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1. INTRODUCTION 

This report contains information regarding that part of the work per

formed at the General Physics Section of AB Atomenergi during the period 

July 1969 - July 1970, which has been supported by grants from the Swedish 

Board of Technical Development (STU). For projects still in progress the 

current status is described, for terminated projects, or distinguishible 

parts thereof, a summary is given. Where available, reports describing the 

work are listed. 

A substantial part of our resources has been concentrated on the physics 

of energy conversion. The framework of this part of our programme is to be 

found in the report by J. Braun "Energikonversion. Program samt anslagsas-

kanden for Studsviksgruppen, budgetaren 1969/70 samt 1970/71", on which our 

proposals for the following projects has been based. 

Project 69-186/U114 

Investigation of recombination processes in a pulsed helium discharge. 

Project 69-187/U115 

.Theoretical and experimental investigation of MHD gas flow. 

Project 69-188/U116 

Isotopic battery in the yW-range. 

Our section's interest in nuclear dosimetry and the general aspects of 

metrology has been manifested in two additional projects. 

Project 69-259/U164 

Application of mass spectrometry on He in solids to analysis, nuclear 

physics and material technology. 

Project 69-194/U122 

Servo system filter. 

As general information it can be added that other, not STU-supported, 

activities of the section are material dosimetry for irradiation monitoring 

and a fairly broad range of radiation shielding activities. 

In the list of references at the end of each chapter underlined ref

erence numbers indicate that the cited work has been performed in our sec

tion. 

We want to express our gratitude to the Swedish Board of Technical 

Development for their financial support. 
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2. THEORETICAL AND EXPERIMENTAL INVESTIGATIONS OF MHD GAS FLOW. 

(Pro jec t 69-187/U115) 

2.1. MHD Electrical Power Generation Using an Afterglow Pure Helium 

Plasma as Working Medium (E. Larsscn) 

Introduction 

One outstanding obstacle in the utilisation of noble-gas closed-cycle 

MHD generators for large-scale electrical power production in connection 

with nuclear power stations is the well-known problem of achieving accept

able conductivity of the working medium. In most MHD concepts proposed so 

far this problem has been tackled by applying the idea of nonequilibrium 

ionization of an easily ionizable seed material in the noble gas. It has 

been shown, however, that such concepts suffer from a number of difficul

ties and limitations for which remedies in many cases are still to be 

found. Ionization instabilities, for instance, set a limit to the conduc

tivity possible to achieve with nonequilibrium ionization. The seed mate

rials are also generally poorly compatible with nuclear reactors. Further

more, of the noble gases only helium has so far attracted serious tech

nical consideration as a reactor coolant. Noble-gas MHD generators not 

working with helium are therefore unlikely to be used in nuclear power 

stations in the foreseeable future. 

These difficulties warrant the emphasis and the evaluation of an MHD 

concept capable of avoiding as many as possible of the drawbacks adherent 

in the idea of nonequilibrium ionization. The main feature of one method, 

proposed by Braun [l>2J at AB'Atomenergi, is the use of a part of the 

neutron flux in the reactor to induce ionization at the entrance of the 
3 

MHD channel by the admixture of He to the reactor coolant. An extremely 

homogeneous plasma of large volume can be produced in this way, and owing 

to the large gas velocities which can be achieved in helium, one might 

expect the plasma density not to change too much in the channel if the 

electron losses there can be kept slow enough. Theoretical estimates 

using the most probable electron-ion recombination processes in a helium 

plasma under MHD conditions (gas pressures 10-20 atm, gas temperatures 

1000-2000 K) indicate that the plasma density and thus the conductivity 

of the conductive medium will be large enough - under certain circumstan

ces - to allow substantial amounts of electrical energy to be extracted 

\l\. Even if no ionization source is operating in the MHD channel (due to 
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the high ionization potential of helium) the conductivity may be high 

enough to permit a technically interesting value of the power density in 

the generator. The absence of a thermal ionization source should also 

preclude the appearance of ionization instabilities in the channel allow

ing larger gas speeds and stronger magnetic fields to be used. The ques

tion if other types of instability occuring were previously preliminarily 

treated [3J . It was shown that according to expectation such instabili

ties may develope due to the dependence of the recombination rate on the 

electron temperature. The results indicated, however, that these instabili

ties are less serious than the ionization instability allowing larger Hall 

parameters. Further investigations on this point with the goal of including 

the results in complete channel calculations is highly warranted. 

The Recombination Problem 

Although a large number of measurements of the electron ion recombina

tion rate in helium plasmas have been made in the past, there do not unfor

tunately exist results which can be directly applied in the channel calcu

lations for the helium afterglow MHD scheme (for sake of convenience the 

abbreviation MHD(HA) for this scheme will be used from now on). In the 

recently reported theoretical work by Collins [4J the recombination prob

lem is treated for the case of atmospheric helium gas density, but the 

temperature was assumed to be constant at 300 K while the electron temper

ature was varied between the gas temperature value and 2000 K. It was 

qualitatively of value to learn from this work, however, that the total 

recombination rate coefficient a as defined in 

dN . 

(N is the electron density) is sometimes less than the sum of the recom

bination rate coefficients for the two recombination processes (2) and 

(3) believed to dominate the volume losses of electrons in helium plasmas 

of high gas pressures. One of these processes is the well-known threebody 

collision-radiative process 

"I . 
He + e + e -*- He + e (2) 
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which Bates, Kingston and McWhirter fs-] have studied theoretically. This 

process has been much studied and is generally considered as giving a 

satisfactory overall description of the recombination problem in low-

pressure plasmas of relatively large electron densities. The other process 

of importance is believed to be 

(3) He + e + He -> He + He 

which has been studied theoretically by Bates and Khare [6] for varying 

neutral gas densities up to 10 cm and gas temperatures up to 4000 K. 

No special electron temperature dependence of a* was assumed for or resulted 

from this study, however. The great influence of gas density and temperature 
-3/2 on a2 was clearly demonstrated. Suggesting a probable T dependence for 

process (3) Collins now took account of both [2] and [31 giving a series of 

curves of a versus N for different combinations of electron temperatures 

and gas densities for the fixed gas temperature of 300 K. In Fig. 2.1. the 

special case of a neutral atom density of 10 cm , T = 400°K and T = 
o . g e 

= 2000 K is reproduced to demonstrate the existence of a rather deep 

minimum in the curve obtained by Collins. This feature can be expressed 

by the inequality 

a < a, N + a„ (4) 

which is valid between points A and B in Fig. 2.1. It would certainly 

be of great interest to investigate if condition (4) hold even at MHD(HA) 

channel conditions. 

a (cm3/sec.) 

.«8 . ' 9 ' 10 ' 11 ' 12 ' 13 
10 10 10 10 10 10 

Ne (cm-3) 

Fig. 2.1. Recombination coefficient at a neutral 

He atom dens: 

Collins [41) 

19 -3 He atom density of 10 cm (from 



- 8 -

The recombination problem for helium at high pressures has also been 

studied by a French group [7]. In their work the electron and gas tempera

tures were the same and hade the low value of 300-500°K and the gas pressure 

was varied from 10 to 100 Torr (theoretically 10~ -400 Torr). At these condi

tions the predominating ion is most probably He„ and the results obtained 

in \l~\ therefore apply to the recombination behaviour of this ion and not 

to that of He , which may be expected to predominate at MHD(HA) conditions 

(seepage 12). Besides this, the electron density used was of marginal size 
11 — 3 (_< 5x10 cm ) for the experimental results to be interesting for MHD(HA). 

In our opinion, however, the theoretical calculations made for the recom

bination of He„ seems to be inadequate to account for the results already 

at conditions which must be viewed upon as simplified from strict MHD(HA) 

point of view. Violent discrepancies between theory and experiment have 

very recently been reported also by Collins et al. [8]. They investigated 

a helium afterglow plasma at conditions far from MHD(HA) conditions it is 

true, but their conclusive statement, that the discrepancies found (Fig. 2.2) 

were so large that at least one of the processes making up the recombination 

in helium is not presently included in current theoretical models, must be 

suspected to hold also at such conditions. 

For the estimation of the technical possibilities of MHD(HA) it is 

necessary to have the use of an adequate model of the recombination pro

cesses in helium at pertinent conditions. Obviously, one is not very much 

helped by the current literature in the subject and there are probably no 

reasons to believe the recombination problem to become more tractable by 

increasing the gas pressure to 10-20 atm, the gas temperature to 1000-

2000 K and finally by having the electron temperature elevated above that 

of the gas. It was therefore from the beginning correctly judged that in 

the absence of real possibilities to build up channel experiments for a 

more direct test of MHD(HA) one should try to measure the electron-ion 

recombination loss rate in order to deliver results to be used in realistic 

channel calculations. They should then guide further decisions about 

larger experiments. Experimental efforts along this line have been previ

ously reported [9,10,11^ and are still made [16]. The general philosophy 

followed in these recombination experiments has naturally been to start 

studying the helium plasma at conditions for which the afterglow behaviour 

can be understood on the basis of current models and to gradually proceed to 

studies of MHD(HA) plasmas. Many serious difficulties have been encountered, 

however, during the pursuit of this experimental philosophy. The most diffi

cult problems are those of the plasma diagnostics and perhaps a study of 
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these will be a necessary prerequisit for dealing effectively with the 

recombination problem in helium afterglow plasmas of interest for MHD. Other 

serious problems concern the possibility of heating the gas to desired 

temperatures and the selective heating of the electrons in the afterglow. 

Although the pursuit of the research in order to solve these problems is 

necessary for the evaluation of MHD(HA), a cooperation-with the MHD group 

at the fusion center in West Germany, i.e. at "Institut fur Plasmaphysik" 

in Garching b/Miinchen was started in February 1969 primarily in order to 

perform more direct tests in flowing gas. These experiments are supplemented 

by the pulsed discharge experiment in Studsvik where recombination problems 

are studied under more easily controlled conditions. 

Experiments Performed in Studsvik Directly Pertaining to MHD(HA) 

As was said above large discrepancies have been shown to exist between 

theory and results from measurements performed in high pressure helium. In 

the most recent paper by Collins [8j it was shown that the recombination 

rate of the helium molecular ion, He„ , is considerably larger than that of 
+ 

the atomic ion He (Fig. 2.2). It therefore seems important to know whether 

the molecular ion can exist or not in an MHD(HA) channel. This problem has 

been preliminarily investigated in Studsvik JJL2] (see Chapter 3). The results 

at pertinent conditions show, that the He^-spectrum originating from He„ -

recombination, gradually disappear in the afterglow by increasing the gas 

pressure and gas temperature. Already, at a pressure of 2.4 atm and a 

temperature of 1000 K no indications of a spectrum from He2 could be observed 

at about 20 ys in the afterglow of a pulsed discharge with a current density 

of 8~10 amps./cm Q.21 . Instead a strong atomic helium spectrum is obtained 

as well as some hydrogen lines of moderate intensity, which most probably 

are caused by Penning processes. This may not represent conclusive evidence 

for the nonexistence of the He„ -ion, but could equally well mean that the 

molecular ion recombines dissociatively in a reversal of the so-called 

Hornbeck-Molnar (HM) process 

(HM) 
-> 
• * -

(HM) 
He* + He ? He2

+ + e (5) 

-1 

under conditions of high gas pressure and temperature. The result of this 

would then be an atomic spectrum in the afterglow with a behaviour different 
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from that due to recombination of the atomic ion. Characteristic for a pure 

recombination He(I)-spectrum is the ease by which it can be quenched by the 

application of a voltage pulse between the electrodes in the afterglow. 

This phenomenon is due to the more or less special dependence of recombina

tion rates on the electron temperature. In Fig. 2.3 results typical of 

quenching experiments are reproduced to show the different behaviour of an 

atomic line at low and high pressures, respectively. By increasing the 

quenching field one found initially constant and gradually increasing 

line intensities before the burning potential of the discharge was 

reached (Fig. 10 ref. 12). This seems hard to understand on the basis 

of current recombination models. If it is caused by the action of inverse 

HM-processes, these must obviously then proceed faster with increasing 

electron temperature - a result contrary to the behaviour of known recom-

c 
z> 
JQ 

O 

V) 

c 

CD 

quenching J 
puis length 
< > 

100 
• t(u. sec) 

Fig. 2.3. Typical response of a Ile(I) line in the 

afterglow when a voltage pulse is applied. 
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bination processes. Furthermore, the operation of inverse HM-processes 

could conceivably change the distribution of the intensities in a spectral 
3 3 

series as n D - 2 P, favouring the population number in the lowest quantum 

states. Such a phenomenon has been preliminarily observed in an experiment 

at 2.0 atm. and at 1000 K. In fig. 2.4 'Bolzmann plots' of the series 
3 3 

n D - 2 P at these conditions are shown for applied electric "quenching" 

fields of different magnitudes. For comparison a typical plot obtained at 

a lower pressure has been introduced to demonstrate the principal differ

ence between high and low pressure Bolzmann plots. It is seen that the lower 

quantum states is "lifted up" in the case of high pressure thereby eliminat

ing the sharp bend in the low pressure curve. As the appearance potential of 
+ . 3 

He2 is about equal to the excitation potential of 3 D, the results seem to 
+ 

indicate that states of He„ other than the ground state are also involved 
in inverse HM-processes as otherwise only the lowest upper quantum state 
3 

3 D of the series would have been "lifted up". Further investigations con

cerning the question of which type of positive helium ions exists in an 

MHD(HA) channel are obviously necessary to dairy the issue. 

Another preliminary result of possible importance for the solution of 

the difficult recombination problem may be mentioned. It has been observed 

that the He-plasma can have a substantial conductivity in the afterglow 

without emitting any detectable recombination radiation. According to 

Johansson [121 in an experiment at 2.0 atm and 1150 K the total light 

emission had disappeared at 200 ps in the afterglow in spite of the fact 

that a conductivity as high as 0,5 mho/m could be estimated there. This 

feature seems to support previous observations in the reactor experiment 

[10~| as well as in other pulsed discharge measurements, in which the 

photon emission rate is much lower than that of the electron-ion recombina

tion ri3~| . Under certain conditions a helium plasma of an electron density 
12 -3 

of about 10 cm seems simply to be non-emitting in the visible wave
length region and in general a large part of the recombination events 
accordingly seems to be of a nonradiative character in this region. 

