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Abstract

The conductivity of a He plasma created by the inelastic reac-

tion with thermal neutrons

3He+n t h—» 3H + p+0.76MeV

is studied as a function of neutron flux, gas temperature and gas den-

sity. Using reported values of the electron mobility the electron den-

sity is calculated from experimental conductivity values» Further, by

accepting a reasonable value for the mean energy lost in creating one

ion-pair, the recombination coefficient is estimated.

The measurements performed so far cover temperatures bet-

ween 300 - 1600 K and densities between 0.25 - 1 times the density

at atmospheric pressure and 300 K. The neutron flux is varied bet-
._i0 . . I t -2 -1

ween 10 - 10 n cm s

As a sample of results achieved at 1600 K and the lowest den-

sity (corresponding to about atmospheric pressure) and the highest

neutron flux the following values are obtained for the conductivity, the

electron density and the recombination coefficient respectively:
o- a 0.2 S* m

n - 6-10 cm
, 1A-l0 3 -1a = 2 • 10 cm s

An extrapolation of data obtained shows that the concept of neutron

induced conductivity should be attractive for MHD power generation.

Printed and distributed in March 1966.
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i . INTRODUCTION

In an earlier work [l] a scheme is described to obtain conduc-

tivity in noble gases in the low temperature high pressure range

(about 1500 K and above atmospheric pressure). It was pointed out

that a noble gas is ionized by inducing nuclear reactions of exothermal

type by irradiation with thermal neutrons. As a suitable example of

this type of ionization the reaction

3He + n ^ - » 3H+ p+ 0.76 MeV

was chosen. The kinetic energy developed is split between the reaction

products, which ionize the gas in course of their slowing down. Con-

sequently, a volume source of electrons is generated. In the pressure

range above atmospheric and in the absence of abrupt spatial change

of the neutron flux, diffusion is negligible and the loss of electrons is

dominated by volume recombination. Thus, as in the steady state the

source term is balanced by the recombination processes,a constant

electron density is maintained, resulting in a quiescent plasma.

In the present paper the conductivity of a He plasma created by

this method is studied as a function of neutron flux, gas temperature

and gas density. Using reported values of the electron mobility the

electron density is calculated from experimental conductivity values.

Further, by accepting a reasonable value for the energy lost in creating

one ion-pair, the recombination coefficient is estimated.

The measurements performed so far cover temperatures between

300 - 1600 K and densities between 0.25 - i times the density at at-

mospheric pressure and 300 K. The neutron flux is varied between
, n i0 ,Ai -2 -1
10 - 10 n* cm s

In the following the normalized density n defined by

n * * 3 0 0 - (pinatm.) (1)

T

will be used, related to the density n by

n s 2.45 • 1019 • n* cm"3 (2)
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2. EXPERIMENTAL EQUIPMENT

The furnace containing the He gas in which the plasma was gen-

erated is shown in Fig. 1. The test volume in the center is cylindrical

(15 cm long, 7.5 cm radius), and is heated by means of a molybdenum
o

wire bifilarly wound on a molybdenum screen to make the test volume

free from electrical and magnetic fields. The test volume can be ob-

served through the two quartz windows located on the axis of the fur-
3 10

nace. The housing is stainless steel with water channels ' for cool-

ing of the seals, which are made of aluminum or lead. The furnace was

leak tested regularly between runs and so far these seals have not been

damaged by the temperature cycles or neutron radiation. The furnace

also has two feed-throughs for gas circulation, and four feed-throughs

for heater current (not shown in the figure).

The temperature of the gas was measured pyrometrically by

means of the heat radiation from a small cavity inserted in the center

of the volume, assuming that the gas temperature was equal to the

temperature of the cavity, and that the cavity radiated as a black body.

