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ABSTRACT 

The effects of finite mean free path on classical thermal conductivity have 
been discussed for RTPR conditions. The net result is that the cooling layer 
will be a bit denser than previously expected. Also the transient effects of 
charge exchange processes between the neutral gas cooling layer and the main 
plasma are discussed. It is shown how the main plasma can be shielded from the 
incident neutrals thus reducing the wall damage which might occur as a result 
of bombardment by high energy neutrals. 



Introduction 

The use of neutral gas layers for confinement or heat removal in prototype 
thermonuclear reactors has been considered recently by several authors.1-3 

More recently a mathematical model for the application of. such a neutral gas 
layer to the heat removal problem in an RTPR has been presented.4 The latter 
model application can be challenged in two main ways. 1) The classical theory 
of neutral thermal conductivity which is used, assumes that the mean free path 
for neutral-neutral collisions is short compared to characteristic lengths in 
the apparatus. The extent to which this assumption breaks down is discussed in 
the next section. 2) Since the RTPR is a pulsed reactor and operates on a 
short time scale relative to steady-state reactors, the use of a quasi-steady 
heat flow approximation is more questionable and must be investigated. In par
ticular there is the chance that charge-exchange induced penetration of the 
neutral gas into the main plasma may remove energy at a disastrously rapid rate 
so that the quasi-steady heat flow is never set up and the energy, is suddenly 
dumped into the first wall by means of the highly energetic neutral atoms which 
are formed. This, of course, cannot be allowed in a viable RTPR design. 

Finite Mean Free Path Effects 

The classical formula for heat conduction through a neutral gas is given 
by5 

K„ = K„„ ^T (1) 
n no 

where K is a constant. The derivation of this formula depends on the assump-
no 

ticn that the mean free path for atomic collisions is short compared to any 
characteristic distance in the sample. The important thing about this expres
sion is that it is independent of the density n of the gas. As the density of 
the gas decreases, there must be some point at which this expression breaks 
down. 

One way to look at the problem is to start from the low density limit in 
which the mean free path is large compared to the sample size. To a good ap
proximation the neutral gas layer can be approximated by a plane slab with a 
width L of several centimeters. The left edge of the layer is assumed to be at 
a temperature T_ roughly at which the change from ionized to neutral gas takes 
place. The right edge of the layer is assumed to be at the wall temperature 
Ty. The model assumption is made that the atoms entering either boundary from 
the interior are reinjected into the sample but with a velocity distribution 
characteristic of that particular boundary. In other words perfectly diffusive 
boundary conditions are assumed. Because of the large mean free path the atoms 
are assumed not to encounter each other at all in the interior region. The in
ward fluxes from the walls are obtained by integrating over the appropriate 
half-Maxwellian distributions. 

-n v w ow 
w 2 ^ 

(3) 

where n and n are the densities corresponding to the gas traveling from the 
plasma and wall boundaries respectively. The velocities v and vow are the 
velocities characteristic of Tp and Tw, respectively. The diffusive boundary 
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condition is now expressed as 

(4) 

Therefore, 

1 = - A 
*p TW 

(V + V \ 
-22 2£) (5) 

V o P / 

where 

n = n + n (6) 
p w 

is the total neutral gas density. Therefore, if n and the boundary temperatures 
are given the properties of the system are specified. 

By integration over the distributions, the net energy transfer from the 
plasma to the wall is given by 

3 / 3 3\ ,_,. 
q = — m Jn v - n v J (7) 

16vV \ P op w ow/ 
An effective thermal conduction coefficient is given by 

T - T 

Equating (7) and (8) and expressing the velocities in terras of temperatures, 

, /7VX3/2 /n T
 3/2 - n T 3/2 \ 

K . - i s L f i i ) ( p p „, _ ; * — (9) n 16/n 

Writing (4) in the form 

7 W T - T p w 

n T 'Ul = n T 1 / 2 (10) 
p p w w v ' 

(9) becomes 

3 L , 2 M 3 / 2 T 1 / 2 T 1 / 2 

K = ill ilk) P w , 
n 1 6 ( m , ) 1 / 2 T 1 / 2

+ T 1 / 2 ( } 

P w 
If T and T are fairly close together a single average temperature T can be 
used in giving 

(IHTT) 

Expressing this in terms of the mean free path of the neutral gas, 

n n - ? <nov¥ (13) 



where the factor E which corrects the classical formula is 

E - -^- ~ (U) 
* 25TT \ K J 

where 

/2 2 
•una 

(15) 

where a is twice the atomic radius. Thus another way to express E is 

£ - eo n (16) 

where 

4/2 . 2 
«o"T5 La 

An expression which reduces to (13) for small n and (1) for large n is given by 

K = f(n) K /f" (17) 
no 

where 

-E n 

f (n) = 1 - e ° (18) 