Work Performed in IPP, Garching b/Munchen 

With the exception of the unconventional MHD(HA) concept the idea of 

using a pure noble gas as conductive medium in a closed cycle MHD generator 

did not attract serious consideration until the advent of a report [l4J, 

presented at the MHD conference in Salzburg 1966, by a member of the MHD 
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group in IPP, Garching b/Mtinchen. He showed that an acceptable thermal ioni-

zational degree may be achieved if pure argon was used as the working medium 

in a closed cycle MHD generator. In order to study this proposal directly 

the development of an experimental channel for pure noble gases was started 

in IPP. Simultaneously experimental studies of discharges in noble gases at 

high pressures were going on, aimed at achieving more complete knowledge 

concerning the optimal choice of electrodes as well as the general behaviour 

of such discharges pertaining to MHD [l5J. 

Due to the common interest in pure noble gas MHD a cooperation between 

AE and IPP was started in February 1969. The prospect of our access to their 

MHD channel for pure noble gases was held out as well as technical help for 

the buildup of some special experiment of our own judged to be necessary to 

support the urgent direct testing of MHD(HA) in flowing helium. 

The experimental channel facilities planned consisted of the following 

parts [l6]: 

1. An efficient plasma burner to heat the fast gas flow up to about 

2000 K. This burner was constructed by the MHD group in IPP. 

2. A chamber isolated with aluminum-oxide to homogenize the gas 

velocity and temperature. 

3. A preionization system concisting of a circular tentalum anode 

and a tungsten point cathode. The function of this system was to 

achieve an ionization degree at the channel entrance to render 

the first part of the channel more effective. For the testing of 

MHD(HA) this part is planned for a much more important reason 

namely, to simulate the nuclear induced ionization. Any further 

thermal ionization in the channel is not expected to occur in 

MHD(HA). Therefore more serious consideration must be devoted 

to the construction and function of the preionization unit in our 

case. 

4. A measuring section consisting of a duct isolated by aluminum-

oxide with the cross section 12 mm x 12 mm and length of 150 mm. 

This duct is equipped with 8 electrode pairs imbedded in the 

ceramic insulation. In order to eliminate cathode voltage drops 

to the utmost limit a special type of cathode (see below) with a 

very low work potential was used. This measure is important in 

small experimental channels although probably of a more marginal 

importance in larger technical channels. Furthermore, in order to 
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facilitate spectroscopic observation of the plasma in the measuring 

section, this was equipped with quartz windows. Potential measure

ments could be performed at different positions along the measuring 

channel by the use of probes. 

It appeared, however, that the pursuit of the research plans of the 

IPP group itself, i.e. measurements in streaming argon, did not allow any

thing else but such development work on the facilities built-up for the 

study of MHD gas flows, which did not presuppose a change of gas. Many 

difficulties were encountered and had to be solved before a change from argon 

to the much more expensive experimentation with flowing, ultrapure helium 

could begin. Perhaps the problem of greatest importance to us was that of 

achieving an acceptable degree of purity of the gas in the channel. It 

appeared that the hot gas coming from the plasma burner was contaminated 

by the passage through the so-called homogenizing chamber bringing with it 

material which was deposited on the spectroscopic windows. This would cer

tainly make a study of MHD(HA) impossible to perform, unless a satisfactory 

reconstruction of the experimental channel was undertaken. Considerable 

improvements on this point were gradually achieved during the year in spite 

of the fact that some severe problems remained, of which those of choosing 

ceramic wall materials of acceptable quality alternatively and not allowing the 

hottest gas to come into contact with these ceramic walls are to be mentioned. 

Due to the fact that MHD concepts utilizing seeded gases as conductive 

medium have so far been the only ones to which serious experimental studies 

have been devoted the diagnostic methods developed for used in such 

studies often pertain only to these concepts. That means that on important 

points (for instance the electron temperature measurement in a pure helium 

plasma) special diagnostic techniques have to be developed. There are 

therefore also a set of important diagnostic problems pertaining to the 

planned channel test of MHD(HA), which could advantagedly be studied and 

solved in another, more versatile experiment. A pulsed discharge experiment 

in resting gas would then be most suitable, especially as time resolved 

measurements are principally equivalent to flow measurements. 

The High Pressure Discharge Experiment. The Principles 

Thus the build-up of a complementary discharge experiment to be per-
o 

formed at gas pressures up to 20 atm, gas temperatures up to 2000 K was 

started. This experiment was built up after the model of the pulsed dis-
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charge experiment in Studsvik [ll] , and it is to be viewed only as an 

extension of the possibilities of reaching real MHD(HA) conditions. 

The intension was to measure the relaxation of the conductivity of helium 

in the afterglow under conditions of high gas temperature and pressure 

values typical for MHD. It was also intended to study the effect on the 

conductivity of an electron temperature elevation during a time interval 

in the afterglow equal to the passage time of the plasma through an 

MHD(HA) channel. This program implied the existence or development of 

pertinent diagnostic methods and a close look at the existing diagnostic 

tools was therefore also judged to be necessary. 

The Mechanical Design 

Fig. 2.5 shows schematically how the experiment was built up mechani

cally. Great care was taken to use only such constructional material 

as was recommended for work with ultrapure noble gases (guaranted total 

impurity content <5 ppm). Although the discharge vessel was constructed 

and tested to hold at least 20 atm, pressure, a practical limit of 10 atm. 

was set by the electrical lead throughs. As gas temperatures up to 2000 K 

should be obtainable in the discharge, an efficient watercooling of the 

vessel was constructed. The anode was made of copper and watercooled as 

Manom. 

to forvac. 
pump 

quarta 
window 

water cooled 
pressure 
chamber 

Red. valves for 
ultrapure helium 

ultrapure He 
(imp. cont. <5ppm.) 

large butter 
volume, (to decrease back diff.) 

flow meter 

Fig . 2 . 5 . 

to forvac. 
pump 
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preliminary discharge experiments undertaken in helium at 10 atm showed 

that the heat involved at the anode in a DC-discharge was large enough to 

melt down the anode of tungsten when the current density was about 
2 

10 amps/cm . By testing it was found that the copper anode could be cooled 

fast enough by water to ensure that no anode material was vapourized and 

introduced into the discharge. 

One of the most important factors for the achievement of a high pres

sure discharge is the quality and properties of the cathode. It is impor

tant to have a satisfactory electron emission rate from the cathode. This 

can perhaps be achieved if a cathode of tungsten at a very high temperature 

is used. Still better emittive properties can be obtained, however, if a 

special cappillary cathode is used. This type of cathode is a recent 

Siemens construction originally designed for use in space capsules and now 

used,by the MHD group in Garching b/Munchen to obtain a homogeneous cur

rent flow across the channel in the pure, noble gas experiment. 

A plate made of very fine tungsten powder forms the top of this 

cathode, under which a small cylinder is fastened, containing barium 

carbonate, BaC0». This cylinder is separately heated electrically when 

the cathode is to be activated, and at about 1100 K the compound BaC0„ 

decomposes to C0? and BaO, which melts and is sucked through the pores 

of the tungsten plate by capillary forces. It is important during this 

procedure that the pressure is kept at about 10 Torr. C0„ is then pumped 

off and the barium-oxide, BaO, undergoes reduction by the tungsten accord

ing to the principal scheme: 

xBaO + yW -> xBa + W 0 (6) 
J y x 

where the formal "compound" W O is to be understood as a solid solution 
r y x 

of oxygen in tungsten. The pure Ba then forms an almost monoatomic surface 

layer on the cathode. This results in a considerable lowering of the work 

function of tungsten from 4.50 eV down to about 2 eV. If the cathode is 

carefully and properly activated it was shown that it is possible to 

obtain a homogeneous discharge in pure helium extended over the entire 
2 

cathode surface even at current densities of the order of 10 amps/cm . 

The formation of cathode spots could also be avoided, which may improve 

the quality of the observations made in the high pressure helium discharge. 

As the capillary cathode was constructed for use in low pressure 

equipment it remained to see how it behaves under the more extreme MHD 

conditions. Drs. M. Salvat and G. Hahn in Garching b/Munchen had used the 



- 18 -

cathode in their experiment in streaming pure argon of atmospheric pres

sure with good result [l6] . In order to test it in high pressure and high 

temperature helium a series of experiments were carried out at 1-10 atm 

pressure and at gas temperatures in the range 1000-2000°K. It was then 

found that the capillary cathode had to be somewhat redesigned to stand 

current densities in the order of 10 amps/cm in helium at these condi

tions and to avoid the formation of cathode spots, which could deterio

rate the monoatomic Ba layer. With the improved capillary cathode the 

current-voltage characteristic of a helium discharge at a pressure of 

about 10 atm and at a gas temperature of about 1500°K was preliminarily 

obtained (Fig. 2.6). Previous determinations of such curves at various He 

gas conditions does not seem to exist, which warrants further investiga

tions of DC-discharges in helium at pertinent conditions. Such investiga

tions were planned as they are of interest for the further evaluation of 

MHD(HA). They were postponed until later, however, as considerable improve

ments hade to be made for this purpose in the design of the discharge 

vessel. Furthermore, some new equipment (for instance a suitable high 

power load resistance continuously variable and effectively cooled) had 

to be bought before these intentions could be pursued. 

140-

E 

Z 130-
UJ o 
< 

120-
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6 CURRENT ( A m p s / W ) 

Fig. 2.6. Preliminary current-voltage curve for a helium discharge 

at about 10 atm. and T about 1500°K. Water-cooled Cu-
g 

anode and capillary W-Ba cathode 
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The Electrical Design 

Data concerning the occurence of break-through in helium at typical 

MHD conditions are (generally) lacking in the literature. The pulse gener

ator producing the discharge pulse had therefore to be constructed with 

good margin, and it was judged that pulse amplitudes of the order of 

2 kV should be sufficient to generate a pulsed discharge between the 

capillary tungsten-barium cathode and the cooled copper anode at one cm 

distance (Fig. 2.7). The pulse length is variable from 10 us up to some 

milliseconds and the discharge pulse frequency can be choosen to be one 

of the values 12.5, 25, 50 and 100 p/s. In order to heat the electrons 

in the afterglow a second voltage pulse generator is applied producing 

pulses of amplitude heights up to about 200 Volts. The triggering and 

synchronization of these pulses is achieved by a timing unit. It is thus 

possible to control both the amplitudes and the length of these pulses 

as well as the pause between them. 

Fig. 2.7. 

- With this construction it should be possible to obtain discharges 

with different electron densities by varying the discharge pulse ampli

tude and with different gas temperatures by varying the pulse length. 

It should be possible to simulate the effect of the induced VxB-field 

on the electron density in an MHD generator by the second pulse in the 

afterglow. The voltage amplitude of this second pulse should be kept 

below that which is necessary in order to obtain break through, which 

is not expected to occur for pertinent MHD conditions. 
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Diagnostic Methods 

Both spectroscopy and probe techniques are applied. The conductivity 

of the plasma during the electron heating pulse is measured by measuring 

the voltage between the two inserted probes and the current across the 

resistance R. The spectrometer is a Steinheil prism-spectrometer equipped 

with a photomultiplier (RCA IP28) with S-4 response mounted in an attached 

scanning unit. After having cut-of the small thermal pulses from the photo-

multiplier by a pulse discriminator the single photons are counted during 

a variable time interval which is synchronized relative to the discharge 

pulse by the timing unit. By an ordinary plug-in unit to a Tektronix 

oscilloscope the pulses are integrated after having been counted and are 

recorded thereafter on a strip-chart recorder. In this way it should be 

possible to register the emitted spectrum from the afterglow during time 

intervals which could be chosen at will relative to the discharge pulses. 

However, besides its use for semi-quantitative impurity monitoring, 

optical spectrometry is rather undeveloped as a tool for plasma diagnos

tics at afterglow conditions in high pressure plasmas. For instance, as 

the plasma density in the afterglow very soon reaches values below 
+13 -3 

10 cm it is probable that the Stark broadening of He(I) spectral 

lines is not large enough to secure a good measurement of the electron 

density. Furthermore, it has recently been observed that Boltzmann plots 

in weakly ionized, high pressure helium do not give the electron temp

erature Q.71 but something between the electron and gas temperatures. As 

a corollary it is therefore also uncertain whether the electron density 

can be deduced from this plot extrapolated to zero ionization potential. 

In Fig. 2.4 a series of Boltzmann plots from plasmas of high neutral 

density and constant gas temperature but with varying electron tempera

tures were shown. It must be concluded from this figure that by increasing 

the electron temperature it does not seem possible to redistribute the 

relative intensities of the lines, which supports the recent findings by 

Collins \yf\> It is further seen from Fig. 2.4 that the population numbers 

do not even follow the stright line pertaining to the gas temperature 

(1000 K). The problem of measuring the electron temperature spectroscopi-

cally in these plasmas therefore seems to present a serious problem 

which warrants separate investigations. 
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The Gas Temperature Problem 

As mentioned above the recombination prosess (3), which is expected 

to have a dominating influence on the electron loss rate in an MHD(HA) 

channel, is very sensitive to changes of the gas temperature. Whether 

the experimental results are to be compared with an estimated behaviour 

of the conductive medium in the MHD(HA) channel or are to be used as a 

direct test of the theoretically obtained gas temperature dependence of 

the rate coefficient of process (3) it is essential to have a good and 

reliable method at hand for measuring the gas temperature in the after

glow of the discharge. This is the case especially if it proves to be 

difficult to achieve pertinent gas temperatures (up to 2000 K) by methods 

which are independent of the discharge itself. If use is made of the 

possibility of heating the gas by the discharge pulse, the gas temper-

will vary in both space and time and the conventional method of using 

thermocouples will be inadequate for several reasons. 

In order to meet this problem an attempt has been made to evaluate the 

possibilities of using, a spectroscopic method, which possesses the 

possibility of delivering temperature values local in both space and time. 