This assumption was reasonable because the temperature of the cavity

was independent of the gas pressure at fixed heater temperature (meas-

ured by its resistance) and because above 1100 K the walls were pyro-

metrically observed to be at uniform temperature. The relationship bet-

ween the heater resistance and black body temperature was established

and a feed-back loop was used to keep the temperature constant within

one degree between 1100 and 1800 K.
Q

Fig. 2 shows the position of the MHD furnace during experi-

ments. The core of the Swedish swimming-pool experimental reactor

R2-0 is positioned just behind an aluminum window in the concrete

wall surrounding the pool . A lead shield protects the concrete

wall against excessive heating from the gamma radiation but permits,

through a central hole, neutron radiation of the MHD furnace. Behind

the furnace is a water container , which will thermalize and reflect

neutrons,thereby increasing the thermal neutron flux in the furnace and

improving its uniformity. The outer parts of the experiment are shielded
9

by means of a concrete block having channels for light transmission
(spectroscopy) and for cables. The channels are broken to prevent direct

4
radiation from the reactor. A further shield is situated in the reactor
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hall for personnel safety. Also for reasons of radiation protection all

measuring instruments are located around the corner . Fig. 3 gives

a view of the rig withdrawn from the irradiation channel and placed on

its transport trolley.

The furnace is connected through pipes to the gas handling system,

which contains the main loop for gas circulation and purification (Fig. 4).
24A gas chromatograph is inserted between valve and the circulation

pump. The gas chromatograph is of the "Berry" type [2] (kindly lent to

us by UKAEA from its Reactor Materials Laboratory at Culchetch,

Warrington). The gas purification system is similar to that used in the

chromatograph and consists of aHopcalite furnace followed by a cold trap,

consisting of a molecular sieve at liquid nitrogen temperature.

Besides the main loop the gas handling system contains equipment

for filling and evacuating the main system. As He gas is expensive,

losses must be minimized and therefore pumping in and out of the main

system has been performed by means of a specially designed Toepler

pump capable of creating a pressure ratio of 500. The system also con-

tains facilities to take samples of the gas from both sides of the MHD

furnace. In the earlier stages of the experiment such samples were ana-

lyzed by means of a mass spectrometer, but this method was inferior to

gas chromatography.

3. EXPERIMENTAL METHODS

3.1. General

In all experiments the MHD furnace was situated in the position

howi
4
shown in Fig. 2. Before filling with He, the main loop was purged with

He after the molecular sieve cold trap had been regenerated, and this

treatment was followed by evacuation down to about 1 micron. The sys-

tem was then filled with He, which was circulated continuously for at

least 24 hours before the gas was irradiated. During that time, the fur-

nace was kept at constant temperature (1500 K). The purity was tested

regularly by means of the gas chromatograph. This instrument used

thoroughly purified He as carrier gas [2] and measured N2, O-, A,

CO. and CO in quantities less than 1 vpm per impurity when the sample
3

gas was He. The H_ content could not be measured with the chromato-
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3 4

graph as this peak was masked by the large He peak in the He carrier

gas.

The efficiency of the purification system was checked by injecting

a certain amount of N? or A into the MHD furnace and measuring the

content of the impurity every five minutes after the injection. It was

found that the decrease of impurity followed an exponential law with a

time constant of appr. 10 minutes and that the content of all measurable

gaseous impurities could easily be kept below the lowest measurable

quantity, 0.5 vpm, when the MHD furnace was heated.

During irradiation the nuclear reaction He(n, p)T takes place in

the gas and results in protons and tritons which have energies of 0.57

and 0. 19 MeV respectively. This energy is mainly lost in ionization and

excitation of the gas. The ranges of the protons and tritons are inversely

proportional to the He density and are equal to 5.1 and 1.7 cm respec-

tively for density n »1 (the density at 1 atm and 300 K).For densities

n larger than 0.67, the radius of the central test volume in the furnace

(7.5 cm) is larger than the proton (triton) range. This means that in a

certain volume in the center of the furnace the atomic processes are not

affected by escape of protons and tritons to the walls. For densities

n < 0. 67 corrections can be made for wall effects (Appendix I).

The irradiation time was minimized by running the reactor up and

down between the power limits 20 kW and 1 MW as fast as the reactor

control system permitted, i.e. with a power doubling time of about 20 sec.

In this mode of operation the amount of hydrogen and tritium generated

will increase from a residual value at the beginning of each run to about

0.3 vpm.

