6 -1 
cm sec  . These 20 The value of 6 used was 1.08 x 10 

reaction rates  depend on the neutral  and ion temperatures but not on 

the electron temperature. 

a r e  less  well known and, furthermore,  depend on electron temp- 

e ra ture  and radial electron density distribution. Fortunately, in our 

case they a re  also small  relative to the recombination loss  t e rm 

during the early afterglow. 

2 
On the other hand, the diffusion t e r m s  D/A 

If dissociative recombination also occurs, then the light 

intensities of Eqs. (4)and(5)must be rewritten a s  

10 



+ + = kA a (n )  n [ H e  1 + k a (n)  n [ H e  1 IA D D  2 

+ = k a (n) n [He2]  'M M CR and 

( 9 )  

6% where a 

the collisional-radiative recombination coefficient for  the He 

If we further assume that the production of atomic light is dominated 

by the dissociative process,  then we may write 

(n) is the dissociative recombination coefficient and a 
t D 

ion. 2 

. .  

and 

n bet,] 

n 
t-t- CR 

CR 

a 

a 
- -  - - I A  

I A  

u . _  
n [He; I 

CR [He ,I 
t- t- CR a 

a 
-- 

t *  
- I M  

I M  n 

The difference between these two equations gives . 
D a CR a I M  I A  

If the assumed dissociative recombination is a two-body process  so that 

%/aD= 0, then of necessity the right+and side of the equation is less 

than o r  equal to zero. 

in one se t  of data show that the atomic light disappears fas te r  .than the 

molecular light by a factor of about 4 in the ear ly  afterglow ( 4 0  to 400 vs) ,  

diminishing to a factor of approximately 2 during the interval 1 to 2 ms. 

Thus the left-hand side of the equation is definitely positive and of the 

order  of 10 sec  . The recombination coefficients on the right side 

have t ime derivatives only because of their dependence on the electron 

density. 

portional to the electron density raised to a power between zero and one. 

Measurements of the atomic and molecular light 

3 -1 

The collisional- radiative recombination coefficient is pro- 

11 



In the region of electron density and temperature of this experiment, 

one would expect the power to  be closer to 1 , s o  that a 

Collins 

recombination and finds a three-body dependence (a 

wider range than for collisional-radiative recombination. 

been proposed which either predicts a dependence on n to a power greater  

than o r  for  which one could reasonably expect an n-dependence for  

dissociative recombination to  a power higher than that for collisional- 

radiative recombination. 

recombination mechanism can play a 

this experiment. 

/a CR CR- n/n . 
has recently investigated the theory of collisional-dis sociative 21 

a n )  over a much D 
No theory has 

1 

Consequently we conclude that no dissociative 

dominant role in the afterglow of 

If the dominant recombination mechanism turns out to be that of 

collisional-radiative recombination, then one expects little o r  no differ- 

ence between the recombination coefficients of the atomic and the molecular 

ion. In this case, then, a solution of Eq. (3)for the steady state shows that 

the molecular ion constitutes no more than about 20% of the total positive 

ion concentration during the early afterglow. 

considerably less.  

a s  much as  a factor of two higher, the equilibrium density would be 

further reduced. 

way in the ratio of the molecular to atomic recombination coefficients, 

the weighted average recombination coefficient i s  not changed by more 

than &15%. Since f o r  most of the data the molecular ion concentration 

i s  even lower than 20%, the maximum e r r o r  introduced by assuming 

the atomic and molecular coefficients to be the same i s  even l e s s  than 15'%. 

For  much of the data it is  

If the molecular recombination coefficient should be 

The end result  i s  that, assuming a factor of two either 

Under the assumptions that a(n) = a (n) and, since they a r e  M 
we can rewri te  equations(1) 2 2 

small corrections, that D/A = D /A M M '  
through (5), using the definitions 

y (t) = a ( n )  n (t) 

1 2  



and 

(15) 
2 2 = 135 p A =  6 [He] 

where p is the neutral gas pressure in tor r .  The equations then become 

and 

- -  i? D B3Sl2 

A 
- - y - - z t Y -  n n 

' t  h [Hk'] 

I A  [He?] a [Het] 
'A Ltw h +-t-- - - -  e 

. .  