It seems possible to develope such a method by using the phenomenon of 

pressure broadening of spectral lines. A helium line must be selected 

which is not greatly broadened by other effects. This condition is met 

by the 3 P - 2 S (5016 A) transition in helium at not too high a gas 

temperature and our interest has therefore been concentrated on that 

line. A series of measurements has accordingly been performed in Studsvik 

with the goal in sight to exploit the pressure broadening of the 3 P -

2 S transition in helium for measuring the gas temperature in a high 

pressure pulsed discharge. 

The half-width of an exclusively pressure broadened atomic line 

can be written as 

2 2 -
(Av)1y2 = 4-rr *p vnQ (7) 

where p is the optical collision diameter, v the mean velocity of the 

atoms arid n neutral atom density. When (7) is combined with the gas 

law 

p = n -k T (8) 
r o g 
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and the mean v e l o c i t y in the CM-system 

16 kT 
g 

TTM 
(9) 

is substituted, an expression relating the halfwidth and the gas temper

ature and pressure is obtained: 

3^ 
/ A X •,, 2 /IT P 

(Av) , = 16p / r-r- • 
1/2 k M ^ — 

(10) 

By keeping the gas temperature constant at room temperature and varying 

the gas pressure the direct proportionality between the half-width and 

pressure is first demonstrated (Fig. 2.8). From this measurement an 

(A\)/2A 
* 

0.5-

0.1 -

0 #. P (atm). 

Fig. 2.8. 

empirical value of the optical collision diameter p is obtained which then 

can be substituted in (10) if it is constant in the temperature interval 

of interest for MHD(HA) (325 - 2000°K). That this is indeed the case was 
-1/2 

demonstrated by keeping pT constant while recording the half-width 

of the line for two widely different temperature values. As can be seen 

from Fig. 2.9 the two profiles have, within experimental accuracy, the 
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Fig. 2.9. Profiles of the 5Q16 A line at two different conditions to show the 

independence of the optical collision diameter p on gas temperature. 
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same widths. Had p on the other hand varied as v as assumed by Griem \l&\ , 

the half-width should have decreased by about 40% when the gas temperature 

was increased from 325 K to 800 K under the restriction that pT is 

g 

constant. It seems therefore as if (10) can be used for purposes of measur

ing gas temperatures in helium plasmas of pressures up to some atmospheres 

and the adequacy of the method will be investigated up to MHD(HA) conditions 

The method has been preliminarily tested on a case with gas pressure 2.4 atm. 

and with a gas temperature of 1000 K as measured by thermocouples. Formula 

(10) gave for this case a temperature of 1150 K, which is in satisfactory 

agreement with the thermocouple value taking account of the fact that the 

position of the thermocouple did not exactly coincide with the very part of 

the plasma which was spectrometrically observed. 

Preliminary Channel Calculations 

The only channel calculations so far made on the MHD(HA) concept were 

performed by Braun [2j already in 1965. Concerning the relaxation of the 

conductivity in the channel these calculations were based on the collisional-

radiative model developed by Bates et al. [5<j . As this model now seems to 

be only partly applicable to a recombining helium plasma and as important 

loss mechanisms and the development of special types of instability now 

can be accounted for, new channel calculations seemed highly warranted. 

Preliminary work with this goal in mind was therefore started in Garching 

b/Miinchen early this year. 

As has been said above, a complete and correct estimation of the 

technical applicability of MHD(HA) presupposes the use of a valid recombi

nation model at pertinent gas conditions. Such a model is unfortunately 

still not at hand, but it was nevertheless considered to be of value to 

start using the existing knowledge on that point for the calculation of the 

relaxation of the electron density, the conductivity and the electron tem

perature in the channel. A computer program was developed for this purpose 

and is intended to be used as a subprogram in the larger program for the 

complete channel calculations. 

Under the impression of qualitative results from the experiments in 

Studsvik (see above, p. 6) it is assumed that He is the only positive 

ion present in the plasma. This ion is assumed to undergo only the two 

recombination processes (2) and (3). Furthermore, the helium metastables 

are supposed to undergo the reaction 
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He(23S) + He(23S) •*- He(l1S) + He+ + e (11) 

in the channel. From [19] 3 is given by the expression 

. g - 6.yi0"16 T 1/6-p. m6-s-1 (12) 
g i 

where p. is an ionization probability for close collisions approximately 

equal to 1. The metastables are supposed to be formed in the course of re

combination so that to every recombined He -ion there corresponds the 

creation of one metastable helium atom, which is supposed to be destroyed 

by electron collisions such as 

3 Y 1 
He(2JS) + e •+ He(l S) + e (13) 

From [l9] Y is found to be very nearly constant in the electron temperature 

interval 

1000°K < T < 4000°K (14) 
e 

outside which the electron temperature in an MHD(HA) channel is not expected 

to fall. Under such conditions y is given by 

Y = 1.4'l(f15 m3's_1 (15) 

Furthermore, the recombination rate and hence the electron density in the 

channel reacts very sensitively to changes of the electron temperature. 

It is therefore necessary to include the relaxation of T in the set of 

equations governing the relaxation rate of the free electrons and meta

stables. It is then assumed that the electrons get all of the energy re

leased in the processes (2), (11), and (13). This is a simplifying approxi

mation, which was not considered too serious. However, the dominating 

amount of energy taken up by the electrons comes from the ohmic heating 
J— with j representing the current density and a the conductivity in the 

channel. The current density j is given by the expression 

j = av B(l - K) , (16) 

where v represents the gas velocity in the direction of the channel axis 

(the gas velocity component at right angles to this axis is neglected), 

B the magnetic field strength applied across the channel and K the load 

factor, a is further given by 
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m Q e xeo 

f m w 
e e 

8kT ' N 
e o 

(17) 

in which Q is the electron-neutral scattering cross section (Coulomb 

collisions neglected). The main part L of the energy taken up by the elec

trons in all these processes is then lost in elastic collisions between 

electrons and neutral gas atoms according to the expression 

m / 8kT ' 
L = 2 • — • 4 kN (T - T ) • N • Q • / -

m 2 e e g' o xeo m 
o e 

(18) 

The energy balance equation of the electrons can then be written as 

1 , , dT dN 
4 k v <N -r-S- + T — -2 gj e dx e dx >' S - L (19) 

where S represents the sum of all source terms originating from recombina-
dNe tion and metastable collisions. For the calculation of -:— one now has 
dx 

to start from the expression 

3 „ i 2 div{Ne(v + v e )} = div(Ne-v ) = 6[2 JSjZ - a r 
g 

N a2Ne (20) 

Neglecting the velocity components and electron density gradients perpen

dicular to the channel axis one then obtains 

dv dN 
div(N >v ) = N -r-̂  + v -j-^-e g e dx g dx (21) 

As the mass flow is constant, i.e. 

div(N ..v ) = 0 
° g 

(22) 

one now easily obtains 

dv v dN 
g „ _ _g . o 

dx N dx o 

which has to be substituted in Eqs. (21) and (20) to give 

dN 

v g dx 
= 6 [ 2 3 s ] 2 - a i N e

3 - a 2 N e
2
 + v . Nei 

1 dp 1 dTg< 
p dx T dx (24) 

in which p = N kT has been utilized to obtain the last term. S in Eq. 
* o g 

(19) is given by 
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,3o 12 S = V N e
J .E . + 3[2 J

S]Z(2EMe - E.) + y [l"€\ - N ^ (25) 

where E^ is the ionization potential of helium (24.8 eV) and E repre

sents the excitation energy of the He(2 S) metastable state (19.76 eV). 

The influence of the He(2 S) metastable state was neglected. Combining the 

expressions (16), (17), (18), (19), (24), and (25) one obtains an expres

sion which describes the variation of the electron temperature along the 

channel: 

| k v N ~ = a,N 3{E. + J kT } + J kT a„N 2 + 2 g e d x l e i 2 e 2 e 2 e 

,3„i2 + -*[2 S] •{2EMe - E. - | kTe} + Y[2
JS].Ne-EMe + 

N 
+ !i.^4 vV ( 1. K )2. Q 8kT m N g eo e e o ° 

3Q (T - I )-H H /8k m T 
eo e g o e / e e 3 

m 
kT v N • 

i i i d T 
_1 , dp _ _1_> g 

tr 2 e g e [_p dx T dx y 

This rather complicated expression can be simplified since 

kT << E_. < E. e Me l 

and 

(26) 

(27) 

2 1 e (28) 

to give 

dT 2a,E. „ 2B(2E„ -E.) r030-i 2 2yEL, . 

— i Li.N
 2
 +
 Me L . L2 s] + _2ii r2

3sl + 
dx 3k e 3k N„ 3k ^ ^ 

g dx 

2 2 2 2 
2e v B*(l - K) «T 

8 i 
3Q p 
^eo 

e e 
l v 2Q (T - T )»p /8m T ' 
/ IT ^&o e z j _ 
8kT m T m ?rk 

e e g o 

v T 
1_ t dp_ _ 1 e| 

g*e "̂p dx T dx 1 (29) 

The balance equation of the helium metastables along the channel is 

given by the expression 
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(30) 

_ 3-, 
Given the values of N , [He(2 S)J and T at the channel entrance, the com
puter subprogram calculates the values of the variables at all positions 
along the channel according to the Eqs. (24), (29), and (30). For this 

calculation the channel had to be subdivided in slices not thicker than 
-4 -5 

about 10 - 10 m, for which the calculation was performed with values 

of the parameters a,, ou and g determined by interpolation in tables for 

electron and gas temperature values valid at the beginning of each slice. 

The table for ou was taken from the ref. £2l") and given in the intervals 

1000 < T < 4000°K — e — 
17 20 -3 

1 0 i"e< 10 m J , (31) 

Furthermore the a^-table was constructed from the work by Bates and Khare 
r —3/2 

[6] and, according to a suggestion by Collins [4], modified with a T 

dependence to account for the .changing electron temperature in the channel. 

This coefficient was then given in the intervals 

500 < T < 4000°K 
- g -

1024 <_ [He] <_ 1027 m"3 , (32) 

The starting value of [He(2 S)J can also be interpolated from a table 

taken from [2lJ, which gives such values for every combination of starting 

values of N and T . e e 

The computer program developed was tested on a special and simple case 

of interest for MHD. Starting with the following values at x = 0 

19 -3 N = 5-10 m eo 

[He(23Sj]o = 2.5. 10
18 m~3 , (33) 

dTe 
T = 2155°K (from (-:—) = 0 and Eq. (29) and choosing 
eo dx x=0 

p = 10 atm 

T = 1500°K 
g -1 
v = 2000 w s 
g 
B = 10 Tesla 
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k = 0.7 

A d T 

dx dx 

and finally 

the results shown in Figs. 2.10 and 2.11 were obtained. The results serve 

only to give a first impression of what can approximately be expected to 

come out jfrom a simple gas flow experiment under gas conditions pertinent 

for MHD(HA). The next step to be taken is to make real channel calcula

tions with varying gas parameters determined by the amount of energy taken 

out from the generator, different kinds of energy losses (friction, radia

tion and so on) and the possible effects of instabilities. 

(m-3) 

» x(m) 

Fig. 2.10. 

Te (»K) 

2160 

2H0-

x(m) 

Fig. 2.11. 
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Conclusions 

The task of evaluating the technical interest of magnetohydrodynamic 

electrical power generation using a helium afterglow as conductive medium 

MHD(HA) consists of a complex of problems, the solution of which presup

poses international cooperation with a research group having access to an 

experimental MHD channel suitable for experiments in ultrapure helium. 

Such cooperation has been started with the MHD group in "Institut fur 

Plasmaphysik" (IPP) in Garching b/Miinchen, where the author worked during 

the year. As the stage of development of the new experimental channel 

suitable for pure noble gases as well as other research tasks with high 

priority of the IPP-group itself did not allow a test of MHD (HA) in flow

ing ultrapure helium, the interest was concentrated mainly on the build-up 

of a completing discharge experiment in resting helium at realistic MHD 

conditions. This experiment should deliver pertinent conclusive information 

about MHD(HA) which the planned flowing gas experiment either cannot give 

or can give only more expensively. As for instance the channel experiment 

is constructed only for gas pressures of about 1 atm definitive informa

tion about what happens when the helium pressure is increased more than 

an order of magnitude will be needed. Besides, the influence of the degree 

of gas purity is much more easily investigated in a resting gas experiment. 

Furthermore, with the use of time resolved measurements almost all aspects 

of a flowing gas experiment can be simulated by a pulsed discharge experi

ment. The experiment which was built up in IPP by the author was borrowed 

for installation at Studsvik when the author returned to Sweden. 

The cooperation which was started continues with the stationing of a 

guest scientist from IPP, Dr. H. Zinko, at the MHD group in Studsvik. The 

most urgent tasks for him concerning MHD(HA) seems at this stage to be to 

perform more up-to-date channel calculations including the effects of 

instabilities, different kinds of losses and a realistic model for the 

electron-ion recombination rate. This work supplements the experiments 

currently in progress at IPP. 

2.2. Plasma Instabilities (S. Palmgren) 

The theoretical work on MHD gas flow has the goal of channel perform

ance calculations on the concept of decaying MHD plasma. Instabilities in 

these calculations (two basic types on instabilities are now known: 

magnetoacoustic and electrothermal instabilities) can be treated in two 

fundamentally different ways, either by selecting the plasma parameters 
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"below" the critical ones and look for obtainable performance data, or 

by letting the generator work with the instabilities. In both cases a 

detailed knowledge of these instabilities is important, in the former 

case exlusively with regard to critical plasma parameters, in the latter 

case also with regard to the final inhomogeneous state produced by the 

instabilities. 

One step in these directions was a generalized linear treatment of 

the magnetoacoustic instability. This work was performed during the 

first half of the year 1970 and was first presented in a preliminary 

state at the Scandinavian conference in plasma and gas discharge physics 

held in Oppdal (February 1970) and published later on in a final form 

in a research report [20j . In this paper it is shown that the magneto-

acoustic instability can be and sometimes should be viewed as an insta

bility mode of the Alfven waves (or hydromagnetic waves) in compressible 

media (i.e. magnetoacoustic waves) paying regard to the pronounced Hall 

effect. These waves are normally stable but due to the coupling between 

the plasma parameters and the thermodynamic state of the gas one of 

these modes turns out to be unstable if the relative electron drift 

velocity exceeds the speed of sound. This criteria resembles that for 

the occurance of ion-acoustic instabilities and has been derived 

earlier for MHD-generator conditions but in a less restricted way. The 

conclusions of the paper are that the criteria is of more general 

validity than was previously thought and that the predicted initial 

growth time should be lowered when compared with earlier analyses. 

