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ABSTRACT 

Results of experimental and theoretical investigations or« presented on the 

use of a nuclear generated plasma in a noble gas plasma diode therrn onic converter. 

Related programs of emitter materials development and plasma meosu «menti are 

described. These are presented in the following individual reports. 

A. Inpile Ion Chamber Experiment - Theory and Tube Design 

B. Pulsed Noble Gas Plasma Diode Experiments 

C. Electron Mobility in Gases 

D. Spectroscopic Measurements in a Cesium Low Voltage Arc C inverter 

E. Uranium Carbide-Rhenium Cermet Emitter 
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Investigations on the Direct Conversion of Nuclear Fission 

Energy to Electrical Energy in a Plasma Diode 

Introduction 

This report for the period February 1, 1962 to October 31, 196.? covers the 

research programs related to the conversion of nuclear heat to electricity in a noble gas 

filled thermionic converter. It consists of individual reports presented on various phases 

of the problem. The following sections on Objectives, Summary, Conclusions and 

Future Plans give the substance of the main body of the report in condensed form. 

Previous inpile experiments on a plasma generated by fission fragment penetration 

of a noble gas' • > were performed using a diode arrangement with a hot emitter. Data 

were obtained for xenon at 8 Torr and for a Penning mixture of neon:argon (1000:1) at 

20^01-1-. From saturated voltage -current characteristics an ion number density of 1.5 x 

10 cm was otaerved for xenon and 1.3 x 10^® cm“3 for the Penning mixture. A 

value of 9 x 10 cm was observed for a particular 'ion trapping1 configuration^) for 

the Penning mixture. These number densities were observed for a neutron flux of about 

5x10 n sec 1 cm" incident on the enriched uranium fission fragment source. 

This report is concerned with studies related to a nuclear generated plasma and 

in particular to the problem of extending measurements over a wider range of gas pres¬ 

sure and number density. Progress in other areas such as plasma spectroscopy and elec¬ 

tron emitters related to program objectives are also presented. 

Objectives 

The primary objective for investigating a nuclear generated plasma in a noble 

gas is to determine the feasibility of using a plasma of this type in a thermionic con¬ 

verter employing nuclear heating of the emitter. A noble gas filled converter would 

have an advantage from the point of view of eliminating the corrosion problems asso¬ 

ciated with an initially filled cesium converter. 

The objectives of the research reported under this contract period are the 
following: 

Inpile experiments on noble gas filled diodes with uranium bearing emitters 

are to be continued to determine the maximum attainable plasma density in 

a given neutron flux using fission fragment ionization of the gas. 

Experiments are to continue on noble gas filled diodes using electrically 

heated emitters wherein a plasma will be generated by auxiliary discharge 

means both pulsed and dc. Measurements as a function of pressure and 

electrode spacing will be made to determine conditions for achieving high 

plasma densities. 

1 
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Techniques previously developed for spectroscopic investigation of cesium 

plasmas are to be continued on diodes that operate as thermionic converters. 

Theoretical studies of the plasma physics of thermionic conversion is to 

continue. 

An analysis is to be made of the noble gas plasma diode converter using 

fission fragment ionization from the standpoint of performance that would 

be predicted on the basis of the experimental data obtained. 

Summary of Results 

A brief summary of results is given for the individual reports contained herein: 

Inpile Ion Chamber Experiment - Theory and Tube Design 

Plasma density is sensitive to gas pressure since ion loss mechanisms are density 

dependent. Thus it is desirable to extend plasma density measurements over a wide 

pressure range. This can be done by using a tube with cold electrodes in which ion 

current only is measured. An analysis has been developed for the various plasmas modes 

in an ion chamber of this type. A measurement of ion density as well as source rate 

appears feasible from the analysis. Several development problems have been solved in 

the fabrication of tubes for inpile experiments. Four tubes have been completed and 

filled to 21, 61 and 220 Torr of neonjargon (1000:1) and one tube was processed as a 

vacuum tube. The inpile operation of these tubes has been delayed pending an AEC 

approval of an amendment to the University of Michigan operating license. 

B. Pulsed Noble Gas Plasma Diode Experiments 

Electrically generated plasmas are used as a diagnostic tool for investigating 

the controlling ion loss mechanism under given gas conditions. Studies of a pulsed 

discharge plasma are to be related to inpile ion chamber measurements. This might 

allow more detailed studies of plasma parameters to be made in the laboratory on a 

variable pressure tube rather than inpile at fixed tube pressure. These data are also 

of interest in correlating with sheath theory developed for the noble gas plasma diode.^ 

Two variable pressure diodes have been fabricated and circuits developed for these 

pulsed studies. 

Pulsed discharge data have been taken in xenon at 0.25, 2, 20 and 100 Torr. 

At the high pressures, ion number densities of IQl 1 to 10^ cm~3 are observed and the 

rate of plasma decay is indicated to be controlled by recombination initially, and dif¬ 

fusion at the end of the decay period. The data in the recombination regime were 

correlated with the dissociative recombination coefficient for xenon. Plasma lifetime 

increases up to 20 Torr and decreases at 100 Torr indicating that an optimum plasma 

density exists between these two pressure limits. 

3. 

4. 

5. 
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C. Electron Mobility in Gases 

In the investigation of a mobility limited space charge theory, it became evident 

that literature does not contain all the electron mobility data of interest for the noble 

gases. A method has been developed for converting collision probability data, which 

are available in certain cases, into mobility. 

The analysis is given for converting collision probability versus voltage data to a 

drift velocity versus E/p0. Computations for E/p0 > 10^ volt cm"1 Torr"1 show good 

agreement with recent data of drift velocuty for helium and neon whereas poor agreement 

is exhibited for argon, krypton and xenon. For small values of E/po the lack of collision 

probability data precludes making direct comparisons to drift velocity data. 