The neutron flux in the furnace is proportional to the reactor power

(read on the reactor instrumentation) and the proportionality factor was

found by means of foil (Au, Cu) calibration [3] . For flux mapping of the

interior of the furnace a special umbrella was designed. In its folded

shape the umbrella loaded with foils was introduced into the furnace

where it then opened up, thus placing the foils into the measuring posi-

tions as shown in Fig. 5. Calibrations were made at the two different
3 * *

He densities n s i and n a 0.3. The neutron flux was constant in the

dimensions perpendicular to the axis of the irradiation channel. The

results of the flux mapping are given in Fig. 6.
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3.2. Measurement of the Conductivity

In the earlier stages of the experiment the conductivity of the He

plasma was measured by means of tungsten wire coil placed in the cen-

ter of the furnace [l] . The Q value of the coil was related to the con-

ductivity by means of calibration in salt solutions and a measurements of

Q versus neutron flux, were made at constant temperature and con-
3

stant He density. It soon turned out that mechanical deformation of the

coil made the Q value dependent on the furnace temperature so strongly

that it became difficult to evaluate the absolute value of the plasma con-

ductivity. It was then decided.to use a probe assembly - proposed and

designed by Dr. F . Robben - instead of the coil. This is shown in Fig. 7.
2

It consists of a center electrode - placed in the center of the furnace -
1 3 4 5

and two guard electrodes ' . Two field probes ' are situated at

1.0 and 2.0 cm distance radially from the center electrode.

The conductivity er of the gas has been measured by an absolute

method, in principle by using the definition of o- as given in Ohm' s law
i_ = o-E (3)

where i is the current density and E the electrical field strength.

Knowing the total current between the center electrode and the walls of

the furnace, the current density is calculated from the geometry of the

experiment. The field strength is deduced from measurements made

with the field probes sensing the plasma at two different radii.

Prior to the conductivity measurements the probe assembly was

tested thoroughly. The voltage-current characteristics were recorded

for each probe with respect to ground (wall potential), and the depend-

ence of these characteristics on the current to the center electrode was

evaluated. Also characteristics of the center electrode were measured.

The probe characteristics were similar to those for a normal Langmuir

probe and the shape was independent of current flowing to the center

electrode.

The voltage difference AV between the two field probes was re-

corded as a function of the current I to the center electrode with the

guard electrodes kept at the center electrode potential. Within a certain

range, somewhat dependent on furnace temperature and reactor effect,

the relationship between AV and I was linear. In that range, for a fixed
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temperature and reactor power, we can formulate the relationship

AV = R • I + V (4)
o o *

with R and V being constants. Application of a current (through

10 MO resistors) to the field probes did not change R appreciably, but

a 4̂ iA current to both probes extended the range of linearity in the region

of low temperature and/or low reactor effect.

The differential voltage difference dAV (as a function of a differ-

ential change in I) is equal to the differential potential drop in the plasma

between the two cylindrical surfaces through the probes, concentric with

the center electrode. In that case the relationship between the plasma

conductivity o and RQ equal to —jr- is found by simple geometrical

considerations to be

^ R Fg (5)

where 1 is the length of the center electrode and F_ the logarithm of

the ratio between the distances of the two probes from the center axis.

This expression is derived under the assumption that the plasma

is homogenous in cylindrical geometry. In the actual measurements this

is not quite true because there has been a gradient in electron density due

to the absorption of neutrons in the He gas, but expression (5) is still

valid if a is interpreted as the value at the center axis. Further comments

on this point are made in Appendix II.

The actual measurements were made by choosing the working point

of the probe assembly in the linear range and measuring the a-c voltage

difference v between the probes when the center electrode current in-

cluded a small a-c modulation, i. The voltage v is proportional to R

that is inversely proportional to a, and was recorded as a function of

time as well as the reactor effect.

For this purpose a three pen recorder was used, and in Fig. 8 the

circuit for conductivity measurements (measurements of v at constant i)

is shown with the third pen (channel 3) recording the voltage between cen-

ter electrode and ground. The x-y recorder was used to made more detailed

measurements of the probe assembly and to ensure that the circuit oper-

ated in the linear range.
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4. CONDUCTIVITY VERSUS NEUTRON FLUX

In performing the conductivity measurements the gas temperature
it

T and the gas density n were kept constant and the a-c voltage differ-

ence v between the probes was recorded as a function of the reactor

power. The range covered was 300 °K — T — 1600 °K and

0.25 — n — 1. (n * 1 is the gas density at T * 300 K and atmospheric

pressure.)