The next steps, recently begun, are firstly a similar detailed 

investigation of the electrothermal instability (which could be of two 

main types: ionization or recombination instability depending on 

whether the plasma is in Saha equilibrium or decaying). Since a linear 

treatment of these is able to answer questions of the occurence or non-

occurence of instability, a non-linear treatment is necessary for a proper 

description of the final inhomogeneous state of the plasma. This final 

state should be characterized by the amplitude and wavelength of the 

(macroscopic) fluctuations. The mechanism which limits the fluctuations is 

not yet understood but diffusion and electron heat conduction from regions 

of high plasma density to regions of low density ought to be important. 

Secondly, in parallel with these analyses, preliminary channel per

formance machine calculations on the afterglow concept are to be per

formed. These will be carried out without inclusion of any kind of 
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instability (in the manner discussed previously) in order to get a rough 

idea of the channel performance below the critical point for the onset of 

instabilities. Experimental results concerning the plasma properties are 

naturally of fundamental importance. 

2.3. Pulsed Thermonuclear MHD Energy Conversion (J. Braun, S. Palmgren, 

A.S. Roberts Jr.) 

In this concept the kinetic energy of a thermally ionized dense plasma 

pulse is recorded in an MHD process. The plasma is generated by a fusion 

process initiated in a tiny primary reaction region. Energy is fed into this 

region by a trigger pulse of sufficient power to initiate fusion processes. 

During this stage the plasma is confined by inertial forces and energy multi

plication takes place. In the next stage the fireball expands and thermal 

energy is transferred to the surrounding gaseous medium. The process can be 

triggered periodically resulting in a train of highly ionized shock waves 

which are fed into an MHD channel where electrical energy is extracted. 

This concept is of course of a very advanced type and must be considered 

as a long range goal. The research leading toward it can conveniently be split 

up in three major parts, all of them also having beneficial effects in diff

erent areas of technological importance. 

i Study of interaction of high energy pulses with condensed 

matter aiming at fusion reactions, 

ii Study of sources of high energy pulses of extremely short 

duration, 

iii Study of MHD power generators triggered by cyclic, strong 

Shockwaves. 

Our study was concentrated on item iii with the purpose of investigating theo

retically whether model experiments using explosives or exploding wires would 

have relevance to micro-thermonuclear detonations. The results show that this 

is in general not the case, and if it were the efficiency of the conversion 

process should be extremely bad. As a consequence the usefulness of the 

method is limited to very specialized applications. 
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3. INVESTIGATION OF RECOMBINATION PROCESSES IN A PULSED HELIUM DISCHARGE. 

(Project 69-186/U114) 

(J. Stevefelt, analysis and J. Johansson, experiments) 

3.1. Introduction 

This report gives a summery and an analysis of the experiments performed 

during the last fiscal year. Some of the experimental results are already 

described in internal reports [l] , 

During the spring of 1969 the planned continuation of recombination 

measurements to higher gas pressures was found to be difficult to perform due' 

to increasingly strong impurity spectra. The impurities appeared to emanate 

from the walls of the gas handling system. These difficulties were overcome 

when a new system was built, with a discharge chamber made of glass. A 

description of the apparatus can be found in section 3.2. 

The new system went into operation at pressures above 75 Torr in Novem

ber 1969. Experiments at lower pressures than 75 Torr were performed in the 

old system, employing the so-called quenching techniques. Interesting re

sults were obtained, some of which are still unexplained and therefore not 

published. A detailed summary is given in section 3.3. 

Experiments performed at higher pressures, and at room temperature, 

immediately revealed quite significant deviations from the collisional-

radiative recombination model, generally assumed to be valid at the lower 

pressures. In order to explain the observations made, several different 

processes for dissociation of the He2 molecule or the molecular ion He„ 

have been envoked, but a complete understanding has not yet been reached. 

The experiments and observations are described in section 3.4. 

It was found that metastable atoms and molecules may play an impor

tant role in a helium afterglow, especially at high pressures and low 

temperatures, where the recombination is rapid. Calculations made by 

Bates et al. [Y] on the influence of metastables on the plasma rate were 

based upon an assumption of quasi-equilibrium, which is not quite justi

fied in such cases. A new detailed analysis has been made, and a paper 

Qj] is under preparation. 

In February 1970 experiments at higher gas temperatures and pressures 

up to 2.4 atm were initiated. The main results of these measurements 

are presented in section 3.5. 
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3.2. Experimental Devices and Diagnostic Methods 

In principle the measurements are performed in the following manner: 

A high voltage initiates a pulsed discharge between two electrodes in 

high-purity helium flowing through a discharge chamber. After a certain 

time (typical value 50 usee.) the discharge circuit is interrupted and 

the resultant afterglow studied with the help of time-resolved spectros

copy and conductivity measurements. The discharge frequency is in the 

range 12.5 to 100 Hz. 

The block diagram of the experimental device is given in Fig. 3.1. 

Fig. 3.1. Block diagram 

The system consists of the discharge chamber, helium purifying system, 

high voltage pulse generators, timing unit and the system for time resolved 

probe measurements and absolute measurements of the spectral light emission. 

Some of these systems are described in more detail in the following. (See 

also [4], [5].) 

Discharge Chamber 

In most of the experiments a stainless steel discharge chamber was 
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used. For the high pressure experiments at room temperature the discharge 

chamber was made of glass. 

The plasma was generated between a stainless steel anode and a tung

sten cathode 1-2 cm apart (see Fig. 3.2). In the measurements with elevated 

Cu lead 
ra si ^ ^ 0 6 mm 

Cromel-alumel 
couple 

spectr. focus 
slit A mm long 

anode s ta in
less steel 

f i lament holder 
stainless steel 
Al2

n3 insulation 

W f i lament 

6.0 mm 

AI2O3 insulators 
W probes 0 0.5 mm 

Fig. 3.2. Electrode system 

gas temperature and in the low pressure experiments the cathode consisted 

of several externally heated wires. In the experiments at room temperature 

and pressures above 75 Torr a helical plasma cathode was used \6\ . The 

gas could be heated by a hot cathode (power source A.C. 50 Hz, 0-100 A, 

5 Volt) or by using pulse heating techniques, delivering large amounts 

of electric energy into the plasma heating discharge. In the first case, 

gas temperatures up to 1500 K were reached (measured with thermocouples) 

in the latter case the maximum gas temperature as derived from thermo-

dynamical calculations was about 5000 K. Some measurements were also 

made by studying the pressure-broadening of spectral lines. To permit 

measurements of the electric field two probes were mounted between the 

anode and the cathode. These probes were pulsed with a chosen fraction of 

the main discharge voltage so that the plasma column would be directed 

over them. Furthermore this pulsing of the probes calls for a lower break

down voltage since the ionization then goes in steps from cathode to anode. 

The spectrometer entrance slit (slit height 4 mm) was focused by a system 

of mirrors to a point midway between the probes. A cromel-alumel thermo

element was also mounted in the neighborhood of the probes. Throughout the 

electrodes were of heat resisting low-gassing materials as indicated in 

the Fig. 3.2. 
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Gas Purity 

Helium gas was led into the baked and highly evacuated system (stain

less steel discharge chamber, volume 4.1 1.) through a quartz diffusion 

cell. The speed of flow was very low, about 4 atm.l./h. A vacuum test of 

the system gave the following result: with ion pumping of the whole 

system from the heated quartz diffusion cell (300°C) with forevacuum on 

the high pressure side connected to a closed leak valve directly before 

the mechanical pump, and with cold cathode, a vacuum of 3'10 Torr was 

reached. With the cathode temperature raised to 1200 K a vacuum of 2*10 

Torr was reached after two hour's running. With cold cathode gassing from 

the walls etc. was about 8*10 Torr-l./min. and with the cathode at 

1200°K it was 3*10 Torr-l./min. From the above the purity of the gas 
—8 —6 

may be estimated as about 2*10 with cold cathode and about 10 with the 

cathode at 1200 K, assuming the gas from the quartz diffusion cell is pure. 

The purity of the gas was checked in each experiment by studying the 

helium plasma emission spectrum. The only impurity which seemed to be 

present was hydrogen whose spectral line H was about 1/20 - 1/100 of 

the intensity of He 5876 A. In addition there were, at high gas tempera

tures, a number of weak lines (comparable with the background, 10 of 

the intensity of 5876 A) in the region 5500-5700 A. In order to increase 

the helium flow rate and further suppress the outgassing of impurities 

from the walls, another purification system had to be used. The best 

result were obtained with a combination of a calcium filter, a hopcalite 

furnace, and a cold trap at liquid nitrogen temperature. Connecting this 

purifier to the glass discharge chamber, much better purity than in the 

old system could be achieved, especially at higher pressures. 

Method of Conductivity Measurements 

The plasma conductivity was determined by the following method: 

A pulse generator (HP 214) was connected through a calibrated resistance 

to anode and cathode as shown in Fig. 3.3. 

The current, which passed through the plasma, was determined by 

measuring the voltage drop over the calibrated series resistance R and 

the applied field determined by measuring the voltage difference between 

the probes. To permit conductivity measurements down to 10 mhos/m diodes 

were connected in series in all ionization pulse leads (note: backresist-

ance in the diodes is greater than 1 M and the oscilloscope has 10 M input 
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Pulse Gen. 
HP 2U 

Fig. 3.3. Principle for conductivity measurements 

resistance). The measurement was carried out so that the beginning of the 

probe pulse was applied at the end of the discharge (Fig. 3.4). The probe 

pulse was long enough to cover the whole of the afterglow, thus allowing 

continual observation of current and field variations. By increasing R, 
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Fig. 3.4. Discharge and conductivity probe pulses 

plasma resistances up to 500 K could be determined. So as not to disturb 

the plasma the amplitude of the probe pulse was relatively small, an emf 

of about 12 V. The radial distribution of the electron density could not 

be measured and it had to be assumed to be related to the profile of the 

emission lines. Hence the absolute value of the plasma conductivity could only 

be determined to within a factor of about 3. A somewhat different method of 
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measurement is possible if it can be established that only negligible voltage 

fall occurs at the electrodes and probes. Then the conductivity could be 

evaluated from only one oscilloscope record, showing both the anode voltage 

V_ (which divided by the electrode distance gives the electric field) and 

the voltage drop over the resistance R from which the current density could 

be calculated (Fig. 3.5). 
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Fig. 3.5. Simple conductivity measurement between a probe and a 
tungsten cathode 

Spectroscopical Measurements 

The light emitted by a region of the plasma column is focused by a 

system of mirrors upon the entrance slit of a Czerny-Turner 1 m spectrom

eter. At the exit slit this is provided with a photomultiplier, and single 

photoelectrons are counted on a scaler. A digital-analogue converter pro

vides a signal useful for recording. By using a tungsten ribbon filament 

lamp as a standard, the spectrometer-photomultiplier combination is cali

brated for absolute intensity measurements. 

The photoelectron counting system is turned on at a preset delay 

time after each discharge, and stays open during a preset gate time. In 

this manner time sampled light detection is achieved. For high precision, 

the signal is integrated over several hundred discharges. 

Summary of Diagnostic Methods 

By citing respective advantages and disadvantages the table below 

compares some of the methods adopted for the determination of the basic 

parameters, gas temperature, electron density, and electron temperature, 

the comparison applies at high gas temperature and includes also probe 

methods. For closer study of the different methods, see the appropriate TPM. 
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I. Gas temperature (gas pressure read from manometer) 

Methods 

Thermocouple 

Line profile 
measurement. 

He„ rotation and 
vibration spectra. 

Advantages 

Simple 

Permits time- and 
space-resolved 
measurement. 

He„ rotation temper
ature easily deter
mined. 

Disadvantages 

Time resolved measure
ments not possible. 

Theory is not absolu
tely certain. 

Demands much molecular 
emission, which does 
not exist at high tem
peratures and pressures. 

TPM 

802 

903 

808 
and 
901 

II. Electron density 

Methods 

Conductivity meas
urement. 

Absolute intensity 
measurement. 

Stark profile meas
urement. 

Line merging meas
urement. 

Advantages 

Simply carried out. 

Permits time- and 
space-resolved 
measurement. 

Permits time- and 
space-resolved 
measurement. 

Disadvantages 

No space-resolved 
measurements, high 
uncertainty. 

Usable only at low 
pressures. 

Usable only if 
19 -3 

N > 5-10 m 
e 

Requires strong light 
intensity, measurement 
only possible in early 
afterglow. 

* 
TPM 

861 

872 

804 

-

III. Electron temperature 

Methods 

Probe characteristic 
measurement. 

Spectral line inten
sity distribution 
n3D - 23p. 

Advantages 

Simple. 

Permits time- and 
space-resolved 
measurement. 

Disadvantages 

Theory is not developed 
for high gas density. 

Requires Saha equilib
rium at electron tem
perature. 

TPM * 

901 

872 

* See [7]. 
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3.3. Low Pressure Experiments 

An interesting method of obtaining some detailed information on recom-

bining discharge plasmas is that of afterglow quenching. A current pulse 

of short duration and varying height is drawn through the afterglow plasma, 

thereby causing selective heating of the free electrons. It is a well 

known fact that the recombination radiation from the plasma then becomes 

more or less quenched as a result of the inverse dependence of the recom

bination rate coefficient a on electron temperature Qj] . Fig. 3.6 shows 

3 3 

how the intensity of the atomic line transition 3 D - 2 P at 5876 A wave

length varies with the electric field strength during the pulse, at a gas 

pressure 5.5 Torr and a gas temperature 675 K. With increasing field the 

radiation becomes more and more quenched down to a minimum at 0.5 volts/cm 

and then grows at further increased fields, until breakdown finally occurs. 

5.5 Torr 

675 °K 

Electric f ield, volts/cm 

Fig. 3.6. 

Fig. 3.7 shows the variation of the same spectral line at a pressure 

25.5 Torr. The intensity is now quenched to a minimum at the field strength 

3 volts/cm: at higher gas pressures a stronger field is required to give 

the same rise in electron temperature. Fig. 3.3 shows the electric field E 

for maximum quenching at different (reduced) pressures: a straight line may 

be fitted to the experimental points, giving E/pQ = 0.27 volts/cmxTorr. 