D. Spectroscopic Measurements in a Cesium Low Voltage Arc Converter 

The cesium plasma spectroscopy techniques previously developed have been 

employed in plasma studies of a cesium low voltage arc converter. The unique feature 

of the low voltage arc converter is that emitter temperatures below that normally required 

for sustained cesium ion generation by surface ionization can be used. Impact ionization 

due to electron acceleration at a positive emitter sheath is possible. Electron tempera¬ 

ture data taken in a low voltage arc converter substantiate this since an electron tempera¬ 

ture of 2700°K has been observed for an emitter temperature of 1400#K for a diode oper¬ 

ated as a converter . This high electron temperature is also measured in the accelerating 

voltage regime indicating the relative constancy of the emitter sheath potential once the 
arc is initiated. 

E- Uranium Carbi de-Rheni urn Cermet Emitter 

Data have been previously published^1'4) on the metallurgical development of a 

uranium carbide-rhenium emitter. A summary of this work is given here. More recent 

thermionic emission data are given for this emitter under rather low 'high field' condi¬ 

tions. Using an extrapolation technique as employed previously with UC-Nb, (1) the 

saturated^emission current is in the range of UC-Nb emission. Current densities of order 

amps/cm from this emitter require temperatures greater than 2000°K. 

Other Results 

An analysis has been made of the electronic efficiency of a noble gas plasma 

diode converter. The electronic efficiency includes all terms except thermal losses. 

The calculations were made using the computer developed voltage current characteristic 

for the noble gas diode sheath theory. This work will be extended and reported when 

additional noble gas plasma data become available for inclusion in the calculations. 

An auxiliary dc discharge tube with a grid collector was operated in xenon at 

variable pressure. The objective was to study the voltage current characteristic of a 

Gabor mode triode to correlate with sheath theory results. The results from this tube 

were inconclusive and are not reported here. 
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Conclusions 

A new method has been developed for obtaining inpile data on ion density caused 

by fission fragment ionization of a noble gas. This method uses tubes of an ion chamber 

type design in which electrode surfaces are cold. Analysis shows that ion density and ion 

generation rate can be measured from this type of tube. Measurements ore to be made as 

a function of pressure using a series of identical tubes filled to various gas pressures. This 

method should provide the data necessary to determine a) which gas (xenon or neon jargon) 

and gas pressure provides the highest ion density for a clean tube condition and b) whether 

diffusion or volume recombination is the dominant ion loss mechanism. 

Observations on the decay characteristic of a xenon plasma created by pulse dis¬ 

charge techniques indi ate a maximum ion density in the range 20 to 100 Torr. This is 

a pressure region considerably higher than used in previous inpile tubes. The techniques 

for obtaining pulsed data have been developed and are being used to accumulate addi¬ 

tional data for comparison to inpile studies and for sheath theory analysis. 

Future Plans 

Experiments will be continued inpile to measure ion number density generated by 

fission fragments as a function of gas pressure and neutron flux. Diodes (ion chambers) 

with uranium coated electrodes and negligible thermionic emission (operating at low tem¬ 

perature) and planar guard ring geometry will be used. Several identical ion chambers 

will be filled to varying gas pressures of neonjargon (1000:1) and xenon. 

Studies will be continued on the pulsed discharge of noble gases in order to guide 

and complement the inpile noble gas fission fragment ionization studies. From the time 

rate of decay of the ion density, the controlling decay mechanism (diffusion or volume 

recombination) will be determined as a function of (1) type of gas, (2) gas pressure, 

(3) diode spacing, and (4) ion number density. 

An anomalous low voltage arc discovered^^ in the operation of a noble gas diode 

inpile with a uranium bearing emitter and barium coated collector will be studied by 

operating a noble gas diode inpile with a uranium bearing emitter and a bare collector 

in order to determine whether the arc characteristic observed was due to the presence of 

barium vapor from the collector or fir’jn product vapor from the emitter. 

Theoretical studies of the plasma physics of thermionic conversion in noble gas 

diodes will be continued. 

I / 
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I INTRODUCTION 

The inpile experiments on the ionization of a noble gas by fission fragments have previously 

used hot emitters in diodes operated at a fixed gas pressure. Plasma generation and subsequent 

increased electron carrying capability of the diode has been demonstrated.^^ Ion number 

density has been inferred from the forward saturated current and from the reverse saturated 

current when collector electron emission is sufficiently low. The ion density is related to 

electron current density J by n/10^2 where J is in amp cm"^ and n in cm"3. An ¡on 

density measurement thus determines what electron current carrying capability is available 

in a gas ionized by fission fragments. An experiment has been designed to measure ion den¬ 

sity and ion generation rate. The measurement of the plasma density under minimum contam¬ 

ination of the gas and as a function of gas pressure and type was desired. This experiment 

uses an ion chamber type tube in which the uranium coated electrodes are cold, thus el ¡min¬ 

uting thermionic electron contribution to the current. 

The spatial potential distribution between two cold electrodes immersed in a plasma is a 

function of plasma density. Analyses are presented for several plasma density modes. For 

the expected predominant mode, that of high plasma density, a voltage current characteristic 

is derived along with a method of obtaining electron temperature. The ion source rate can 

also be determined by operating the ion chamber in a low ion density mode. 

A number of considerations in the design and fabrication of the tube for making these meas¬ 

urements is given. Several development problems had to be solved and one of the most 

important, the uranium foil coating problem, is discussed in detail. 

II THEORY 

The details of the ionization process by fission fragment penetration of a noble gas has been 

discussed previously .(^) It is assumed that the gas is ionized uniformly between two cold 

electrodes (fragment range is greater than interelectrode gap). The voltage current charac¬ 

teristic is dependent on the plasma density and the maximum saturated ion current is a meas¬ 

ure of plasma density. The analysis for the high plasma density condition is discussed first. 