We have here  neglected the t e rm k /k A A  in Eq. (19)and a s imilar  one in 

Eq. (20)on the grounds that the dependence of k on T 
A e is not great  and 

that the dependence of T on time is  not very rapid. 

The recombination coefficient can be extracted in three diff- 

e 

erent  ways. First of all, the n(t) measurement is alone sufficient to 

determine a ( n ) f r o m  Eqs. (14)and(l6). There a re  two serious objections 

to this approach. 

value of D/A 

F i r s t  of all, we need pr ior  knowledge as to the 

2 
and, perhaps more serious, we require the determination 

1 3  



of the t ime derivative of n, as a function of time, a rather inaccurate 

procedure. 

A second approach is to use both the I(t) and n(t) data,thus 

obtaining a(n) f rom the equation 

where y (to) is obtained f rom Eq. (1 6). 

The starting t ime for  the calculation, is always chosen so  

that the initial temperature and radial  distribution changes which follow 

the discharge cutoff have already occurred and a new quasi-equilibrium 

has been reached. Typically, t was chosen to be 100 p s  in the after- 

glow. 

the difference between h/n a t  two different times, preferably widely 

separated. 

on which values of time a r e  chosen,and averaging over-all  values of 

time would become hopelessly involved. Determining h/n f rom the 

available data for a time late i n  the afterglow is at 

2 0 

In this second approach we can in principle determine D/A from 

2 
However, the exact value of D/A so calculated will depend 

best  inaccurate. 

The third, and by far the most convenient approach, is to use 

the I (t) measurement supplemented only by the values of n and h at 

time t . 2 2 
or,  if  Te(t) is known, a value of D/A 

A 
We pick a value of D/A 

0 

for  Te = T where T is the temperature of the neutral  gas. Neglecting 
g ,  g 3 

changes in A&, the function D/A\" vs t is  then determined since D is 

proportional to the electron temperature.  By the solution of two successive 

differential equations, we then determine y ( t )  and a (t). Using Eq. (14), 

n ( t )  is also calculated. 

the experimentally determined one and the whole calculation is repeated 

This calculated n ( t )  curve is then compared with 

L with different values of D/I\ ( T  ) until the best  fit is found. 

we proceed a s  follows. 

differential e quation 

In more detail, 
g 

Substitute Eq. (17)into Eq. (19)thus obtaining the 

14 



where F(t) is the experimentally determined function 

I: z3s1 IA 

I A  A 2  tHeS1 
t A - y -  . D t- F(t) = - 

3 The relative s izes  of these te rms  for this experiment a r e 2 . 1 0  : 

--2OO/p: 135 p 2 : 2 4 0  where p is again the neutral  gas pressure  in t o r r .  

The last t e r m  will now be neglected and the solution of Eq. (22)then 

becomes *t 

[io f dt -I A ( t  -t  1 
IA(t) exp 0 I 

* (24) - 
m 

y(t) = I A( to)  - dt t A (t -t ) / d t  
0 

, 
d 

Y (to) A 2  
0 

The substitution of Eqs. (16)andQ7)into Eq. (19)  second form results in 
I 

t 2 y t 2 -  t A  
A 1 - - -  - b 

U I A  A 2  

where we have again neglected the t e r m  in y. 

we obtain as a solution of Eq. (251, 

Since y(t) is now known, 

y(to) 'A ( t )  
U ( t )  = --- exp [f y(t) d t  t 3; dt t A (t-t 0 )- 

A 2  L 

n (to) 

D 0 

Finally, 

n ( t )  = Y(t) / a (t) . 
The initial condition of y( t  ) is given by 

0 

1 5  



where there is here  somewhat l e s s  reason for  neglecting the t e r m  in 

y and also l e s s  inconvenience in keeping it. 

of h (t )/n(t ) is greatly helped, at leas t  i n  the present  experiment, 

by the convenient fact  that f rom 100 ps to approximately 1 ms ,  the 

function l /n( t )  plots linearly against time. 