T could be reproduced precisely in the different runs whereas n

could differ up to 10 % from the desired value. It was found that at a

given temperature and reactor power the proportionality between v and

n was good enough to be used for the small linear corrections neces-

sary to reduce the actually measured n to one of the standard values

0.25 - 0. 5 - 0.75 - 1. After application of this correction the values of

v showed remarkable stability in repeated runs at 1 MW reactor power,

in fact the values were reproducible within 2 %. At lower reactor power

the reproducibility was not so good.

To get a clear graphical representation all measured values of v

from a single run with fixed n and T were multiplied by a factor C

(0.98 through 1.02) so as to make the value of C • v equal to the mean

value of all v ' s at 1 MW and the specified set of n , T. The graphical

representation of v versus reactor power then not only shows the shape

(nearly linear on log-log paper) of the curves but it also gives an impres-

sion of the variance of the slope. A representative set of data is shown

in Fig. 9. The difference between the "raw" data and the graphical re-

presentation is that the curves - by means of the factor C - are forced

to coincide at 1 MW so that their variance on that point (less than 2 %)

is not shown.

The above comments apply for all measurements made until Dec.9,

1965. After that date all measured values of v seemed to be scaled

down by a constant factor. It was later found that the center electrode

had been bent from its proper position which resulted in a change of the

distance of the probes from the center electrodes. This affected the

geometry in a way to account for the observed changes. Only a few meas-

urements made after Dec. 9, 19^5 are included in the present investiga-

tion, after having been corrected accordingly.

In Fig. 10 both the conductivity and the degree of ionization versus
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the effective thermal neutron flux are shown. The effective thermal

neutron flux (jf , , is defined as the homogenous neutron flux which would

induce the conductivity actually measured if there were no influence

from escape of protons and tritons at the furnace walls. The connection

between reactor power and (ft ff has been evaluated from the flux map

Fig. 6 and the calculations shown in Appendix I. In the appendix a cor-

rection factor F is tabulated such that

where 0., is the actual thermal neutron flux in the center of the fur-

nace. <J# , is proportional to the reactor power and can be found from

Fig. 6 for different gas densities at 1 MW reactor power.

The electron density n is calculated from

ne = - * _ (7)
\L- e

where |j. is the electron mobility and e the electron charge. The value

for [i is obtained from Frost and Phelps [4] . Their data show that in

helium the cross section for momentum transfer is nearly constant
i A 2

(~ 5 . 8 ' 10 cm ) in the range of energy relevant in our case. Thus

we get

20.0 2
mV = TTT

n T 1 / c

and consequently

ne = 3.1 • 1 0 U • cr • n* . T 1 / 2 , (9)

so that the degree of ionization — becomes

n

n
(10)

The variance of the slope of a curve for a certain temperature and

density is the same as shown in Fig. 9 for corresponding conditions.
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5. RECOMBINATION

The investigation of the technically important quantity cr has been

the prime incentive in this work. However, in order to get an indication

about the nature of the processes responsible for the behavior of

the conductivity versus neutron flux as displayed in Fig. 10, the recom-

bination as a function of electron density, neutral gas density and temper-

ature will be studied in this section.

In section 1 it has been mentioned that under the steady state con-

ditions of our experiment the electron-ion pair generation per unit vol-

ume S due to the slowing down of proton and tritons is balanced by vol-

ume recombination a n .
e

Thus
S = q- n £ 0e f£*a(ne ,n,T)ne

2 (11)

where

-3 -1S =s volume source cm s

q =s cross section for the reaction between neutrons and He »
* 5.3 • 10-21 cm2 [5]

3 -3
n = density of He atoms cm
($ rr * equivalent thermal neutron flux

(defined in Eq. (6) )

Q =s kinetic energy of charged particles released * 0.76 • 10 eV

w = mean energy used per ion pair produced =; 35 eV(see below)

a(n , n, T) * recombination coefficient cm s
e -3

n = electron density cm

As n is obtained from Eq. (9) a can be deduced from Eq. (11) if w is

known. This calculation is facilitated by the remarkable fact that w is

not only nearly independent of the energy of the incident particle, but

also nearly the same for different types of particles. Moreover it is not

too different for different gases. A reasonable semi-quantitative expla-

nation of these facts has been given by Fano [6] and an exhaustive re-

view of the experimental work on w has been given by Valentine and

Curren [7] . From their paper it is found that a qualitative explanation

of the differences between reported values (ranging from 30 eV - 46 eV

for He) is to be found partly in differences between equipment used but
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mainly in the presence of impurities. An investigation of the influence

of the latter is to be found in Jesse and Sadauski' s paper [8] .