From this value an electron temperature 4900 K is calculated, using known 

figures for the electron-atom and electron-ion momentum transfers. 

At the electric field strength 9 volts/cm, Fig. 3.7 shows an intensity 

peak. This phenomenon occurs for all atomic transitions from the quantum 
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number n = 3, and to some extent also from n = 4. The molecular bands, on 

the other side, show neither this intensity peak nor the intensity rise at 

breakdown fields. We have tentatively interpreted the appearance of the 

peak in the lower excited atomic states populations as resulting from 
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dissociative recombination of the He„ ion: 

He„ + e -»• He + He 

where the excited atom He energetically is most probably in the quantum 

state n = 3. Kinetic considerations show that the balance between this 

reaction and its inverse (Hornbeck-Molnar process) is mainly dependent 

on the electron temperature T : at steady-state equilibrium it may be 

expected that 

[He*] [He] 
T exp 

AE 
kT 

where the brackets denote particle concentrations. The activation energy 

AE depends on the detailed shapes of the potential curves for the rele-

vant (electronic and vibrational) state of He„ and the He + He system [_9j 

Fig. 3.9 shows the time development of the atomic transition 

3 P - 2 S at 3889 A wavelength. The line labelled "I" represents the 

intensity decay in the absence of any current pulse, while the line "II" 

shows a typical radiation quenching caused by a proper pulse. In the case 

10 20 30 

Time microseconds 

F i g . 3 . 9 . 
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"III" the pulse height is further increased, so that excited atoms in the 
3 

level 3 P are produced. At the moment of pulse application there is a 

slight quenching, then the intensity rises to a peak after a few micro

seconds, followed by a decay which may reflect the loss of He„ ions due 

to dissociative recombination. When the current pulse is removed, and the 

electrons cool down, the intensity first falls, which is to be expected 

due to rapid Hornbeck-Molnar conversion of the excited atoms. Finally, the 

recombination, and its associated radiation, returns. Thus, the proposed 

model can explain all observed details of the light emission. Some more 

experiments would be valuable to check the model, and to provide more 

quantitative results. 

The surprising behaviour of the light absorption at 3889 A, giving the 
3 . 

concentration of atoms in the metastable level 2 S, during application and 

removal of an electron heating pulse, has hitherto not been satisfactorily 

explained. The time variation of the metastable concentration N„ may be 

described by a rate equation 

dN2 2 2 
— = aNe - 3N2Ne - 2YN2 

2 . . 

where aN is the rate of recombination, leading to the formation of meta

stable atoms, and the other two terms on the right side represent the 

rates of the following collision processes, leading to the destruction of 

the metastables: 

He(23S) + e -*• He(l1S) + e 

He(23S) + He(23S) -> He(l1S) + He+ + e 

Quenching the recombination rate, the metastables would be expected to 

decay with a characteristic time 

T - (gN + 2YN 2)~
1 

which, with known values [id] of g and y> becomes ^20 us. However, experi

ments performed at 10 torr pressure showed that the metastable concentra

tion, when a quenching pulse is applied, relaxes within one microsecond 

to a new equilibrium value, about one half of the original one, see 

Fig. 3.10. After pulse cessation, the metastable density rapidly returns 

to the nominal value it had with no pulse applied. Absorption measurements 
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Fig. 3.10. 

50 

on the 4650 A band showed a similar behaviour for the molecular metastable 
3 

level 2s E . This indicates that both the atomic and molecular metastable 

levels are in an electron temperature dependent, collisional equilibrium 

with some other level or levels, where a large fraction of the metastables 

are rapidly distributed when the electron heating pulse is applied. No 

such level has yet been found: no absorption has been obtained from the 
1 1 3 1 

atomic levels 2 S, 2 P, and 2 P, or from the molecular level 2s E , during 

the pulse. When the heating pulse is made somewhat larger, so that the 

3889 A emission line has increased to its first peak, the corresponding 

absorption line is still quenched to about one third. This may suggest 

that the elevated electron temperature itself, rather than the quenched 

recombination as a secondary effect, causes the decreased metastable 

density. 

3.4. High Pressure Experiments 

The first preliminary experiments [6] , [ll] at gas pressures above 

100 torr showed that the light emission in the afterglow decays faster with 

increasing pressure. Assuming the molecular band emission to be propor

tional to the rate of recombination between He_ ions and electrons, the 

recombination coefficient a was found to be.proportional to the neutral gas 

density, which was interpreted in terms of a recombination process 

He? + e + He •+ He2 + He 
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A numerical value of a was determined from measurements of the plasma con

ductivity, giving the electron density. 

More exact absolute intensity measurements have later confirmed these 

results. However, the number of photons emitted per recombination event is 

considerably smaller than unity, indicating that some other recombination 

process, not followed by molecular band emission, exists in parallel with 
+ 

the neutral-stabilized collisional-radiative recombination of He„ ions. 

Figs. 3.11 a-c present the coefficients a , a and a , defined by 
° am' eff J 

I I . dN _ a _ m _ _ _1 e_ 
aa " AT 2 '

 am ~ „ 2 ' aeff " „ 2 dt 
N N N 
e e e 

as functions of the electron density N , at three different gas pressures: 

200, 390, and 580 Torr. I and I are the total spectral emissions (in 
a m r 

the range 3000-7000 A) in helium atomic lines and molecular bands, respec

tively. In addition to the helium spectrum, the only impurity detected is 

water vapour, showing up as hydrogen lines with a total intensity not ex

ceeding one per cent of the helium light in the afterglow; during the 

active discharge their relative intensity is much smaller. 

+ 

In the case of He„ being the only abundant ion, undergoing neutral-

stabilized collisional-radiative recombination, the recombination coeffi

cients a ff and a would be equal (neglecting source terms), and independ

ent of electron density (at constant electron temperature). No atomic line 

radiation would be emitted, so that a = 0. Contrary to this behaviour, 

our experimentally determined a's show the following features (Figs. 11): 

a ff, a , and a generally decreases with increasing electron density. 

A lowering of a is in fact to be expected at the higher electron 

densities, due to elevated electron temperature. 
aeff i-ncreases by a factor 1.3 - 2.5 when the pressure rises from 200 to 

390 Torr, but is the same at the two pressures 390 and 580 Torr. At 

these two higher pressures a f.p may be expressed as 

-2 -2/3 
a ff = 8»10 Ne ' (MKS units) 

a is approximately the same at the two lower pressures 200 and 390 

Torr, between one and two orders of magnitude smaller than a ff, the 

difference being larger at the higher electron densities. When the 

pressure rises to 580 Torr, a decreases by a factor four to six. 
m 
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Fig. 3.11 c. 

Atomic line emission appears at a rate, which increases rapidly with 

pressure in this range. It is very well known that when the gas 

pressure of a helium afterglow is increased from 1 to 50 Torr, there 

occurs a gradually transition from an atomic line He spectrum to a 

molecular band He„ spectrum. Also at the pressure 200 Torr the after

glow is dominated by intense He~ bands, but when the pressure is 

further increased to 390 Torr, atomic lines appear with an intensity 

comparable with the He„ bands. At the pressure 580 Torr, finally, 

the afterglow spectrum is dominated by atomic lines. 

It is also interesting to note the behaviour of the line and band 

emissions during pulsed heating of the free electrons by an applied electric 

field. The results are shown in Fig. 3.12. At 75 Torr pressure the plotted 

emissions (5016 A line and 4650 A band) versus field strength appear essen

tially the same as they did at 25.5 Torr pressure (Fig. 3.7) - except for 

the higher field strengths required at the higher gas density (note that 

the gas temperature is only 300°K at the higher pressure). At 225 Torr 

pressure the maximum quenching becomes much less before the intensities 

rise again with further increasing field strengths. Finally at 380 Torr 

the 4650 A band intensity can be quenched to one half only, while the 5016 A 

line is hardly quenched at all. 

The diminished quenching of the molecular bands at the higher gas press

ures may be explained by a slower electron temperature dependence for the 

neutral-stabilized recombination process than for the electron-stabilized 
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prevailing at the lower pressures: the theories predict the dependences 
—3/2 —9/2 

T and T , respectively. The generally smaller quenching effect 

on the atomic lines we would like to ascribe, as we did at low pressures, 

to a dissociative recombination of the He„ ion. If not caused by a high 

electron temperature alone, which seems improbable, this dissociation 

must be induced by collisions with neutral gas atoms, and perhaps with 

electrons - at high electron densities the quenching becomes smaller, 

but then the electron temperature is also (probably) higher. 

If the electron density measurements are correct, we have still to 

consider the fact that the major part of the recombination is not accom

panied by light emission. This non-radiative recombination obviously 

must produce helium atoms (or molecules) in either the ground state or 

the first excited (metastable) level. Measurements on the 3889 A absorp-
3 

tion line gave the density of metastable atoms in the level 2 S, shown 

in Fig. 3.13. The metastables appear to be created during the discharge 

pulse, and then their density decays in accordance to known destruction 

rates Q.0J. The decay rate is one or two orders of magnitude larger than 

the total rate of photon emission in all atomic lines, and of the same 

magnitude as the measured loss rate of electrons. No absorption could be 

found in the 4650 A band, which means that the density of molecular 
18 —3 

metastables is below 5»10 m 

It is rather difficult to base an analysis upon these absorption 

measurements, however, since the factors that determine the metastable 

density in the afterglow are not properly known. From the low pressure 

"quenching" experiments, we know that the densities of both atomic and 

molecular metastables seem to be very sensitive to changes in electron 

file:///4g504
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temperature. On the other hand, the electron temperature elevation over 

gas temperature is determined (when no external field is applied) by the 

rate of metastable destruction. Inserting the figure 15 eV for the average 

energy delivered to the electron gas per deactivated metastable, we find 

that the electron temperature is of the order 1000 K in the early after

glow, then rapidly falling. In the calculations of electron density from 

measured plasma conductivities, we used the value T = 300 K during the 

whole afterglow, so that the result may be a factor of about two too low 

in the early afterglow. However, uncertainties in the effective cross 

section of the plasma column may introduce even larger errors in the 

determination of electron density by this method. 

3.5. High Pressure Experiments at Elevated Gas Temperatures 

A great number of afterglow experiments have been performed with the 

helium gas heated, either to a constant high temperature by means of hot 

tungsten filaments, or by pulse-heating techniques. In the former case, 

it was found rather difficult to exceed temperatures of around 1100 K. 

By pulsed heating higher gas temperatures may be achieved, but then the 

analysis of the afterglow is made difficult by a time varying temperature, 

if not time resolved temperature measurements can be made. Fortunately, 

all spectral lines belonging to the helium singlet system (such as the 

relatively intense 5016 A line) were found to be resonance broadened, 

their line widths being proportional to the gas density. Experiments have 

been performed in order to determine the constant of proportionality, 

since from the known gas density and pressure, the gas temperature is 
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then easily found at any delay time (where line emission is sufficiently 

strong). 

In order to examine the possible application of this kind of plasma 

for MHD generators, measurements of the plasma lifetime were performed 

by investigating the decay of conductivity and light emission. 

Conductivity Measurements 

Conductivity decays have been recorded from 0.5 - 2.5 atm with gas 

temperatures in the range 300 - 1500 K. Thus it has been found that the 

lifetime of the plasma increases markedly with gas temperature. The 

diagrams in Fig. 3.14, traced directly from the oscilloscope screen, 

show typical decay curves for voltage and current during the applied 

probe pulse throughout the whole of the afterglow. 
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Fig. 3.14. Typical conductivity pulse current decay curves in 
the afterglow at 2 atm pressure and different gas 
temperatures. 
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Fig. 3.15 shows the conductivity calculated from these measurements 

for 1520 Torr and 1150 K (the discharge cross section is derived from the 

radial intensity distribution). The time constant at 1 mho/m is about 

150 psec and is therefore considerable longer than at room temperature, 

where a lifetime of 2-4 usee was measured. This temperature dependence 

of the effective recombination coefficient is for 610 Torr in a tempera

ture range 510 -900 K demonstrated in Fig. 3.16. 
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Fig. 3.16. 

The different functional dependences of a on electron density for 

different gas temperatures may be due to different initial conditions of 

the afterglow, but there is strong evidence for a rapidly diminishing 

effective recombination coefficient at elevated temperatures. Also shown 

in this diagram are a .... and the atomic line emission coefficient a at a & eff a 
gas temperature of 1000 K, but at a much higher pressure: 1810 Torr 
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(nominal pressure). The curve for a ff fits well into the general tempera

ture dependence, illustrating that the gas pressure seems to be of little 

importance for the effective recombination rate in this range. An estimate 

of the temperature dependence gives the result a . « T , where we have to 

remember that the gas and electron temperatures have been elevated to

gether. From the slow recombination rate, together with the high pressure, 

we conclude that the electron temperature should be close to the gas 

temperature. 

Light Intensity Studies 

Spectroscopic investigation of the light emitted from these high 

pressure, high temperature plasmas shows that the emitted radiation is 

completely dominated by atomic helium light. However, in certain discharges 

molecular helium emission can sometimes be traced. Lines in the n D-series 

up to quantum number 11 can be observed so that Saha distribution studies 

can be made. A study of how the helium 5876 A light-decay depends on gas 

temperature gave the result shown in Fig. 3.17. 
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Fig. 3.17. 5876 A intensity decay at different gas temperature; 
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It is clear that the atomic light emission lifetime also increases 

with gas temperature but not nearly so strongly as the electron density 

lifetime. Furthermore, as has been observed many times, the lifetime 

does not increase at all over about 700 - 800 K. This is true for all 

helium lines. It can thus be stated that the light decays quickly in 

comparison to the electron density so that already after 50 ps there is 

practically no light, but the conductivity persists with a long time 

constant (see Fig. 3.15): after 50 ps the plasma can be considered as 

"dark". This may also be expressed as the anomalous inverse dependence of 

a and a on electron density at the gas temperature 300 K being replaced 

by a rapid fall-off in the light emission as the electron density is 

decreased, shown in Fig. 3.16 for the temperature 1000 K. Consequently, 

no radiation at all can be observed from the plasma even at electron 
18 -3 

densities as high as 10 m . The helium molecular bands disappear, 

completely, with increasing pressures, and cannot be observed at 1810 Torr 
+ 

pressure. If this is to be interpreted as the molecular ion He„ being 

absent is, however, far from evident. 