(slope of the plot). 

recombination coefficient, as was sometimes assumed in  ear l ie r  work. 

The accurate calculation 

0 0 

Thus,h(t )/n(t ) = -"(to) 
0 0 

Note that the slope of this plot does not equal the 

If a molecular line is also observed, we can obtain additional 

information by proceeding a s  follows. Equations ( 1  7)  and (1 8) a r e  sub- 

stituted into the difference between Eqs. (19) and ( 2 0 )  to obtain 

still under the assumption a (n)  = aM(n). F o r  the one case where data 

were available to allow the use of this equation, the values were  
t 

[He 

approximately . 2 7  during the interval 1 ms to 2 ms, in good agreement 

with estimates mentioned above based on Eq. (3)in the steady state. 

]/n equal to . 092 in  the ear ly  afterglow ( 4 0  p s  to 400 ps) and 2 

To a f i r s t  approximation in Eqs. (24)and(26), we can assume that 

D/A2 is a constant, thus ignoring its ijependence on the electron temp- 

erature .  

total interval being studied. Even in this approximation, agreement of 

calculated n(t) with experimentally measured n(t) to within experimental 

e r r o r  can be obtained from 100 u s  to 1 1  m s  in the afterglow. 

agreement is shown in Figure 5 for one set  of data. 

then plotted V S . ~  in Figure 6 superimposed on a family of curves 

rep r e  se nting predictions of the collisional - radiative recombination 

theory . The corresponding time in the afterglow and measured 

1 6  

2 The value of D/A then becomes the t ime average over the 

This 

The ratio cl(n)/n i s  

5 



electron temperature a re  indicated by arrows. 

good but it remains to be explained why the electron temperature 

remains elevated during a long. period in the afterglow after falling 

abruptly by a factor of 1 .  3 to 2 immediately following plasma 

excitation cut-off. 

The agreement  is 

Consideration of the continuity equation for  the density of 
3 

He (2 S)  metastables in the light of its measured t ime dependence in  

the afterglow, forces  us to include a t e r m  of the f o r m  k n (t) cor res -  

ponding to collisional de-excitation by electrons, hence, 

.I. -4- 

-k [He12 - k“ n (t) 

where the t e r m  in is due to the reaction 

(31 1 
1 B 3 

He(2 S)  t e + He (2 S )  t e t .79 e V ,  

the next two t e r m s  a r e  the contributions of recombination into tr iplet  

levels and diffusion respectively, the term in y is due to loss  by 

metastable-metastable collisions (Eq. 6), and that in  k to loss  by the 

reaction 

(32) He ( Z 3 S )  t 2 He ,He2 k (2  3 t  C ) t He (1 1 S) .  
U 

- 7  3 -1 -34 6 -1 Using the values 8 ~ 3 . 5  x 10 cm sec  and lcz2.5~10 cm sec  

given by Phelps , we ar r ive  at the following approximate magnitudes 

for the t e r m s  of Eq. (3O)during the ear ly  afterglow of this experiment; 

22 

3 -3  - 2 x 10 = +A200 t 4 x  10 - 165-110-.26- 6 x  10l1 k” 
-8 3 -1 .I. 