The intermediate and low plasma density cases are also discussed and the pressure dependence 

of the ion current is shown to give information on the predominant ion loss mechanism. 

A. High Plasma Density 

The analysis and notation will closely follow that of a previously developed plasma sheath 

theory.^) The following assumptions are made: 

(1) The electrodes are sufficiently cold so that thermionic emission is negligible. 

(2) The interelectrode plasma is neutral and spatially uniform. 

(3) The plasma resistivity is negligible. 

(4) The work functions of the electrode surfaces are the same. 

(5) A uniform ion temperature (T2+= T¡+ = T+) and a uniform electron temperature 

(T2 = T]- = T") is assumed in the interelectrode plasma although T+ may not 

equal T“ (Tis used in units of volts). 

(6) Parallel plane geometry is assumed with equal electrode areas. 

(7) The ion source strength and electron source strength are equal. 
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I, — * 

Figure 1 - Motive diagram for high plasma density. 

The motive diagram for operation with negligible thermionic emission is presented in Figure 1. 
Random ion and electron current densities (J^ and J”) incident on the sheaths are assumed to 

be the same at both electrodes. It can be shown (since J > > J*) that the net currents 

through the sheaths are equal (Ij = 1«) on^/ ^or case w^®r® plosma potential is higher than 
either electrode potential (V] < 0, V2 < 0). 

The basic equations are as follows: 

Voltage Balance, 

V = V2 - V,; O 

Net Current Balance using assumption (6) 

1= I, = I2 = f'A] - J'A] e Vl/T = J"A9® V2^-J+A2; (2) 

Ion Balance, 

S= (J+A!+J+A2)U"1q-1+CXN2+ ^ N; 

Electron Balance, 

S =(j-Ale Vl/T' +j-A,e V^u-yi +aN2 + N , 

(3) 

(4) 
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I is measured positive for electron flow from A] to A2 ond the symbols are defined as 

follows: 

J+ and J" 

ll and I2 

V] and V2 

A] and Aj 

S 

U 

d 

N 

Da 

A 

ex 
q 

Combining equations 

= ion and electron random current density (amps cm"2) 

_ net current at electrodes 1 and 2 (amps) 

= sheath potentials at electrodes 1 and 2 (volts) 

= electrode areas (cm^) 

1 
s ion or electron source strength (cm"'5 sec-1) 

= interelectrode volume (cm-^) 

= interelectrode spacing (cm) 

-3 
= ion or electron density (cm ) 

= ambipolar diffusion coefficient (cm^ sec ^) 

= diffusion length (cm) 

= recombination coefficient (cm^ sec-^) 

= electronic charge 

(1) and (2) and solving for net current gives: 

' ) - .-V/T~ ' 
,<A2V +e-VA‘. 

(5) 

In the limit as VX approaches a saturated current level, 

I-elj = J+A| (« 

which is equal to the random ion current into electrode 1 • Thus equation (5) can be written 

in terms of this measurable saturated current, Xj 

1 - e -v/r 
1 + a,/A2 e.vA- 

In terms of saturated current equations (3) and (4) reduce to: 

(7) 

Al 

Al+A2 
SqU-qUCXN2- D-— 

A 
I, = J+A = (8) 
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which shows that in the limit as V —»©othe saturated current, measures the difference 

between the ion source and loss terms. For parallel plane geometry (A2— A]) and one half 

of the ions flow to each electrode. 

Since J^r where N+ is ion density and average ion velocity v+ = 

equation (6) can be rewritten: 

This expression provides o means of computing the ion number density from the measured 

saturated current, the ion collector area and the ion temperature. An estimate of the ion 

temperature, T4, is needed which for the gas pressures considered here can be taken the 

same as gas temperature which will be close to electrode temperature and can be monitored. 

A measure of the electron temperature, T", can be obtained from the theory and the 

experimental V-l curve. For equal electrode areas equation (7) becomes 

(10) 

Differentiating with respect to V yields the electron temperature, T". Thus from the slope 

of the V-l curve at V = 0. 

An estimate of sheath potential V, can be made when drawing saturated current from (2) 

by taking I = J+A]. For equal electrode areas this results in: 

V -T" In 1 /MIT 
2 V m T+ i 

02) 

For T"= T+= 0.1 ev and neon this yields -0.43 volts for V2- Thus as V is made more 

positive, V2 remains fixed and V] follows the increase in V. 

It is expected that secondary ionization, by electron impact, would not be important 

until some potential beyond the first ionization potential of the gas would be reached. The 

voltage-current characteristic is expected to follow the shape shown in Figure 2 with equal 

area electrodes. 
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Figure 2 - Expected shape of V-l curve. 

B. Intermediate Plasma Density 

Figure 3 depicts a potential diagram for the case of intermediate plasma density where the 

sheath thickness is net small compared to the interelectrode spacing d. 

Figure 3 - Intermediate plasma density motive diagram. 
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In the sheath at electrode J, the potential is derived using Poisson's equation. Since this 

sheath potential is retarding for electrons, the problem can be simpliFied by neglecting the 

electron number density in this equation. 

dx = 7" N (13) 

The current in electrode 1 sheath is taken as ion current only and is given as a function of 

position X from the plasma-sheath boundary: 

Jl = J+ ♦ Sqx = N+q j^+E (14) 

where /i s ion mobility (cm2 »ec"1 voltm]) and E = field (volts cm-1). .ÇombWns (13) and 

(14) and integrating with the boundary condition of E > 0 at x = 0 and J = J^+ Sqx^ yields: 

Vl = 

where 

'-JJZ 
VfoM' 

(l+2Û)-ln 

Sqx, 

2( J -Sqx,) 

05) 

The voltage current characteristic makes use of V = V, - V, where V? is given by (12). To 

calculate a characteristic the quantities S and x, can be estimated and V, computed for a 

range of J. Parametric fitting to an experimental curve should yield source strength and 
sheath distance x,. 