Metastables 

Experiments have also been made to determine the concentration of 

metastable atoms by absorption measurements. Molecular metastables are 

difficult to study because they give rise to such weak absorption. It has 

been found that decay of metastable atoms runs parallel with the decay 

of H impurity-light emission. This has been checked in many experiments 

under different conditions. For example at 80 Torr, 600 K (where absorp

tion is relatively easily measured) the data shown in Fig. 3.18 was 

obtained. It is seen that the curve for intensity of impurity light runs 

quite parallel with the absorption curve. On account of this it may be 

stated that the study of metastable decays can be carried out through 

the study of certain impurity lines. In later experiments a small amount 

of neon has been introduced since neon becomes selectively excited by the 

helium metastables and give rise to a single spectral line at 5852 A, 

whereas hydrogen impurities may be ionized. Fig. 3.19 shows how H decays 

as a function of pressure at a gas temperature of 630 K. It is seen that the 

decay rates increase with pressure and that the maximum which exists at 

lower pressures moves at higher pressures towards earlier afterglows. 

Observation of H0 decays as a function of gas temperature at 0.9 atm 
P 

shows that the lifetime is independent on temperature in the region 

400 - 1000°K. 
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Fig. 3.19. H decays as function of pressure. 
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The experiments with neon injection which have hitherto been carried 

out support the statement that EL and neon decays run parallel in the late 
P 

afterglow, i.e. they are considerably slower than the decay of atomic 

helium light. (In the early afterglow and when the neon content is high 

some radiation attributable to ionized neon occurs.) 

Electron Heating Experiment 

Selective electron heating at 680 Torr pressure and 700°K gas tem

perature gave no quenching of the helium atomic lines (Fig. 3.20): on the 

contrary their intensities started increasing at field strengths around 

He n 3 D-23P 

50 100 150 

Electric field, vo l ts /cm 

Fig. 3.20. 

40 V/cm, corresponding to an electron temperature 2700 K. This effect is 

the same as was observed at 300 K gas temperature, and which was there 

explained as due to dissociative recombination of the He2 ion. The 

hydrogen lines, though, become quenched in the normal way by the electron 

heating. There also occurs a quenching of the neon 5852 A line. Since 

the hydrogen and neon lines seem to be excited by the helium metastable 

states, we may draw the conclusion that the metastable density is quenched 

as was found at low pressures - this has not been checked by absorption 

measurements. 
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Even if the helium radiation is not quenched, the elevated electron 

temperature gives a slower decay of the light emission. Fig. 3.21 shows an 

experiment at 1620 Torr pressure and 1000°K gas temperature, employing pulsed 

electron heating during the first 100 microseconds of the afterglow. Since 

the relationship between the line emission shown (He 5876 A) and the 

electron density at different electron temperatures is not known, we cannot 

draw any conclusions about the recombination rate, but we may guess that it 

is lowered by the elevated electron temperature. 

Decay with heating pulse 

Decay with no electron heating 

Timei microseconds 

Fig. 3.21. 

• • 3 

Additionally, the n D populations were recorded with and without two 

different values of the heating pulse. It can be seen from Fig. 3.22 that 

there is no change in the relative population distribution (corresponding 

to the slope of the curves) by increasing the electron temperature with 

higher applied fields. 

Pulse Heating 

To study trends in behaviour some further pulse heating experiments 

have been performed. The following is an account of one of them. Conditions 

were set for a powerful discharge at 1.1 atm and base temperature 1000°K. 

The energy supplement per pulse was 1.5 Ws (5 A, 120 V, 2.5 ms, 100 Hz). 

In spite of this the discharge was relatively narrow, width 3.5 mm. A 
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Fig. 3.22. n D-population distribution in an electron heating 
experiment at 1520 Torr, 1000 K gas temperature. 
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thermodynamical calculation of the rise in temperature suggests that the 

temperature reached was about 5000 K. A recording of n D-population distri

bution gave a temperature of 3500 K. The decay of the atomic lines occurs 

with a relatively long time constant, 50 ys, in the early afterglow. A spec

tral recording showed the presence of an extra component, namely a continuum. 

Conclusions 

We find that the overall picture of recombination in high pressure 

helium plasmas is rather complex, with many new details hitherto not reported 

in the scientific literature. At a pressure of 1-2 atm and a gas temperature 

of 1100 K, the typical decay time for an initial electron density of 10 m 

is about 100 ysec. This is considerably longer than would be expected from 

results of experiments at room temperature and gives hope for measurements 

dealing with plasmas under MHD generator conditions, which would be carried 

out in the next period. Nevertheless, application of several more diagnostic 

tools appears to be necessary for further verification of the observations 

made in our laboratory during the last twelve months, in order to give more 

knowledge about the recombination mechanisms involved. 
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4. ISOTOPIC BATTERY IN THE yW-RANGE. 

(Project 69-188/U116) 

4.1. Experiment with Miniaturized Isotopic Batteries (J. Braun, 

G. Carleson, L. Fermvik, A. Lauber, I. Nilsson, and L. Svansson) 

Introduction 

During the last decade growing interest has been shown in many coun

tries in the economical use of the rapidly accumulating quantities of long-

lived radioactive isotopes for direct or indirect generation of electricity. 

Compared to conventional energy sources their cost is usually high, but 

this is in many cases balanced by valuable gains in properties such as 

long lifetime, compactness and high freedom from maintenance. After an 

analysis of these aspects performed within ENEA (European Nuclear Energy 

Agency) a special study group with Swedish participation was set up with 

the aim of jointly developing such isotopic batteries in the yW-range which 

were judged to be of particular interest from the European point of view. 

The main emphasis was put on a common project to manufacture a nuclear 

powered cardiac pacemaker prototype requiring ca 150 yW electricity, but 

research was also started in several laboratories, for example in Studs-

vik, to develop isotopic batteries with electrical outputs <20 yW. 

Possible applications in this energy range, pointed out by the study 

group, are for example wrist watches and different types of biomedical 

applications such as nerve stimulators which control physiological functions 

and sensors which telemeter physiological data through the skin. These 

applications all have in common that they require a high degree of com-
3 pactness with volumes of the order of 1 cm and a lifetime of up to 

10 years. They must also allow an uncontrolled and widespread distribu

tion to the public. Very few radioisotopes comply with all these condi

tions, particularly the last which requires the complete absence of 
3 

gammas and bremsstrahlung caused by harder beta-radiation. Only H, 

Pu, Pm, and Ni can be regarded as serious candidates, but at 

present the nickel isotope is ruled out due to its rarity and very high 

manufacturing cost. Some data on these isotopes are collected in Table 

4.1. 

Taking into consideration requirements on compactness and relia

bility there are a few different ways to convert the decay energy into 

electric energy. Table 4.2 might be an aid to find the most appropriate 

method for each isotope. The thermal conversion methods are less appli-



Table 4.1. 

3H 

6 3 Ni 

U 7 P m 

238„ Pu 

Half 
l i f e 
yea r s 

12.3 

90 

2.7 

86 

I s o t o p e 

X 

-1 
s 

-9 1.2*10 

2 . 5 . 1 0 - 1 0 

2 . 5 . 1 0 " 1 0 

P a r t i c l e energy 
keV 

max. mean 

18 

67 

223 

6 

22 

75 

5500 

Com

pound 

LiT 

TiT2 

Ni 

Pm203 

Pu 

Densi ty 

- 3 
g*cm 

=1 

~A 

8.90 

6.6 

19.74 

S o u 

T h i c k 

x) 
Vim 

2 

0.5 

3.6 

38 

5 

r c e 

n e s s 

-2 mg«cm 

0.2 

0.2 

3.2 

25 

10 

P o w e 

W'g"1 

0.10 

0.04 

0.08 

0.3 

0.55 

r d e n 

TT ~3 

W«cm 

0.10 

0.16 

0.7 

2.0 

11 

s i t y 

-2 xx) 
ViW«cm 

2 

0.8 

25 

750 

550 

CTN 
•p-

x^ Thickness for beta-emitting isotopes corresponds to particle range at 2/3 E m a x in 

accordance with the range formula 

R = 412 E a ' 2 6 5 ~ °'°95 l n E ) (E in MeV, R in mg/cm2) 

Plutonium thickness choosen as 0.7 R , where 

R = 0.173 A1/3 E 3 / 2 

a a 

(E in MeV, R in mg/cm ; A = mass number) 

xx^ Energy flux escaping from source surface; escape probability assumed to be 0.1 for 

all isotopes. 
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Table 4.2 

Conversion methods in the uW range. 

Iso

tope 

Thermal conversion Non-thermal conversion 

Thermoelectric, 

where a compara
tively high 
temperature dif
ference is 
needed. 

Thermionic, 

where electrons 
are released from 
an emitter heated 
by the nuclear 
fuel. 

a and 6 voltaic, 

where the partic
les loose kinet
ic energy in a 
semi-conductor 
junction. 

Direct, 

where the partic
les do work when 
passing through 
the electric 
field built up 
in the battery. 

Too low power density. Probably possible to make a 
long-lived battery. 

Ni Low power density. Interesting, but 
too expensive. 

An alternative 
if very long life 
is necessary. 

Pm Low • power density 

Commercially 
available 

"Isomite". 
Relatively 

Commercially 
available. 

"Betacel". 

short-lived. 

Low conversion 
efficiency. 

Pu Considerable power density 
during very long time. 

Commercially 
available. 

"Isomite". 

Radiation damage Very low conver
sion efficiency. 

cable for outputs <50 uW due to their low and rapidly decreasing efficiencies. 

In a or £ voltaic processes energetic particles enter the semiconductor system 

and produce electron-hole pairs, which are collected by the junction electric 

field. The result is a current through the load. A drawback of this tech

nique is that the diodes are sensitive to radiation, ruling out the use of 

energetic particles. Furthermore it is difficult to manufacture diodes with 

surfaces larger than a few square centimeters which limits the total power 

output from a simple device. 

Though batteries of this type are commercially available, for example 

the Betacel from the McDonald Douglas Co, we have made a few experiments to 

investigate the properties of some source-diode combinations of special 

interest. 
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Direct collection of charged particles can be regarded as a sort of 

"Nuclear van de Graaff". The battery consists mainly of a radiation source 

(emitter) and a radiation absorber (collector), and between these an in

sulator. The source and the absorber form the two electrodes of the battery, 

and a steady state potential is reached between these electrodes when the 

charging rate of the collector equals its charge loss through leakage or 

load current. The electrical energy dissipated in the load stems from the 

loss of kinetic energy the particles suffer as they move from emitter to 

collector against the electrical field of the interspace. Consequently, 

the efficiency of the conversion process is strongly dependent on the 

output voltage. Compared to the g-voltaic device it seems easier to in

crease the specific power output of a direct collection device by manufac

turing large area batteries either rolled like a paper capacitor or of 

sandwich type. The main problem is to find insulator and source carrier 

materials of a quality good enough to withstand the stresses, which are 

unavoidably involved in all production techniques. 

It is evident from the survey in Table 4.2 and earlier arguments 
3 147 

that for the present H and Pm are the only satisfactory energy sources 

for miniaturized isotopic batteries with outputs <20 uW. Tritium is easily 

available in large and pure amounts and has a half life which is accept

able for all proposed applications. The very weak beta-radiation is com

pletely absorbed by a thin encapsulation, while considerable problems in 

obtaining an efficient shielding for Pm are to be expected. Our devel

opment work has therefore mainly concerned with tritium batteries. 

The purpose of the experimental work described here has gradually 

changed. During the first period experiments were performed to improve our 

understanding of methods discussed above. Next, different construction 

materials, either commercially available or developed at the laboratory, 

were tested. Finally an attempt was made to improve production and handling 

methods for the most promising materials. 

4.2. Experiments with a and g Voltaic Conversion 

a and g Voltaic Conversion with Solar Cells 

A) A commercially available solar cell [6] was combined with a Pu 

source (5.5 MeV alpha) of 6 mCi total activity (Fig. 4.1). The current from 

the cell was measured with a Keithley electrometer 610 BR (Fig. 4.2). With 

this instrument it is possible to measure the current with different load-
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Diode surface 
w i th p-n junction 

Source planchette 

Battery capsule 

Contact 

Radioactive surface 

Fig. 4.1. Battery mounting with "nuclear diode". 

ing resistors and it is thus easy to find the optimal loading for 

maximal output power. 

Source/ 

Electrometer, Keithley 610 BR 

Fig. 4.2. The measuring arrangement for the diode battery 

The battery output was measured immediately after mounting with 

results as in Table 4.3. 

The maximal output power is thus 9*10 W in a load resistor 
4 . . -8 

of 10 which corresponds to a specific output power of 1.8*10 
2 W/cm . The input power to the solar cell is 

PTXT = 0.195*0.006 • 3 .7*10 1 0 • 1.6*10~19 • 5 .5 -10 6 - 38*10~6 W IN 

where 
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Table 4.3. 

102 1 1 10~5 1 • 10~8 

103 6 6 10~6 3.6 • 10~8 

104 30 3 • 10"6 9 • 10~8 

105 53 5.3 • 10~7 2.8 • 10_8 

106 50 5 • 10~8 2.5 • 10~9 

107 57 5.7 • 10~9 3.3 • 10~10 

108 55 5.5 • 10"10 3 • lO"11 
q _i i _i o 

10 55 5.5 • 10 3 • 10 

0.195 

0.006 

3.7*10 
10 

1.6-10 
-19 

5.5«10 

is the geometry factor, i.e. the ratio between the number of 

particles emitted within the effective solid angle source-

detector and the total number of emitted particles, 

is the source activity in Ci, 

is the conversion factor from Ci to the number of particles 

emitted per second, 

is a conversion factor Ws/eV, 

is the particle energy in eV. 

The conversion efficiency n is then calculated using Table 4.3. 

3(max) 
OUT 9<10 

-8 
10 

IN 38«10 
-6 

n = 0.24% 
c 

The lifetime of the battery was poor. After one day the maximal out

put had decreased to 6% and a few days later no current output at all 

could be measured. 