Thus the approximate magnitude of k-‘ must be 10 c m  sec  . 
::< -1 5 2 

Since k = v 0 ,  we ar r ive  at a c ros s  section 0 -10 c m  for the 

“:ollisional de-excitation of the He ( 2  S)  metastable by electrons. 
3 

1 7  



If, instead of this process,  w e  assume de-excitation by collisions 

with the neutral  gas resulting in  a t e r m  k 
* 

LHe], we  cannot obtain 
3 

the measured time dependence of the 2 S metastable density. 

by collisions with He 

resulting in the t e rms  kSr [He 1, ker [He ] or  kSr [ 2  S], cannot, 

because of the lower velocity of these particles,  yield a 

required magnitude without resorting to  c ros s  sections la rger  than 

the maximum permissable. 

by super elastic electron collisions i s  adequate to explain the experi- 

mental observations. 

1 9 . 8  eV, and is therefore possibly also instrumental in  maintaining 

the electron temperature during the afterglow. 

Loss 
t t 3 

or  He ions o r  with other 2 S metastables, 
t " 3  
2 

2+ rlr 

t e r m  of the 

It seems therefore that only de-excitation 

This mechanism resul ts  in an  electron of energy 

Other possible mechanisms which can contribute energy to 
3 the electron gas a re  He (2 S) metastable-metastable collisions, which 

release an electron of about 15  eV 
3 

to 2 S metastables by superelastic e lectron collisions releasing . 7 9  eV, 

and the collisional-radiative rrecombination process  itself. 

l a te r  process, an electron, newly attached to a positive ion in a very 

1 
energy, transformation f rom 2 S 

In this 

high level, gradually loses energy to f r e e  electrons until it reaches 

a level where radiative transitions downward become favored relative 

to collisional transitions. 
23 

F o r  our conditions of electron density and electron temperature, 

this occurs at  a level of principal quantum number 5 or  6, lying about 

. 4  eV below the continuum. 

approximately . 4  eV of energy should be transfered to the electron gas. 

The differential equation describing these processes  is 

Thus for  each recombination event, 

m k T =  - 2- (kT - kT 1 t , 6 7  a. (n) n V.  (n)  
d - 

dt e ~ ' m  e g ion 

3 2  

n 
t 1 5 y -  '' " t 19.8 k* [z3S]  i . 7 9  B [2'S] (33 )  

18  



-1 -1 in units of e V  electron sec . Here  T is the temperature of the 

neutral  gas, and v is  the electron-neutral collision frequency. 
24 g 

m 
The time constants involved in this equation a r e  all  short  

-6  - 5  
( 4 0  to  1 0  

ments that the electron temperature varies only ra ther  slowly 

following its initial rapid drop. 

be reached and we may neglect the time derivative in  Eq. (33) .  

ining the ratio 0 = T /T 

sec)  but i t  is  known from the pulsed probe measure-  

A quasi-equilibrium must therefore 

Def- 
8 

and using v = 1. 8 x 10 ,,/e, one thus obtains 
e g  m 

3 2  - 
n 

-11 [ Z  SI J0 (0- 1) = .52  x y ( t )  V ion (n) t . 6 9  x 10 

Using typical observed values of the metastable densities at  
3 11 - 3  1 9 - 3  

l o o p s ,  [ Z  S] "1 x 1 0  cm and [ 2  SI a 3 x 10 cm , it follows 

from Eq. ( 3 4 )  that if all  the energy of the metastable-metastable and 

metastable-electron collisions were coupled efficiently to the electron 

gas, the electron temperature would be very high, above 4000 K. 

Consequently only a relatively small  fraction of this energy must go 

into heating the electron gas. Most of the energy is probably lost  in 

collisions with neutral atoms. Furthermore,  since an  electron of 

. 79 eV can more easily share i ts  energy with the electron gas than can 

one of 15 o r  19. 8 eV, it i s  quite possible that heating by conversion of 

2 S to 2 S metastables might be a mojor electron temperature 

maintaining mechanism in the afterglow. 