When x, extends across the complete interelectrode space ß »1 since J = Sqxi and (15) 
reduces to ~ 1 

V] 
(16) 

C. Space Charge Limited Plasma Density 

Figure 4 shows the potential diagram for the case where the field is not constant in the 

interelectrode gap and in particular goes to zero at electrode 2. 
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J"= S q (d -x)= N" q /i’ E 

J+= Sqx * N+q j^+E 

P= (^-Nlq 

(17) 

(18) 

(19) 

dE 
Using (17), (18) and (19) with Poisson's equation = P/£ yields: 

dx o 

2 VT7/F (20) 

(21) 

This agrees with (16) which was obtained in the limit of Xj equal to d corresponding to the 

space charge problem of this section. From (18) in the limit J = Sqd so that (20) can be 

written: 

J = 2f„M+ÿ 

D. Pressure Dependence of Ion Current 

The previous analyses have given the results of the theoretical voltage current characteristics 

to be observed under given plasma density conditions. For the high plasma density case, 

additional information can be obtained from the pressure dependence of the saturated ion 

current. 

For equal area electrodes, and since U/A = d then from (3): 

2a 

A2 
_ + 

Since J+ = = a N where N = ion or electron density, including the pressure 

dependence orsach of the terms in (22), it can be rewritten: 

S=i£+a N2+ -¾ N 
qd 

(22) 

pa A' 
+ J 

CX2+CX3P 
T 

(23) 

where the recombination coefficient is given as the two body (Q^) ar,d three body (CX3) 
recombination terms. 

At low pressure the terms linear in J+ are controlling. 

J+ = SpZ 
2 p/d + Da/Q (24) 
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at high pressure the J+2 term is controlling. 

J+2 = q2sP 
CÏ2+C(3P (25) 

Thus the saturated ion current for the high plasma density regime will follow a pressure 

dependence similar to Figure 5 where loss by diffusion is controlling at low pressure and 

recombination is controlling at high pressure. 

Figure 5 - Pressure dependence of saturated ion current. 

E. Ion Generation Rate 

An important quantity to be measured is the ion generation rate since it can be compared to 

earlier calculations of ion generation by fission fragments in noble gases.(1) This quantity 

can be deduced from experimental data taken at low number densities, î.e., low power 

level or low neutron flux on the fissioning source. In this case no sheaths are formed and 
all the ions are swept out by the field. 

An eshjate of expected currents can be made by using Poisson's equation and approximat¬ 

ing y V by 2V/dz which gives the maximum number density that will be supported by a 
potential V. 

An ion chamber spacing of 3 mm is to be used and for 15 volts across the tube (below second¬ 

ary ionization effects in argon) the computation using (26) gives N = 1.8 x 10® ions cm“3. 

A current density can be computed from J+= Nq N using + = 3.5 cm2 voir I sec'1 

(for A in Ne) and E = V/d. For a pressure of 20 Torr ( ¿¿ += 3.5 ),he current density 

is computed to be 2 X 10" amps cm’2. Since collector area is 5 «2 this corresponds to 
a current of 1 a. 
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The ion source rate is given by 

(27) 

A J of 2 X 10' corresponds to on ion generation rate of 4 x 1012 ions cm"3 sec'1 and 

an ion density in the order of 108 cm"3. A density of order i010 cm"3 has been measured 

at maximum neutron flux inpile so that from the above estimates the ion source rate may be 
measured at 10"^ of the maximum flux. 

Ill TUBE DESIGN AND FABRICATION 

The following criteria were set for the design of the tube for measuring ion density and ion 
generation rate. 

1. Collector area should be large enough to give measurable ion currents. 

2. Guard rings should be provided to eliminate the effect of fringing fields. 

3. Uranium-235 should be applied to collector surfaces uniformly so as to 
produce equal and uniform work functions. 

4. Uranium thickness and radiant heat transfer area should be adjusted to 

produce a maximum temperature below that required for negligible 
thermionic emission. 

5. Thermocouples should be provided on the electrode surfaces. 

A. Electrodes 

1. Geometry 

Collector area requirements were determined by available tube diameter and current 

measuring capability. A 2 inch diameter glass tube envelope was selected which pro¬ 

vides space for a collector of 1 inch diameter with a guard ring of 1-1/2 inch diameter. 

For an ion density of 10IU cm"J a current of 1.85 x 10"4 amps would be collected for 

this size electrode (area of 5 cm ). This is considerably above the circuit leakage cur¬ 

rent of 10 amps* so the collector area of 5 cm2 was considered adequate. The elec¬ 

trode gap of 3 mm is comparable to previous inpile and laboratory tubes to which subse¬ 
quent inpile data will be compared. 

The melting point of uranium is 1133°C and at 1300°C the vapor pressure is 10"6 mm Hg. 
The upper limit on the temperature as set by the thermionic emission is obtained from 
Richardson's equation 

I - JA = A 120 T^ exp (-J2f/T) (28) 

If the maximum allowable electron emission is set to 1 x 10“^ amp (10 times circuit 

leakage) and 0 for uranium is taken to be 3 ev, then T = 1050°K = 777°C for 
A = 5 cm . 

As measured for a dc measuring circuit using dc meters, battery power supply and a 
shielded cabinet for circuit components. 