This experiment only confirms the earlier reported phenomena [fj 

that the alpha particles break down the solar cell very rapidly. Further 

experiments with alpha-sources are not made in the series of experiments 

reported here. 
r i 147 

B) A commercially available solar cell [8J was combined with a Pm 
source (E = 220 keV) of 14 Ci in a battery cell quite similar to 

pmax 
Fig. 4.1. 

Load 
JL. ohm 

U 
mv 

Current 
I amp 

Output power 
P W 
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Results: 

n = 0.35% 
c _fi o 

PA = 0.92*10 W/cm 

The battery is still working perfectly almost one year after it was mounted. 

It was decided not to proceed the evaluation of this type of batteries 

since a similar design is commercially available. 

B Voltaic Conversion with Nuclear Particle Detectors 

The three following experiment series were carried out with solid state 

nuclear particle detectors developed and produced by AB Atomenergi. Battery 

mounting and experimental setup were similar to those in Figs. 4.1 and 4.2. 
QC 

A) Four surface barrier detectors were combined with Kr sources (3 = 
max 

= 672 keV). Two of the detectors were made of 1000 ohmcm base material and 
85 

two were of 14300 ohmcm base material. Two Kr sources were used, having 
a strength of 100 mCi and 10 mCi, respectively. One 100 ohmcm and one 

14300 ohmcm detector was successively combined with each of the sources. 
8 5 

The best specific output power obtained for a "fresh" Kr battery was 

PA = 4.5-10
-9 W/cm2 

No efficiency measurements were made in this preliminary experiment. The 

detectors exposed to the 100 mCi source ceased to deliver power within 

24 hours. The detectors exposed to the 10 mCi source were still alive after 

three months of exposure, but the output power had decreased by more than 
85 

one order of magnitude. It was concluded that Kr betas destroy surface 

barrier detectors even when the source is at the 10 mCi level. The experi

ment was discontinued. 
147 

B) Fourty surface barrier detectors were combined with Pm sources 
fabricated by a special electrolytic process developed by Dr. N.E. Barring 

(unpublished work) of AB Atomenergi. With respect to base material 

resistivity the detectors were divided into four groups of ten, the 

resistivities being 14.5, 100, 1100, and 10000 ohmcm, respectively. The 

Pm sources had a strength of about 3.2 Ci. 

The detector batteries, when freshly combined, had a total efficiency 

n =0.6% (typical) 

and a specific output power 

PA * 1.2'10~
6 W/cm2 (typical) 
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The output power decreased rapidly however, by three orders of magni

tude in the course of two weeks. There was no significant difference in 

this regard between detectors made of base materials with different resis-
147 

tivities. It was concluded that Pm sources at the Curie level destroy 

surface barrier detectors. Thus an important difference in radiation resis

tance exists between surface barrier detectors and diffused detectors 

(solar cells). The experiment was discontinued. 

C) Two surface barrier detectors, one made of 100 ohmcm base material 

and one made of 10000 ohmcm base material were combined with tritium 

sources having nominal strengths between 0.5 and 3.9 Ci. The best battery 

had a conversion efficiency 

n == 2-10-3 % 
c 

and a specific output power 

PA = 6.5.10~
12 W/cm2 

4.3. Direct Collection of g-Particles from Tritium 

General Remarks 

Tritium has been regarded as an interesting radiation source for 

several reasons. It is a clean beta-emitter without penetrating gamma-

radiation. The maximum energy of the beta particles is low, 18 keV, thus 

only low energetic bremsstrahlung can be produced which, like the beta-

particles, is absorbed by the normal battery encapsulation. These proper

ties permit the use of larger amounts of active material to increase the 

power output without causing radiation risks. Tritium is a fairly cheap 

isotope and the radiological restrictions are not too severe. Its half 

life is acceptable for all proposed applications. 

All sources used in the experiments described here have been commer

cially available tritium sources. They consist of a circular copper disk 

with a thin vacuum-evaporated titanium layer on one side. During a spe

cial process tritium is absorbed in the titanium layer but not in the 

copper backing and thus a thin tritium source is produced with a distribu

tion as shown in Fig. 4.3. The battery was mounted and placed in a gas-

tight box, which was vacuum-pumped. The current was measured with an 

electrometer (Fig. 4.4). 
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Tritium density 

Source surface 

>• Position 
Backing 
material 

Fig. 4.3. Distribution curve for tritium in the source, 

Battery 

4L_ 
R-, 

Collector 

Source 

Electrometer, Keithley 610BR 

Fig. 4.4. The measuring arrangement for the battery. 

IL is the loading resistance (= the input resistance of the electrometer, 

which is interchangeable). 

R. is the leakage resistance of the insulator layer or the internal 

resistance of the battery. 

Two methods have been used to insulate the source from the collector. 

The first method was to use thin foils of plastic, i.e. the insulator is 

formed by a separate component. The other method is to evaporate an insu

lating layer on to the collector surface or bo build it up on the collector 

surface by an oxidation process. In both cases the collector material must 
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be carefully chosen to fit the purpose. A third method of insulating the 

collector from the emitter by a thin vacuumspace has been used for some 

special investigations only. 

The electrolytic capacitor inspired a discussion of the possibility 

of making a battery of a rolled oxidized metallic foil immersed in water. 

However, even if the problem of high leakage currents could be overcome, 

the polarization in a g-battery becomes opposite to that which is neces

sary for the maintainance of an intact oxide insulator. No experiments 

were made with another similar technique was also discussed, namely to 

use a metal sponge with oxidized surfaces and dioped into tritium water. 

Some preliminary experiments were made with tantalum and zirconium sponges, 

but these were not encouraging,- for the same reasons as above. 

Preliminary Experiments 

Insulating foils 

The first attempt to find suitable insulating material was made with 

polycarbonate foils used by the electronic component industry in the 

manufacturing of capacitors. Foils are available in thicknesses down to 

2 um. The resistivity is 2*10 ft*cm and the breakdown voltage is 

180 kV/mm. 

The following results were obtained 

-11 2 Output power: 1.6*10 W/cm 
-3 

Conversion : 1.7*10 % 

It was very difficult to mount the batteries without damaging the thin 

insulator foil. When a successful mounting was made the battery usually 

worked for two or three weeks. At the end of this period the output 

current was very unstable and in some cases the battery suddenly stopped 

working. An investigation of the foils showed that these had become 

brown-colored by the radiation. The conclusion was therefore made that 

radiation - or mechanical damages - caused a break-through of the insu

lator. 

The results were not encouraging and the foils were abondoned as 

insulators. 
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Experiments with Insulating Oxide Layers on the Collector 

The first experiments were made with aluminium collectors, which had 

been anode oxidized. In an oxide layer of 0.3 Um the resistance between 
14 

source and collector was 10 ohms when 40 V was applied. 

The following walues were reached: 

-11 2 
Output power: 4.9 .10 W/cm 

-3 
Conversion : 8.2.10 % 

The oxide layers were very fragile and the batteries usually stopped working 

after some time depending on mechanical damages. However, the oxidation was 

made in a very rough industrial way and was considered to have a wide margin 

for improvement. Therefore it was decided that efforts should be made to 

develop refined methods to oxidize and evaporate insulators on the collector 

surfaces. These experiments are described in the next section. Positive 

results should open the way for the design of a battery of sandwich type 

thus increasing the specific output power. 

4.4. Tritium Battery Development 

Collector Backscattering 

Three different collectors were mounted in a measuring device (Fig. 4.5) 

Kiethley 

610 BR 

RL=10°JL 

Collector 

3.9 Ci H3 
spacer 

10~*torr 

pump 

Fig. 4.5. Apparatus for backscattering measurements 

The short circuit currents measured under equal conditions are listed below. 

Table 4.4. 

M a t e r i a l 

Atomic 
number 

Z 

6 

13 

73 

Type 

Carbon 

Aluminum 

Tantalum 

h 

6 . 5 ' 1 0 ~ 1 0 A 

5.8«10~ 1 0 A 

3 . 9 ' 1 0 ~ 1 0 A 
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The backscattering coefficient n as function of incident energies at 

different atomic number Z is shown in the curve below FY]. 

7(7.) 

Ta,Z=73 

Energy (keV) 

Fig. 4.6. Backscattering versus energy 

Comparison of the variation of n and Ig versus the atomic number Z 

proves that the main difference in Ig is due to difference in back-

scattering from the collector. Therefore collector materials of interest 

are aluminium, carbon and a few others. We have so far used collectors 

made of aluminium. 

Dielectric Design 

We have investigated three types of solid dielectrics. 

1) Anodized aluminium-oxide AIJD^. 

2) Evaporated SiO - Si02. 

3) Anodized tantalum-oxide Tâ O,.. 

A solid dielectric must have high resistivity, high dielectric strength, 

be non-porous and easy to produce as a thin film. 

Anodization can be used as a method of forming oxide films, and 

the action depends upon the migration of oxygen ions to the anode sur

face through an electrolyte (Fig. 4.7). 

Several different electrolytes have been used. 

1) 3% Tartaric-acid, pH-adjusted to 5.5 by NH~. 

2) 0.5% Tartaric-acid, pH-adjusted to 5.5 by NIL,. 

3) 3% Ammonium-phosphate. 

4) 0.5% Ammonium-phosphate. 

5) 3% Boric-acid + 0.05% Disodium-tetraborate. 
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• O- <E> 

{» 

fY\ collector being 
/ IU-—anodized 

electrolyt 

Fig. 4.7. Arrangement for anodization 

None of these electrolytes dissolve aluminium-oxide or tantalum-oxide, 

which is important if a non-porous oxide film is desired [3], \f\ . 

The film may be prepared under either constant current conditions (i.e. 

the current through the anodization cell is kept constant in which case 

the film builds up in a linear fashion and the voltage developed across 

the film becomes a measure of the film thickness), or by use of constant 

voltage growth. The voltage developed across the film is a measure of the 

film thickness in both cases, the values being listed below. 

Material 

Aluminium 

Tantalum 

A/V 

13.5 

16 

We have used the constant current growth until the desired thickness is 

obtained, and after that the constant voltage method until the current 

reaches a low constant value. 

After the anodization the collector was cleaned in distilled water 

and baked at 200 C for three hours. 

The resistance was measured via an Al-contact evaporated on the oxide 

film (Fig. 4.8). 
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dielectri 
<ss 

AL 

Co I lee 
•H*llJf ifc s, or 

Kiethley 
610BR 1 

I 
F i g . 4 . 8 . 

Oxide films produced in 3% tartaric-acid (pH 5.5) seem to have the 

highest resistance. 

At film-thicknesses ^0.5 pm the value of the resistance varies bet

ween 10 - 10 ^. If the film thickness decreases, the value of the 

resistance decreases. 

In order to obtain a high quality oxide film it is of greatest impor

tance to have extremely high finish on the collector surface. Any irregu

larity on the surface causes a defect in the oxide growth, increasing the 

chances for pores through the oxide film. 
-4 

Evaporation of silicon-monoxide (SiO) at a pressure of 10 Torr and 

a temperature of 1250 C will produce a film of silicon-dioxide (Si02) [4]. 

However, the adhesion between Si02 and Al is not very good. An improvement 

is made by evaporating a small amount of aluminium together with the 

silicon-monoxide during the first state of its evaporation. This method 

forms a kind of smooth transition between the metal and the oxide. The 

films produced in this way are thin, with a thickness less than 0.1 pm, 

and have a resistance equal to or higher than that for A120„. 

Anodization of tantalum is very easy and will give a good insulating 

layer of TaJX. But because of its high backscattering coefficient =40% 

the compound is not a suitable collector material. 

Measurements with Tritium 

A collector is coated with a dielectric film mounted together with 
3 a H-source as shown in Fig. 4.9. 

Collector 
I f I r i t i r * r ry 

Source 
* -d ie lectr ic film 

F i g . 4 . 9 . 
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The battery was enclosed in a vacuum system and the pressure was reduced to 
-4 

10 Torr. The current from the battery was measured with a Keithley electrom
eter 610ER. 

1) Al-collector, 0.5 um A120 and a 3.9 Ci 3H-source (0.6 yW/cm2) 

I 

-11 
6.9 • 1Q 

5.5 • 10"10 

9.0 • 10-1° 

9.5 • 10-1° 

9.5 . 10-1° 

9.5 • 10-1° 

*L 

1011 

io10 

109 

108 

io7 

io6 

Open circuit voltage = 

== 7.5 V (RL = 10 
14 U) 

max 

i n _q 

(^ = io a) = 3.0-10 y w 

A long duration test has so far been in progress for two months and shows 

great stability in the measured value of short circuit-current and open 

circuit voltage. 

. 3 
2) Al-collector, Si02 approx. 0.5 urn and a 3.9 Cx H source 

7.8 

6.7 

1.1 

1.1 

1.1 

1.1 

I 

. lo-u 

. io-i° 

. io"9 

. io"9 

. io"9 

. lO'9 

- • — • ! 

\ 

1011 

io10 

109 

IO8 

io7 

106 

Open circuit voltage = 10 V 

Pmax (RL " 1 Q 1 ° n> " 4'5*10"9 W 

The experimental value for the optimum loading resistance indicates that 

the equivalent internal resistance during irradiation drops from its origina] 

value of 10 JJ to 10 U thus severely increasing the leakage current and 

limiting the output voltage. This decrease is reversible, i.e. the resistance 

returns to its higher value after the irradiation has ceased. 

Aluminium-oxide films produced by another method namely growth in an 

oxygen plasma, are reported to show remarkable radiation resistance j~5J . Work 

to produce these films is about to start. 

In order to separate different factors which limit the output 

voltage, as mentioned above, experiments were performed with vacuum as 
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insulator. A magnetic field was established perpendicular to the beta 

particles. By moving the battery the field strength could be varied 

(Fig. 4.10). When the magnetic field was increased a considerable in

crease in output voltage could be observed. The value of open circuit 

voltage and short citcuit current at different field strength are listed 

in Table 4.5. This effect seems to elucitate the influence of secondary 

emission and backscattering, as low energetic electrons are deflected 

back to the collector under the influence of the magnetic field. 