Due to sputtering effects -{to be discussed later) in our experiment

the gas can not be expected to be pure, and a careful study of the refer-

ences mentioned above reveals that w * 35 eV should be a reasonable

choice. This valuer was used in the calculation of a. Since a is inverse-

ly proportional to w the maximum conceivable error introduced by er-

rors in w is about 10 %, rather small when considered that the range of

a covers almost 3 decades.

Using Eqs • (2) and (9) in the source equation (11) we obtain

a = 0 . 2 9 - 1 0 " 1 9 f2L cm 3 s " 1 (12)

In Fig. 11 a is depicted as a function of n with n and T as

parameters. The curves are obtained by choosing corresponding values

of <r , n and $ ,, from Fig. 1 0 and calculating n from Eq. (9). a is

then obtained from Eq. (12).

a proves to be most sensitive to the slopes of the underlying cr

versus $ „ curves. This is demonstrated in Fig. 11 for the special

case n as 1, T * 1500 K, where the dashed lines have been calculated

by using the variance limits in the corresponding <r versus (^ ,. curve.

For other n*-values the curves are shifting accordingly. The change

is somewhat smaller at lower temperatures and somewhat larger at

1600 K. This demonstrates that a static measurement of cr is not es-

pecially well suited to determine the recombination coefficient. Alter-

native techniques based on transient measurements are difficult to

apply to our experimental conditions. However, the accuracy of a based

on the cr -measurements is adequate for indication of the nature of the

recombination processes taking place in the plasma. For a fixed pair of

(n* , T) the curves shown in Fig. 11 (log-log paper) are nearly straight

lines for a certain range of n . That means that we can find two con-
6

stants s and a such thats

a(n e ,n*,T).n e
2«a sn^ (13)

is valid in the range considered, s can be obtained from the slope of a

versus n or, with better accuracy, from the slope of the curves
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<r - 0 , Fig. 10. This is seen by inserting Eq. (13) into the source

equation (11)- s indicates the number of charged particles involved in

the dominating recombination process.

An inspection of Fig. 11 shows that at room temperature a has

a tendency to decrease with increasing n . This indicates that besides

binary processes (i.e. s * 2) attachment effects may also be present

(i.e. s a l ) . At temperatures between 1100 - 1300 K, a is nearly in-

dependent of n (i.e. s at 2), approximately proportional to T and

proportional to a fractional power (* 0.6) of the density n . As s a 2,

at the high density involved recombination with a neutral as the third

body should be likely. This is supported by the temperature and density-

dependence of a which agrees fairly well with recently published values

[ 9 ] .
With increasing temperature a pronounced change in the tempera-

ture dependence takes place and above 1400 K to the end of the investi-

gated range at 1600 K a drops very steeply with temperature. The

most probable explanation is that a change of dominating ions takes

place. This assumption is strongly supported by spectroscopic observa-

tions which show that the plasma, above 1400 K, contains metal vapor,

mainly Fe and Cr, The occurrence of metal vapor can be explained by

sputtering effects due to the bombardment of constructional material

with protons and tritons. The sputtering takes place at all solid sur-

faces in the furnace and some sputtered material from the cold surfaces

(stainless steel) is brought into the hot zone possibly by means of con-

vection streams in the He gas. In the hot zone the sputtered material

evaporates at a rate depending on the temperature and its volatility,

and this explains why lines of Fe and Cr are present in the spectra, but

not lines of the much less volatile Mo, despite the fact that molybdenum

has the largest surface offered to bombarding with charged particles

(the vapor pressure of Mo is six decades below that of Fe). At the high-

er temperatures (above 1400 K) Fig. 11 shows that s changes gradual-

ly from about 2 to approximately 3. This indicates that a transition

takes place of the dominant recombination process towards three body

processes with electrons as the third body. The slight density depend-

ence may be ascribed to the mechanism injecting the impurities which

dominate the recombination in this range. The profound influence of
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these impurities is explained by the fact that in a pure gas molecular