0 

1 3 

The rate  of formation of metastables controls the metastable 

density in the afterglow to a large extent, and consequently all  of the 

19  



above heating processes  a r e  dependent, ei ther directly o r  indirectly, 

on the recombination rate, Fo r  high electron densities, the recom- 
3 

bination rate is proportional to  n , therefore one might expect the 

rate  of energy input per  electron to  increase rapidly as  the electron 
12 - 3  

density is  raised above 10 cm . If so, then it is clear  that a 

helium plasma, in  near equilibrium and of high electron density, must 

of necessity have an electron temperature several  t imes room te-mpera- 

ture, even during much of the afterglow. 

SUMMARY 

It is shown that dissociative recombination cannot play a major 

role in the decay of the plasma of this experiment. 

spectral  line intensity and electron density measurements a s  a function 

of time allow the determination of the coefficient for recombination of 

atomic ions with electrons. Simultaneous measurements of the electron 

temperature then permit a comparison with the theory of collisional- 

radiative recombination. Azreement is obtained to within a factor 

of approximately t w o  in the value of a(n)/n o r  a factor of approximately 

1.15 in the electron temperature. 

Analysis of 

3 
Use of the measured time dependence of the 2 S metastable 

density in the continuity equation suggests that the dominant loss 

mechanism f o r  2 S metastables is collisional de-excitation by 

electrons with a c ros s  section of the order  of 10 cm . 
3 

-15 2 

A study of the possible heating mechanisms together with 

measurements of the metastable atom densities, suggest that the 

major heating mechanisms in the ear ly  afterglow involve super- 

elastic collisions of electrons with the metastable atoms. 

appreciable contribution to heating should also result f rom 

the collisional-radiative recombination process  itself. 

these heating mechanisms a re  controlled directly o r  indirectly by 

An 

Since 

20  



the recombination rate, it is suggested that the existence of a dense 
- 3  

cm ) helium plasma,with electrons at essentially room 

temperature, is  a fiction. 

assure  an elevated electron temperature until the electron density 

has decreased. 

The recombination process  itself wi l l  
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APPENDIX 

The relation is here  calculated for the fractional spectral  

line absorption, A, as a function of metastable atom density f o r  

various values of the ratio, p, of the absorption line width to the 

emission line width of the light source assuming both line shapes 

a r e  Gaussian. It is fur thermore assumed that the slit of the spectro- 

meter  is open f a r  enough that all of the emission and absorption lines 

a r e  observed. The transmitted light, I (x), can be writ ten as  t 
= I(X) exp I: -k (x) 1 1 (A-1) 

k(x) is the absorption coefficient, and 1 is the r' where x h - 
distance through the absorbing medium. The source and absorption 

line profiles a r e  given by 
IO -X2/ZO2 e I(x)== e 

and 

e J2 l-r (5 

-x2/2," a k(x)= K e 
0 

(A-2)  

(A-3)  

where I i s  given by the integral of Eq. ( A - 2 )  over a l l  x f rom -03 to +a. 

The total fractional absorption, integrated over the whole line is given 
0 

(A-4) 

of Eq. (A -4 )  in a Taylor se r ies  and substituting 
-k(x)l Expanding e 

Eq. ( A - 2 )  and (A-3) ,  we then integrate t3  obtain 

(-1) n-l 
1 

a 
K n  l n a  
0 

n! * 

(A-5) 

25  Mitchell and Zemansky point out that the integral  over an 

absorption line is  constant irrespective of the absorption line width 

and i s  directly proportional to the total number of absorbing atoms per  

cm in the optical path. This leads to the expression 
2 

22 



f N  
C 

2 

0 2  m a 

which when substituted in  Eq. (A-5)  resul ts  in 

where 

I 
n =  1 

2 
1fN , 

AV 
mc e 

( A - 6 )  

(A-7 )  

( A - 8 )  

(A-9 )  

and A v is the half width at half maximum of the emission line. 

Expression ( A - 7 )  w a s  solved on the computer for  various values of 

F and p .  The results a r e  plotted in  Figure 7. 
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