2. Materials 

To satisfy the criterion that the work function be uniform over the surface, the uranium 

should completely cover the inner electrode surfaces. To derive full benefit from the 

fission fragments the minimum thickness should be at least the range of the fission frag¬ 

ments in uranium which is 6.7 x 10"^ cm. 

Zirconium was selected as the base material for the electrodes for the following reasons. 

Zirconium has a melting temperature of 1852*0 which is well above the 1133*C melting 

temperature of uranium and thus should remain integral during the uranium bonding 

process. Also zirconium is machinable, has reasonable strength, and has a low neutron 

cross section. 

The enriched uranium was available from Battel le Memorial Institute in the form of 

3.8 x 10“3 cm thick foil. Attempts were made to reduce the foil thickness to 1 x 10-^ 

cm but after several passes through the rolling mill and successive anneals the foil was 

only reduced to 1.9 x 10"^ cm. It was decided at this point that the excess uranium 

could be removed easier and faster by an acid wash and polish than by continuing the 

rolling operation. 

3. Uranium Bonding Technique 

The initial bonding tests involved the melting of the uranium foil directly onto the zir¬ 

conium electrodes. The results of this procedure were very unsatisfactory. During the 

melting process, the uranium foil would not melt uniformly across the surface of the 

electrode but rather would start melting at specific points. Once this took place the 

remaining uranium foil would melt and flow to the initial melting points thus causing 

the uranium to "bead up" at various points on the surface of the zirconium. This pro¬ 

duced patchy areas on the surface of the electrodes. 

Various other tests were also conducted which involved the addition of nickel and 

tantalum foils to the brazing process. Finally a process was developed whereby a 

relatively uniform layer of uranium was obtained on the surface of the electrodes. 

This process involved the formation of a nickel-uranium alloy that contained 19.5 a/o 

Ni bonded to a 1.27 x 10”^ cm tantalum foil. From the phase diagram of the nickel- 

uranium system (3) as shown in Figure 6 it can be seen that the 19.5 a/o Ni - 80.5 

a/o U alloy has a rr itirg point below that of pure uranium. 



MiCKgL , ffrgmt }i 

Figure 6 ~ Constitution diagram of the Ni-U system. 

This alloy was obtained by melting together a 2.5 x 10‘4 cm nickel foil with the 1.9 x 10"3 cm 

uranium foil onto the surface of a 1.27 x 10-2 cm tantalum foil. The tantalum foil was then joined 

to the zirconium electrode by means of a nickel foil braze. The phase diagram of the nickel- 

zirconium system'4' is shown in Figure 7. 

Figure 7 - Constitution diagram of the Ni-Zr system. 
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A photograph of a completed electrode is shown in Figure 8. A photomicrograph showing 

the uranium-tantalum-zirconium bonds is shown in Figure 9. 

Figure 8 - Zirconium electrode with a 1.4 x 10‘3 cm thick uranium, 

surface. 

Figure 9 - Photomicrograph of the U-Ta-Zr braze. 150X 

From the photomicrograph shown in Figure 9 it can be seen that the U_Ni alloy wetted the 

tantalum satisfactorily. Neither the uranium nor the nickel appeared to alloy with the 

tantalum. The reaction zone at the nickel-zirconium interface can also be seen. The 

uranium foil thickness after the acid wash was approximately 1.6 x 10 ^ cm thick. Subse¬ 

quent polishing after making the U'Ta-Zr braze is estimated to yield an equivalent uranium 

thickness of 1.4 x 10“^ cm . 
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4« Uronium Brazing Procedure 

Hie brazing proce» wo¡ done in on IS inch bell ¡or .acoum lyitem. The heal wot 

supplied by a 15 kw 450 kc frequency induction heater. The various steps In the 
brazing process were as follows: 

I. The zirconium, nickel and tantalum components were cleaned in on ultra 

sonic cleaner through the following three solutions in the order given. 
a) trichloroethylene 

b) acetone 

c) methyl alcohol (2 changes) 

The zirconium components were then vacuum fired 4 x 10”^ Torr) 

at 120(^0 for 30 minutes. The tantalum was vacuum fired 4 x 10“5 

Torr ) at 1500^ for 15 minutes. The uranium foil pieces were cleaned in 

dilute nitric acid (50 v/o HNO3 - 50 v/o HjO) followed by a water rinse 

and a methyl alcohol rinse in the ultrasonic cleaner. Since the uranium 

foil oxidizes very rapidly, it was cleaned ¡ust prior to using. 

2. The tantalum, nickel and uranium foils were sandwiched together in that 

order and then spot welded together. This sandwich arrangement was then 

placed over a RF ‘pancake" coil and heated to approximately 1000°C under 

a vacuum. This caused »he nickel and uranium to alloy and flow over the 
surface of the tantalum foil. 

3. The tantalum foil, with the nickel-uranium surface exposed, was then spot 

welded to the zirconium electrode structure. A piece of 2.5 x 10‘4 cm 

nickel foil was placed between the tantalum and zirconium pieces prior to 

the spot welding. This structure was then heated in the vacuum system to 

approximately 965°C. Under these conditions the nickel alloyed with the 

zirconium thus forming a braze between the tantalum and zirconium compo¬ 
nents. r 

This brazing process which involved the formation of nickel-uranium and nickel- 
zirconium alloys around 1.27 x 10"z cm tantalum foil layer resulted in a satisfactory 

method for bonding the enriched uranium foils to the zirconium electrodes. 