helium ions should be formed at a very fast rate [lo] and recombina-

tion should be goverened by a collisional-radiative or collisional-

dissociatingprocess of He, [tl] [12] . If the main carrier of ions is

now an impurity at the low degree of ionization typical for our experi-

ment, the formation of molecular ions of the impurity is not likely to

occur and three body recombination between electrons and atomic

ions [l3] should be dominating.

In summarizing the discussion above we believe that the domina-

ting recombination process is a three body process with a neutral atom

acting as the third body in the temperature range 1100 - 1400 K. Bet-

ween 1400 and 1600 K the third body is a charged particle. In that

range the recombination coefficient is mainly determined by the highly

temperature dependent presence of metal ions. It is apparent that their

presence greatly decreases the recombination rate, i .e. prolongs the

life time of the electrons.

6. CONCLUSIONS

Our previous investigations on MHD generators with nuclear

ionization [l] [ 16] were based on certain assumptions regarding the

recombination rate of the plasma. In [i] the expression

a3 =

equivalent

a =s

1.

to

1.

1 •

I •

lo" 8

to"8

• T"

n •e

-9/2 6 -1
cm s

cm s (14)

was used. In [16] a more refined expression was employed with a dom-

inant term resembling the expression above. In the following we shall

discuss if the results of our experiment support these assumed recom-

bination rates. This requires an extrapolation of our experimental

range of n& by a factor of about 10, as in technical applications (power

reactors) the neutron flux is 2 to 3 orders of magnitude higher than

what was available in the present experiment.

In Fig. 11 the dotted line in the right hand corner represents

Eq. (14). In the temperature region 1400 - 1600 °K the discussion in

section 5 leads to the conclusion that three body recombination with an
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electron as the third body is most likely to occur. This process in-

creases in dominance with increasing electron density. Thus an extra-

polation of our experimental curves with a straight line having the same

slope as the dotted lines can be made with some confidence. Therefore,

an estimation of the usefulness of expression (14) for practical applica-

tion can be based on a study of the magnitude of a at electron densities

obtained in our experiment and it is seen from Fig. i i that the recom-

bination is higher than predicted by expression (14). However, it has

been found that a decreases very rapidly as the content of metal vapor

is increased in the gas. No saturation of this process has been observ-

ed. In our experiment the source of impurities was sputtering and their

content in the gas regulated mainly by temperature effects. It can there-

fore be expected that the adding of impurities in a different, controlled,

manner will effect a in the same way and result in a downward parallel

shift of the experimental a versus n curves (Fig* 11) to values in the

region of or below the dotted lines.According to [l] [i6] values of a in

that region should make the concept of neutron induced conductivity

attractive for practical MHD power generation.
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APPENDIX I

Calculation of Source Corrections

The correction factor F introduced in Eq. (6) takes care of the

los8 of cha-rged particles due to:

i the limited size of the vessel

ii the non-uniform disposition of energy

iii disturbances introduced by the insertion of electrodes and
field probes

iv spatial variations of the neutron flux.

Along the path ? (see Fig. 13) of each charged particle starting with

the energy E, electrons are created at a density B(C) electrons/cm,

B being a function describing the specific ionization (Bragg curve) be-

tween

0< C <R
P

where R is the range of the charged particle, e.g. a proton. Naturally

BO?) x 0 5 > Rp

A simple form for correction iii is obtained by assuming that a par-

ticle striking an obstacle loses its energy without further contribution

to the electron density.

With the same nomenclature as used in Eq. (11) it is found by

inspection of Fig. 13 that the source term is obtained by integration

over the volume V1 of the nuclear reactions

S(r ) - q n \ <J (£ + r) - M L dV • K(S) (15)

is the screening factor introduced by the simplified assumption

regarding iii above and

K _ I 1 for optical sight between dV and dV1

" I 0 elsewhere

We normalize the Bragg curve by the relations
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R

w
o

By using Eq. (16) and in Eq. (15) we obtain

qnd(r)Q . Ö(? + r) ,,*.»
S(r> . L ^ z L . J V^J. J!ffl_ K(S) dV (17)

w

, Comparison with Eq. (11) shows that the integral is identical with the

correction term F as used in Eq. (6).