Kief h ley 

670 5R 

! 
Col lector 

39 Cl 8H 
i 

pump 

p'n-n. magnet n 

3 
-JL 

1_ 
. purrip 

Fig. 4.10. Measurements in B-field 

Table 4.5. 

RL 

(n) 

IO1 1 

io 1 0 

109 

io8 

io7 

io6 

d = oo 

1.8.10"10 

3.9 .10- 1 0 

4.7 .10" 1 0 

* .9 .10 - 1 0 

4.9 .10" 1 0 

4.9 .10" 1 0 

I s (A) 

d = 30 mm 

3.2.10"1 0 

3.8.10"1 0 

3.9.10" 1 0 

4.2 .10" 1 0 

4.2 .10" 1 0 

4.2 .10" 1 0 

d - 0 

1.5.10"10 

1.6.10"10 

1.6.10"10 

1.7.10"10 

1.7.10"10 

1.7.10"10 

Open c i r cu i t voltage 

(J • QO 

350 V 

d •=• 30 mm 

900 V a f t e r 2 h 
>2000 V a f t e r 24 h 

d - 0 

250 V 
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Preliminaries to Thermal Impregnation 

As a preparation for the thermal implantation of tritium into thin 

films of titanium, we have studied the influence of warm hydrogen gas on 

the resistance of the dielectric films. 

An Al-collector was anodized in 3% tartaric-acid (pH adjusted to 5.5). 

The thickness of the oxide film was 0.5 ym. After the oxidation the sample 

was carefully cleaned in distilled water and then baked at 200 C for three 

hours. 

After that, a thin film of titanium was evaporated into the oxide 

film. The sample was introduced into a special furnace equipped with intakes 

for hydrogen gas (Fig. 4.11). 

Thermocouple 

jCC£>*--H; 

Heating 
coil 

Fig. 4.11. Furnace for the implantation 

The resistance between the collector and the titanium film as a func

tion of the temperature with and without hydrogen gas present, was measured. 

The values are listed in Table 4.6. One can see that the resistance is 

very temperature dependent. When the sample is cooled the resistance re

turns to its initial value. No permanent effect caused by the hydrogen 

gas can be seen. 
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Table 4.6. 

1 
_ (o„^ Resistance (ft) 

i 

hydrogen 
dry air 

gas 

12 12 

20 5.6 • 10 5.0 • 10 

78 1.81 • lb12 1.81 • 10 1 2 i 

86 7.25 • 1 0 U 1.0 • 10 1 2 ! 

100 4.0 • 10 1 1 j 4.76 • 10 1 1 j 

114 2.45 • 10 1 1 ! 2.94 • 1 0 U 

128 1.1 • 10 1 1 ! 1.3 • 10 1 1 

142 5.15 • 10 1 0 ! 3.44 • 10 1 0 

154 2.71 • 10 1 0 ! 1.81 • 10 1 0 

166 1.35 • 10 1 0 | 8.33 • 109 

180 6.0 • 109 j 4.54 • 109 I 
9 ' 9 

186 5.0 • 10* ! 3.7 • 10 j 
198 3.25 • 109 2.77 • 10 

9 9 ! 

206 2.85 • 10 2.26 • 10 

228 1.36 • 109 1.20 • 10 j 

260 8.0 • 108 7.5 • 108 j 

4.5. , Summary 

After accounting for some initial exploritory experiments which tested 

principles of yW isotopic batteries by the methods of g-voltaic conversion 

or direct collection, the first stages of the development of a tritium 

battery are described. We concentrated on the latter method as the develop

ment of large area thin film insulators was considered to be an easier 

task than the manufacturing of p-n junctions of comparable size required 

in the voltaic process. The necessity of large areas stems from the low 
2 

energy flux escaping from tritium batteries (order of 1 yW/cm ). So far a 

combination of a standard tritium TiT2-source with an Al-collector and 

0.5 ySiO-isolator has given 10~ W/cm2 at optimum load resulting in 6.5 V 

output voltage and a conversion efficiency of 0.166%. This means that a 

1 uW(el) battery of present design requires a total source flux of 600 uWth. 
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In a source with optimized thickness this corresponds to 600 cm at a thick-
2 

ness of 300 yg/cm , i.e. 0.2 g TiT2» 

The low efficiency stems from the (reversible) decrease of insulator 
13 2 10 

resistance from 10 Q (film size 5 cm ) to 10 ft during irradiation. In

vestigations aimed at decreasing these photo-conducting effects are in 

progress. 
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5. APPLICATIONS OF MASSPECTROMETRY ON HE IN SOLIDS TO ANALYSIS, NUCLEAR 

PHYSICS AND MATERIALS TECHNOLOGY 

(Pro jec t 69-259/U164) 

5.1. Fast Neutron Helium Production Cross Section Measurements 

(J. Weitman, N. Daverhog, and S. Farvolden) 

In 1966, Fraser [lj reported in Nature that a considerable loss of 

ductility had been observed in stainless steels at high temperatures, due 

to helium induced by fast neutrons. Reliable calculations of the helium pro

duction rate were hampered by lack of accurate cross sections for important 

stainless steel components, such as iron, chromium and nickel. Starting 

early in 1967, we developed a method, suitable for the measurement of fission 

spectrum integrated (n,a) cross sections, down to the sub-millibarn region. 

The method, which is general in so far as it does not depend on the existence 

of suitable activities in product nuclei, relies on the high vacuum release 

and mass spectrometric determination of small helium quantities. The detec

tion limit of the present equipment is around 10 helium atoms, the limita

tion being chiefly due to helium inleakage from the atmosphere into the 

system. The first helium production cross section measurements were performed 

on natural nickel. 

These measurements, based on samples irradiated in June 1967, were 

reported early in 1968 [2]. In [2] it was shown that the helium production 

cross section of nickel was more than an order of magnitude larger than 

previously assumed in the literature. This result has later been confirmed 

by measurements performed at Aldermaston [~3J . 

Our irradiations have hitherto been performed in the MTR-type R2 reac

tor, the neutron flux being measured by the Ti (n,p)Sc , Ni (n,p)Co 

and Cu (n,a)Co reactions. Effects of deviations from a fission flux have 

been considered, and small corrections for such deviations have been applied. 

In May 1968, further irradiations of titanium, iron, chromium and copper 

were perforeed. Preliminary results for the helium production cross sections 

of these materials were available late in 1968 for internal project work on 

fast reactors. The final results have, as yet, not been published, but should 

be near to the set prepared in June 1970 and submitted to the American 

Nuclear Society for presentation at the 1970 Winter Meeting [V[ . 

Work is in progress to determine fast neutron cross sections for other 

materials, such as niobium, and aluminium, for which irradiations have been 

performed in January and June 1970, respectively, as well as on zinc, ger-
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manium and heavier elements, where direct interaction processes might be 

of importance. 

5.2. A New Boron Analysis Method 

In connection with fast neutron (n,a) cross section measurements a 

novel boron analysis method has been developed [5*| . The boron concentra

tion is inferred from the mass spectrometrically determined number of 

helium atoms produced in the thermal and epithermal B (n,a) reaction. 

The relation between helium amount and boron concentration is given, 

including corrections for self shielding effects and background levels. 

Direct and diffusion losses of helium are calculated and losses due to 

gettering, adsorption and HF-ionization in the release stage are discussed. 

A series of boron determinations is described and the results are compared 

with those obtained by other methods, showing excellent agreement. The 

lower limit of boron concentration which can be measured varies with type 

of sample. In e.g. steel, concentrations below 10 % boron in samples of 

0.1-1 gram may be determined. 

5.3. Helium Accumulating Dosimeters for High Neutron Fluences and 

Long Irradiation Times 

Dosimeters for the measurement of radiation damage neutron fluences 

in fast or thermal power and experimental reactors should ideally have 

the following properties; i) well defined energy response with, prefer

ably, a threshold in the keV region, ii) ability to discriminate against 

all radiations, except neutrons, iii) sufficient sensitivity to permit 
1 A 17 0 

fluence determinations down to 10 to 10 n/cm , without saturation 

even at doses as high as 10 to 10 n/cm , iv) capability of linear 

flux integration, with no loss of information, for periods up to about 

30 years, corresponding to the design lifetime of nuclear power stations, 

v) mechanical rigidity, chemical inertness and sufficient resistance at 

temperatures up to 700 C, vi) absence of interfering signals due to 

impurities or burn-up effects. 

Presently, there is no dosimeter having properties which satisfy 

all these conditions. Common activation dosimeters suffer, e.g., from 

information loss due to decay. Also, in some cases, burn-up of the active 

atoms presents a serious problem. 
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We have recently started development work on helium-accumulating dosim

eters, which might have most of the above listed desirable properties. 

Earlier, Droulers et al. [6] and Cartwright |J7] suggested the use of helium 

production in beryllium for monitoring purposes. However, such dosimeters 

have the disadvantage of being sensitive to both thermal neutrons and y ra

diation, which would limit their usefulness. 

In our work, we are testing metals like NjL, Fe_, T_i_, Cu, Nb_, and Al. 

Nickel seems not to be suitable, because of the anomalous helium production 

referred to in section 5.4 of this report. For the other metals, boron 

impurities present the most difficult problem. This is illustrated by 

Fig. 5.1, showing results for Nb containing 3 ppm of boron, and for Cu and 

Al, containing around 0.01 ppm of boron, causing a slight deviation form 

linearity in that part of the curve which corresponds to thermal fluences 
20 2 of less than 5*10 n/cm . Diffusion losses seem to be of less importance, 

even though the diffusion constant during irradiation is probably higher 

than the diffusion constant measured after irradiation. 

5.4. Anomalous Helium Production in Nickel 

In the atomic mass range A = 40-65, several isotopes exhibit rather 

strongly exoergic (n,a) reactions. E.g., Ti , Cr , Fe , Fe , Co , Ni , 

Ni , Ni , Cu , and Zn have calculated Q-values of around 2.1, 1.9, 0.9, 

2.3, 3.5, 3.0, 5.2, 3.1, 1.6, and 4.4 MeV, respectively, Q being defined as 

positive for an exoergic reaction. Thus, thermal neutron (n,a) reactions 

are energetically possible in these nuclei. As the Coulomb barrier strongly 

inhibits a emission, the highest helium production cross sections are ex

pected for the most exoergic reactions. In pure elemental nickel, irradiated 

in a thermal neutron flux, the predominant contribution to helium produc-

should therefore come from Ni and Ni . For these isotopes, Miinnich [8], 

using photographic emulsions, obtained a cross section of 0.66±0.35 mb and 

45±20 mb, respectively, giving, for natural nickel, a thermal neutron (n,a) 

cross section of around 1 mb. We have, however, obtained results showing 

that, in a mixed fast neutron and thermal neutron radiation field, the 

effective thermal (n,a) cross section might be orders of magnitude larger. 

These results should be particularly important for radiation damage studies 

in materials testing reactors. 

Results are shown in Fig. 5.2, demonstrating the rapid and accelerating 

helium build-up in nickel. For comparison, the helium production in niobium, 
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He-atoms/g 

xlO"16 x lO ' 1 5 

10 Ff x 10"20 n/cm2 

Fig. 5.1. 
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contaminated with around 3 mb of natural boron, is shown in the same figure. 

The saturation tendency, due to boron burn-up, is clearly seen in the 

case of niobium. In nickel, no saturation effect, indicating boron contami

nation, can be found. 

We may assume that the set of reactions 

c,<t>i 
NiV + n -=-±-> I + Y 

a2*2 He + Z 
I + n > 

v S8 61 

describe the helium build-up process, Ni denoting Ni or Ni and I de

noting an intermediary reaction product. The helium content n of a nickel 
.V H e 

sample, having N Ni atoms per gram, may then be written as 

"& e = o. N 1T1 

exp(-0 <j> *t) - 1 
t + — 

°2*2 
(1) 

2 
For short irradiation times, n„ ~t , while, for a 'cf> «t > 1, n ~t. This 

functional time dependence may indeed be construed from Fig. 5.2, the 
20 2 

breaking point occurring at F , ~(5 to 10) • 10 n/cm . It is possible 
1 n-rr 

to show [lO] that the slope =— * -rr- of the linear part of the nickel 

graph in Fig. 5.2 may be equal to the cross section for the fast neutron 

Ni (n,p)Co s reaction, provided that the thermal neutron (n,a) cross 

section of Co is >_10 b. Although the high Q-value of the Co (n,a) 

cross section is in favour of this interpretation, it is presently not 

possible to decide with certainty whether the illustrated process, or 

some other two-stage process, gives rise to the accelerated helium produc

tion in nickel. Work is in progress to resolve this question. 

It is interesting to note that our results might explain observations 

by Brager and Robin [11^ on the behaviour of cavities in steels irradiated 

in ETR. The cavities behaved like gas filled bubbles, rather than voids, 

while the opposite behaviour was expected, when using older helium produc

tion data. 
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6. SERVO SYSTEM FILTER 

(Project 69-194/U122) 

(K. Nygaard) 

Closed loop servo systems are often subject to noise (= unwanted dis

turbances) where it might cause a "nervous" behaviour of the system and 

eventually an eccessive wear of some of the system parts. Methods for 

allieviating such problems naturally depend on the origin and nature of 

the noise and also on the nature of the accompanying undesired effects. 

The present work concentrates on problems which arise from, in the main, 

stationary noise sources in linear loops. A noise power reduction of more 

than three powers of ten was achieved under the condition that the dynamic 

behaviour of the loop should remain unchanged. It is characteristic of the 

method shown that it can be used without particular knowledge of the noise 

power frequency spectrum and that noise power measurements are not demanded. 

The work has now been brought to a conclusion and is described in ref. [ij. 
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7. MISCELLANEOUS 

A series of lectures (10 one-hours) at undergraduate level on the 

subject of energy conversion was given in Uppsala. The compendium written 

for that purpose contains a survey of thermoelectricity, thermionics, 

photoelectricity and MHD generators. In addition relevant basic concepts 

of semiconductor physics are treated. The compendium is available from 

the "Kursexpeditionen, Civilingenjbrsutbildningen, Uppsala" under the title 

Direkt konversion av energi till elektricitet. 

Fbrelasningar i Uppsala HT 1969. 

J. Braun 

/a 
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