5. Temperature Calculations 

Initial heat generation and loss calculations indicated that the foil thickness required 

to provide a temperature of 727«C was 9.4 x 10-4 cm. These calculations were made 
under the following assumptions: 

1. Nuclear heat is lost only by radiation. 

2. Assume heat radiating area = 2 x heat generation area. 

3. Emissivity of electrodes is 0.2 radiating to a black body. 

4. Neutron absorption of tantalum and self absorption of uranium is included. 

The find foi! configuration consisted of a 14.3 x 10'4 cm thickness of uranium on a 

2. x 10 cm foil of tantalum. The calculation of the final electrode temperature 
using the previous assumptions follows. 
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The power density generated for a neutron flux incident on one side of a fissioning 

source includimi self absorption and attenuation and for the parol lei plate geometry 

considered ¡s:(5) 

3.1 X 1010 
watts/cm 2 

where f = fraction of neutrons entering the uranium foil that are absorbed; t and L f 

are fission and total absorption cross sections for uranium; F = neutron flux=5 x 10^ 

n sec ^ cm 2; - absorption coefficient x absorber thickness. For the above 

uranium foil thickness f = 0.0615. The calculation was made for the geometry indi¬ 

cated in Figure 10. 

(A) 

Figure 10 - Schematic for fission power calculation. 

-9 
For the flux incident from A, a power density of 2.73 watts cm ¿ is calculated while 

2.57 watts cm”2 ]$ calculated from B for a total of 5.3 watts/cm^. The electrode 

radiating area was designed to be twice the collector area so that an effective 2.65 

watts/cm^ needs to be dissipated. For an electrode emissivity of 0.2 radiating to a 

black body, this power density corresponds to an electrode temperature of 1230°K. 

This value is 180#K higher than originally considered acceptable. However, this 

calculated value is an upper limit since heat conduction through electrode supports 

and the noble gas filling will reduce this temperature. 

B. Tube Details 

Figure 11 illustrates the final tube structure, glass envelope and containment can details. 

The electrodes are assembled as a unit on three sapphire rods and mounted to a 9 pin Corn¬ 

ing 1720 aluminosilicate glass press. The electrodes are reactor grade zirconium with the 

uranium-tantalum foil combination bonded to the planar surfaces. Thermocouples of Ni-Mo 

are spot welded to each of the three electrodes. The cold junction of these thermocouples 

is at the glass press. This is monitored by a Kulgrid-Constantan thermocouple where the 

Kulgrid lead to a molybdenum feed through wire is used as one leg of this thermocouple. A 

calibration of this cold junction thermocouple has been made so that the electrode thermo¬ 

couples can be appropriately corrected for this cold junction. (^) 



SUPPORT TUBE 

CERAMIC-METAL 

FEEDTHROUGH 

1720 GLASS 

ENVELOPE 

Figure 11 - Details of inpile ion chamber G12x-R. 
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The containment can is an all helidrc welded aluminum assembly with a ceramic-metal feed 

through soldered to the aluminum flange. The flange was copper plated to provide a good 

soldering surface. The containpient can is heliarc welded to a 4 foot section of aluminum 

tubing which is connected to the 20 foot support tube by a gasketed flange (located 2 feet 

above the core and water shielded). This support tube carries all the electrical wiring and 

is pressurized with nitrogen gas to prevent water leakage. 

C. Fabrication 

Steps in the fabrication and processing of these ion chamber tubes (G12x-R) ore seen in 

Figure 12. The final glass seal was made with open tubulation at both ends of the tube 

and dry argon flowing during the sealing operation. The tube was then annealed at 715#C 

within a susceptor heated by induction heating in a bell jar system at 10 0 Torr. Subse¬ 

quently a series of four annealed tubes were attached to an ultra high vacuum station. 

One tube was processed by usual means as a vacuum tube. The remaining tubes and mani¬ 

fold volume had been previously calibrated by a 'Wet Test Meter'. A bakeable valve 

between the gas flask and one between the manifold and diffusion pump isolated the system 

for gas filling. A one liter, one atmosphere flask of Aireo reagent grade neon:argon 

(1000:1) was opened and expanded into the tubes and manifold. Isolating the gas flask at 

its new pressure and pumping out the manifold and tubes allowed for repeated gas expan¬ 

sions while still maintaining good 'vacuum' conditions in the system. After expansion to 

a selected pressure, one tube was sealed off and additional expansions continued until a 

lower desired pressure was reached and another tube sealed off. In this way final tube 

pressures of 21, 61 and 220 Torr were achieved. 

A ceramic-metal connector is mounted to the tube leads whic.i is used to connect to the 

feed through of the containment can as seen in Figure 13. The inside of the containment 

can was darkened by evaporating a layer of titanium in order to insure a high thermal emis- 

sivity. Final heliarc welding of the can is done in a helium atmosphere. The can is sub¬ 

sequently placed in a vacuum system and the system tested for helium which might arise from 

a bad seal. This assures seal integrity and double containment of the uranium. 
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SECTION B (1) 

A SYSTEM FOR THE STUDY OF PULSED 

DISCHARGE IONIZATION OF NOBLE GASES 

C. B. Leffert 

ABSTRACT 

The design, construction and processing of a system for studying the pulsed discharge 

operation of noble gas filled diodes is described. A variable pressure system with two diodes 

was constructed. One of the diodes, G7x, had planar geometry with guard rings and the other, 

G1 lx, had cylindrical geometry. A cold cathode, gas discharge getter ion vacuum station and 

a portable bakeout oven and power supply were constructed to process the variable pressure sys¬ 

tem. The design details are presented and the construction and processing steps are described. 

The electronic equipment and electrical circuits developed for these studies are also described. 
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I INTRODUCTION 

The construction and tube processing phase has been completed for the variable pressure pulsed 
discharge system. Considerable experimental data have already been obtained. One of these 
studies has already been reported'1) and the other studies are in progress. The variable pres¬ 
sure pulsed discharge system was built to study the transient characteristics of electrically gen¬ 
erated plasmas in noble gases. The objectives for the pulsed diode project are threefold: (1) 

to guide and complement the inpile noble gas fission fragment studies, (2) to provide experi¬ 
mental data for development of the plasma sheath theory, and (3) to evaluate the capabilities 
of this ion generating scheme for thermionic energy conversion. Many gaseous discharge phe' 
nomena con be studied with this system and ihe mode of operation and variables studied will 
depend upon which objective is being pursued. 