A simple approximation for b(S) is

b ( 5 ) - — (18)
R

P

which implies a constant and uniform ion density along the path of a

particle. A somewhat more sophisticated approximation containing one

parameter is obtained by approximating the Bragg curve with a curve

having a peak at the end of the range, and a" straight-line descent

(Fig. 12). The parameter a, the ratio between the specific ionization

at the end and at the beginning of the track,is about 2 for 1 particle

(e.g. [l4] ) and should not be too sensitive for the type of particle con-

cerned. One obtains

(19)

which for a a 1 (uniform ionization) simplifies to Eq. (18). The range

as a function of density [15] is 5.13 cm for 0.57 MeV protons at 15 °C
19 -3

and 760 mm Hg (corresponding to a density of 2.53 • 10 cm ). The

range of tritons was calculated from

RT(E) * 3 Rp (E/3)

and is 1.38 cm for 0.19 MeV tritons. For an arbitrary gas density we

get



S " 1 ^ ' » T - 1 ^ <2°>
r n n

The integral (Eq. (17)[) is in general quite complicated. However, an

approximative solution can be found by disregarding the r dependence

of <j£ inside the integral and treating the correction term as the product

of two different factors

F = F t F 2 (21)

The first one, FJ . takes into account the escape of particles,as at

lower densities their range exceeds the size of the vessel. In this case

the calculation is very simple since spherical symmetry can be used

as an approximation of the geometry. The second factor F ? takes care

of the screening of the region between the field probes by the center

electrode.

Calculation of Fi

No screening and constant flux are assumed, i .e, in Eq. (17)

K a 1, (j£,, a const. Radius of discharge vessel is R.

We obtain for Fi at the center of the spherical vessel where

r s 0

R

(C C (22)

whence, with b(S) from Eq» (19)

„ R 2 / . . a - 1 R
. . , R - R (23)

R 1 + a ^ 2 R ' p

P P

F i - l R
P ~ R

Fig. 15 gives the source correction FJ in accordance with Eq. (23)

for the special case R * 7.5 cm. In using Eq. (20) a scale has also

been provided for F, as a function of gas density covering the range

of our experiment. F, affects protons only, as escape of tritons can

be disregarded due to their short range.
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Calculation of F ,

The geometry is shown in Fig. 14. The orange-slice shaped vol-

ume is considered as a negative source. R stands for the range of par-

ticles or the radius of the vessel, whichever is smaller. The solution

is density dependent only for tritons. For protons a constant correction

is obtained. Using the elementary volume dV1 the integral in Eq. (17)

becomes

dx _ ^ L _ (24)

where the approximation Eq. (18) has been used for the specific ioniza

tion. One obtains

4xR U 1 R R ^d ' R

2 ( )
2n R

The function f( — ) is shown in Fig. 16.
R

The table below gives the correction terms for different densities,

The dominating part is Fj arising from proton escape.

Table 1.

Correction factors for the calculation of effective neutron flux

n * * \ F , . F., F _ F
lp It 2p 2t

0.25
0.50

0.75

1.00

O. i

0.7

1.0

1.0

1
1

i

1

0.96
0.96

0.96

0.97

0.

0.

0.

1 .

96

98

99

00

0.46
0.75

0.97

0.97
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APPENDIX II ..

Calculation of the Electric Field in a Plasma with Slightly Inhomo-

geneous Volume Sources

We assume an almost isotropic plasma. Charge gradients,

arising from a slightly inhomogeneous volume source of electrons,are

considered to be perturbations.