In the classical limit (large n) f(n) reduces to unity. In the large mean free 
path limit 

f(n) = £Qn (19) 

in agreement with (13). These limiting values of f(n) along with (18) are 
plotted in Fig. 1. A good estimate of the value of n at which classical theory 
breaks down is obtained from the intersection cf curves a and b, namely E0n = 1. 
Taking the values a = 1.365 x 10~8cm.(hydrogen) and L = 3 cm, n = .79 x 1016. 
This is a bit larger than the densities obtained earlier1* for the neutral layer 
density for the required heat extraction ratio for the plasma. Even though 
this derivation is rather crude it does give some indication that the onset of 
larger mean free path effects occurs for densities above those contemplated for 
use. The basic result is that the densities required for heat extraction will 
in reality be higher than previously thought.k Instead of being about 1011+ 

they will be somewhere between lO1*4 and 1016. These results are generally con
firmed by Monte Carlo calculations.6 

Transient Charge Exchange Effects 

The calculations of heat flow discussed in the previous section all in
volve making the assumption of quasi-steady temperature and density profiles. 
With these assumed as an accomplished fact the neutral atoms are kept away fror. 
the heat central plasma by the less hot plasma which has formed between the 
main plasma and neutral gas. Furthermore the hot neutrals which are formed do 
not have high enough velocities to get through the dense neutral region to any 
appreciable extent before undergoing encounters. To evaluate the exact amount 
of wall damage under these conditions will still involve more detailed analysis. 
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The main way in which the above analysis can be challenged is in the as
sumption of a quasi-steady configuration. When the neutral gas is initially 
introduced it will encounter the hot plasma. The plan is to somehow inject 
the gas from the wall through ports. However, enough particles go out ahead 
of the main injected gas that one might as well assume a uniform and linear in
crease in pressure in the space between the plasma and wall. The question is: 
Will the energy of the plasma be removed as very hot charge exchange neutrals 
before the quasî -steady layer can be set up? 

To ansxjer this question properly it is necessary to consider the diffuse 
nature of the plasma density profile. The main body of the plasma has a nomi
nal density between 1015 and 1016 cm-3. However, over the last few centimeters 
at the edge the density drops monotonically from such a density to zero. The 
plasma at the edge is of a sufficiently low density that as ths entering neu
tral gas reacts with the plasma, it takes energy away fast enough in a percent
agewise manner to lower the effective temperature of the edge. Thus lower and 
lower temperature plasma is encountered reducing the energy of the charge ex
change neutrals as well as the rate of energy removal. The ion-ion relaxation 
times are about fast enough to cause a significant amount of equilibration on 
the scale of a fsw usee. Thus it can be seen hc.j a monotonically decreasing 
temperature profile can be set up in this fringe region. 

A simple computational model has been set up to illustrate the process. 
This model is somewhat simplified, but should generally give an idea of how 
the result might go. The plasma being modeled is the portion in the outer 
part of the fringe which can be represented by an ion density which drops ex
ponentially from half the internal density to zero in about 2 cm. This region 
is divided into about.20 mesh intervals. In each interval the ion and neutral 
densities and temperatures are kept track of. Initially the neutral density 
in this region is zero. As the pressure in the outer region increases from 
zero, this neutral gas diffuses into the plasma region. The depletion of the 
diffusing neutrals, as well.as changes in ion temperature and density are ac
counted for by the ionization and charge exchange reaction rates. Ion thermal 
conduction is also taken into account. 

The neutral and ion densities are plotted in Fig. 2 for a time of 200 ysec 
after the beginning of the introduction of the neutral gas. At this time the 
neutral density in the outer.region is assumed to have risen linearly to 
2 x 1021m~3. The ion and neutral temperatures have been plotted in Fig. 3. 
As can be seen by inspection of the figures, a sizable amount of cooled plasma 
has built up on the right-hand edge and a sizable temperature gradient in the 
less dense outer plasma has begun to form. Thus there are relatively few 
neutrals which.actually.make.contact with the main hot plasma at this time. 

Charge Exchange with 3.52 MeV Alphas 

As is well known the 3.52 MeV alphas which arise from the thermonuclear 
reaction have a larmor radius of about 2 cm for nominal confining fields. Then, 
these alphas should penetrate well into the cooling layer and perhaps have ap
preciable charge exchange with the cool neutrals. However, a sinple electro
static calculation shows that when the density of alphas builds up to any 
appreciable extent a strong electric field develops which inhibits the motion 
of the alphas away from the main body of the plasma. The penetration depth is 

/"~kT 

* - f J-i- «°> 
V 4ite n v a 
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For a typical plasma burn, by the time the risetime has been completed 
and the steady confining field has come on, the average alpha energy is about 
.2 MeV and decreasing. Also enough burn has taken place so that the alpha 
density is about 6 x 1012cm~3 and rising so that from (20), the penetration 
depth of alphas is about 2 mm and falling. Thus the likelihood of appreciable 
interaction between these alphas and cool neutrals is considerably diminished. 
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Fig. 1. The factor f(n) by which the classical thermal conductivity n must be 
corrected for small n is plotted vs n. n 
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Fig. 2. The ion density n. and neutral gas density n are plotted vs the distance 
AR from the center of the diffuse plasma sheath at a time 200 ̂ sec after 
introduction of the neutral gas. 
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Fig . 3 . The ion temperature T. and neutral gas temperature T are plotted vs the 
distance fiR from the center of the diffuse plasma sheath at a t ine 200 t-isec 
after the introduction of the neutral gas» 