In the ionization scheme employed here a low density plasma (109 - 1013 ions/cm^) is created 

in a noble gas filled diode by applying a short (fewyu sec) voltage pulse (10 - 100 v) between a 
plate and a hot electron emitter. The plasma is established in a few microseconds by inelastic 
collisions between the electrons and the gas atoms and the degree of ionization is determined 
by the power added during the pulse, the tube geometry and the type and pressure of the gas. 
At the end of pulse when the plate voltage is removed, the ion density decays (few millisec) at 
a rate depending upon the predominant ion loss mechanisms which in turn depend upon the 
applied fields, the tube geometry and the type and pressure of the gas. This pulsed discharge 
ion generating scheme is altogether different from the fission fragment ionization scheme in a 
nuclear reactor, however, the ion loss mechanisms are common to both the laboratory and 
reactor environments. By studying the ion decay rate following the pulse as a function of the 
tube geometry and the type and pressure of the gas it is planned to guide the optimization of 
these parameters for the nuclear generated plasma studies. 

During the decay of the ion density following the ionization pulse it is expected that the plasma 
will be in a quasi-stoady state, that is, the electrons will have reached a Boltzmann distribu¬ 
tion of velocities even though they are not in thermal equilibrium with the ions or gas atoms. 
By obtaining the voltage current characteristics at predetermined time delays following the ioni¬ 
zation pulse, dato will be obtained for the development of the plasma sheath theory.'^) 

Since the ion lifetime can be considerably longer than the ionization pulse it is conceivable 
that this pulsed discharge ionization scheme could be used to eliminate the space charge for the 
direct conversion of heat to electricity. For such an application the power output during the 
decay period must be an appreciable portion 0f the total heat plus pulse power input. 

The apparatus that has been assembled for these studies will be described according to the 
function performed by the three mam components: (1) a vacuum station and bakeout oven for 
processing the variable pressure system (2) the variable pressure system consisting of the pulsed 
diode tubes and the attendant values and gauges for changing the gas pressure and (3) the 
electrical circuit for supplying the pulse and measuring the transient electrical characteristics 
of the plasma. 
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Il VACUUM STATION AND BAKEOUT OVEN 

A. Vacuum Station 

A* shown in Figure 1, the vacuum station also includes a Varían "Vacsorb" foreoumo Tku : 

»imply a stainless steel tank filled with a molecular sieve flinde fvr* 5 ®pump,* '* 

™d.Tt9 Wa‘ mOÜ',,*d b•l0,',h* ^ ’o» of 0 cart and conn.cHoo was 

top. °;.a ÆT.rr.Â: *• 



Figure 1 Vacuum station for processing the variable pressure 

pulsed-discharge system. 



Figure 2 - Portable bakeout oven and power supply. 

B. Portable Bakeout Oven and Power Supply 

In order to outgas the variable pressure system it was necessary to bake out the entire system at 

450°C. The design of a very light portable oven was obtained from F. E. Gifford in which a 

thin (0.016 in.) highly polished, chrome plated, stainless steel sheet was used as the heat bar¬ 

rier. The detailed design was completed by the Energy Converters and Plasmas Group and the 

power supply was built by the Electronics and Instrumentation Department. Photographs of the 

oven and power supply are shown in Figure 2 and a circuit diagram of the power supply is shown 
in Figure 3. 
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III VARIABLE PRESSURE SYSTEM 

Th« glass manifold system that was constructed to vary the pressure In the pulsed diode tubes is 

shown schematically in Figure 4 and in the photograph in Figure 5. This system was constructed 

from the following components: 

1. Pulsed Diodes 

a. G7x - planar geometry 

b. Gllx - cylindrical geometry 

2. Pressure Gauges 

a. Hastings thermocouple gauges 

DV - 16M (two) 0-20 Torr 

DV - 17M (one) 0-1 Torr 

b. Veeco RG-75 vacuum ion gauge 

3. Granville Phillips bakeable valve 

4. One liter flask of reagent grade noble gas (Air Reduction Sales Company) 

5. One glass liquid nitrogen freeze out bulb. 

Ó. One 51/sec Super Vaclor pump (type 911-0013) 

7. Stainless steel to Kovar to pyrex glass transition tee 

8. Pyrex manifold. 



Figure 4 - Variable pressure pulsed discharge system showing the two 

pulsed diode tubes G7x and G1 lx together with the valves 

gauges and manifold used to vary the gas pressure. 
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Figures - Photograph of the variable pressure pulsed discharge system. The 

planar d,ode with guard rings (G7x) is shown at the top and the 

cylindrical diode (G1 lx) is shown in the middle of the photograph. 
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A* G7x Pul»ad Diode with Plonor Geometry 

Detail* of the design of the G7x pulsed diode are shown In the assembly drawing in Figure 6 . 

The finished tube is shown at the top of the photograph in Figure 7. A photograph of the inter- 
nols before assembly is shown in Figure 8. 

Parallel plane geometry with guard rings was desired for this tube with nickel-molybdenum thermo¬ 

couples on the two barium impregnated tungsten emitters (Philips Type B). In order to be able to 

»2 fire the tube components after assembly these components were mounted individually to two 

sapphire rods. This entire subassembly was then fired and then connected to one glass stem. 