Neglecting the contribution of ions, the equation for the total

particle current r is

r « D Vn +U. n E (26)
— e e "e e — v /

With Einstein' s relation

D e kT
— * — (27)
u. e
r e

and

c r * H e e n e (28)

the current density i is obtained from Eq. (26)

kT
i_= _±V<r + o-E (29)

e

Other pertinent equations are

V- i_= 0 (30)

E_= - Vcp (31)

In substituting Eqs. (30) and (31) into (29) the term containing V <x is

neglected and we obtain

V2q> + ^2_ • V<p * 0 (32)
(T

As Vcr is known from the spatial variation of the source, the potential

can be obtained from Eq. (32). The equation is in general only accessible

to numerical computations but proves to be separable for certain sample

forms of the perturbing function ——- .

In our case the variation of the source is confined to one axis

(Fig. 8 ). The spatial variation of the neutron flux is assumed to be
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described by

c o s ecos e) = qf(o) (i + r
+ . . .

where L is a length directly deduced from the flux measurements,

Fig. (e.g. n*a i, L "" 8 cm). From Eq. (11) and (13) it then

follows that

cr(x) a <r(o) ( 1 + + . . . 1 (33)
1 s L

We put

q> = a l n r + q ) j (34)

where the first term is the solution of the unperturbed Eq. (32) and

cp > is the wanted correction. Inserting Eq. (33) and (34) into Eq. (32)

we get

1 d / 8*iN 1 9 S a
o cose n , „ .

- -— (r ) + -— — + x 0 (35)
r ör V 8 r / r2 8 e 2 sL r

We look for a solution of the form

q> t * R(r) cos 6 (3 6)

Substituting Eq. (36) into Eq. (35) we get

2 a

r R" + rRl - R + — » 0 (37)
s L

As the cylindrical boundaries of the vessel are equipotential surfaces

<PJ must be G-independent for r a r, and r a r~, where r, and r2 are

the radii of the inner and outer boundary respectively. This condition

can be fulfilled only if the function R vanishes there. Inserting the

trial solution

k l r 1
R(r) = _ ! r In — + k? r + k. - (38)

2 r t r

into Eq. (37) it is found that k^, k^ and k., can be determined so as to

satisfy simultaneously both Eq. (37) and the boundary conditions. One

obtains
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2 r 2
U Ld «

:-. In c.a r <i r , , r , N

r l a t

sL l r l r 2 " r l

(39)

which, together with Eq. (36) and (34), is the solution of the potential

problem.

The field probes sense the field at two radii r , and r~ in the

direction 6, • F r o m the measured potential difference AV the constant

a in Eq. (34) is determined

AV = a I n — + <l>i(r4.' 6 i) " (Pivr^» ® i) (4^)
r 3

whence

AV ,,4s
a = (41)

where 9 r o
xt ln-i

4 f 4 3 1
F a In --!r. In - ro In

r3 r l r l r2 r l r3

cos e <
r 4 " r3 | I

J ' ] 2 s L

The total current I to the center electrode of length 1 is

lit

1= \ i • dA a 1 \ i rdcp

o

which can be evaluated by inserting Eq. (29) into the integral, the

expression for c being taken from Eq. (33). We obtain

I a a <r(o)27Tl (44)

whence, finally, from Eqs. (41) and (43)

<r(o) = 1 F X4 5)
2TT1AV g
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F is mainly a geometry fac tor . The second t e r m in Eq.{42) (which is

the cor rec t ion due to the source gradients) is dependent on gas

p a r a m e t e r s . Numer ica l values a r e (length in cm) r , » 0 .25 , r~ = 7 . 5 ,

r - s* i .O, r . a 2 . 0 , L (from F i g . 6) 8 cm, s between 2 and 3, 6. as 7r/4.

Inser t ing in Eq» (42) shows that the f i rs t t e r m dominates completely.
Fo- -1

We get —i— at 3 . 6 m
2TT1
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Fig. 1.

Schematic of furnace

1 . Quartz window

2. O-ring-lead

3. Water channels

4. Stainless steel

5. Aluminium tightening

6. Molybdenum ahields
7 II ii

8. " body of heater

9. Molybdenum wire for heating

10. Water channels



Fig. E.

General layout of experiment.

1. Measuring instruments

2. Concrete wall

3. Gas handling system

4. Concrete shield

5. Light transmission tube

6. Mirror

7. Mirrors

8. Furnace

9. Concrete shield

10. Water container

1 i . Lead shield

12. Reactor core

13. Water (Swimming pool)
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