As shown in Figure 6 each 3 mm o.d. Type B emitter is supported by 3 sapphire balls mounted in 

the molybdenum guard ring and attached to a nickel strap by a 0.040 in. molybdenum wire. The 

nickel-molybdenum thermocouple is spotted to the side of the molybdenum cylinder of the Type B 

emitter and each wire is spotted to a nickel strap attached to the two sapphire rods. The two 

ends of the heating filament are attached to similar nickel straps. One of these straps also sup¬ 

ports the Type B emitter. The 2 mm spacing between the two guard rings is maintained by two 

smaller sapphire rods mounted in the guard rings. The two larger sapphire rods are held in two 

slots on each guard ring. This design prevents distortion of the assembly due to cocking or twist- 
ing • 

The entire assembly was hydrogen fired and then mounted to one 5-lead pyrex glass stem by 

nickel straps from the ends of the sapphire rods to the 0.040 in. molybdenum wires of the press. 

The significant details of the glass assembly are shown in Figures 6 and 8. A 5 lead glass stem 

was attached to the side of an open ended glass tube and then annealed. After cleaning the 

annealed tube the end stem plus internals was sealed o the end of the tube with the small side 

tabulation. This tubulatior was used to blow dried argon gas over the internals during the glass 

blowing step. The connecting wires we'e spot welded to the molybdenum wires of the side 

stem by introducing special welding jaws through the one end of the tube that was still open. 

After this step the open end of the tube was drawn down to tubulation size and the side tubula- 

tion at the other end was tipped off to complete the tube. 
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Sapphire Supports 
Mol y Guard Ring 
Sapphire Rod 
Philips Cathode, Type B 
Mol y Retainer 

Sapphire Ball, .06" diameter 
Ni Lead Cl amps 

8 Pyrex Envelope 

9 Ni-Mo Thermocouples 
10 Ni Support Clamps 

Figure 6 - Assembly drawing of the G7x pulsed diode. 
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Figure 7 - Photograph showing the G7x pulsed diode at the top and 

the Gllx pulsed diode at the bottom. 
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Figure 8 Photograph showing the internal components of G7x mounted 

to the two sapphire rods. 
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Bt G1 lx Pulled Diode with Cylindrical Geometry 

Details of the design of the G1 lx pulsed diode are shown in the assembly drawing In Figure 9. 

The finished tube is shown at the bottom of the photograph in Figure 7. Two views of the inter¬ 

nals of this tube are shown in the photograph in Figure 10. 

A cylindrical diode is of interest since it presents a collector to emitter area ratio greater than 

unity and also with an l/D considerably larger than unity a simple diode geometry can be used. 

Tube Gllx was designed with these considerations in mind. 

The cylindrical Type B emitter is suspended between two molybdenum end caps. One end cap is 

attached to a molybdenum lead wire from the stem and supports the filament and the other end 

cap is attached to a sapphire rod. The emitter-collector spacing is shown in Figure 9. The 

collector is a molybdenum cylinder with a horizontal slit to permit viewing of the emitter sur¬ 

face with an optical pyrometer. A nickel wire plus the molybdenum support wire serves os the 

thermocouple for the collector. 

C. Vacuum Equipment 

A 5-liter/sec Vaclon pump was attached to the system (see Figure 4) to check the performance 

of the pump after bakeout on a closed system. After removal of the mognet from the outside 

case these pump bodies can be baked out at 450*0. The stainless steel-kovar-glass transition 

piece is joined to the Vaclon pump and to the copper tubing pinch off tube by Varían stainless 

steel flanges with OFHC annealed copper gaskets. These flanges can also be baked out at 

450*0. An RG75 Veeco ion gauge was also attached to the manifold to check the vacuum 

reading of the Vaclon pump. 

D. Pressure Equipment 

A one liter flask of reagent grade xenon at one atmosphere pressure was obtained from Air 

Reduction Sales Company and attached to the system (see Figure 4) below the transite plate. 

These flasks are sealed by a very small breakable glass tip in the outlet tabulation. A small 

piece of iron was sealed in a glass envelope and placed in the tabulation for breaking the tip 
after bakeout. 

A Granville-Phillips type 0 valve with monel bellows was mounted in the glass tabulation 

between the 1 liter flask and the main manifold. This valve, when held open, is also bake- 

able to 450*0 and is used to bleed the noble gas from the 1 liter flask to the main manifold 
after the flask tip is broken. 

Three Hastings-Raydist glass thermocouple gauges were attached to the main manifold to 

measure the gas pressure. These gauges have a limited pressure range: DV-17M, 0-1 Torr 

and DV-16M, 0-20 Torr. Two DV-16M tubes and one DV-17M tube were attached to the 

manifold. The instruments are calibrated for air. Hastings-Raydist Company furnished cali¬ 

bration curves for argon, CO2, Freon22, helium, hydrogen and oxygen. Calibration curves 
for neon, argon and xenon were obtained by S. Stachnik of the Electronics and Instrumenta¬ 

tion Department using a McLeod absolute pressure gauge. A calibration curve is shown in 
Figure 11. 
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Figure 9 - Assembly drawing of the G1 lx pulsed diode. 
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Figure 10 Photographs showing the internal components of Gllx 

mounted to the glass stem. 
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E. ProvUion for Freeze-Out of Gos 

The 1 liter flask of gas at one atmosphere pressure and the Granville Phillips valve provide a 

means for varying the pressure in the manifold in one direction only. In order to be able to 

lower the pressure a freeze out bulb was attached to the manifold so that it could be cooled 

using either liquid N2 (for condensing Xe) or liquid He (for condensing the Ne:A, 1000:1 

Penning mixture). 

IV PROCESSING OF SYSTEM 

A. Construction Problems 

There were no major problems encountered in the construction and assembly of the two pulsed 

diode tubes, G7x and G1 lx. The glass blowing steps were also successful on the first attempt. 

There was no visible evidence of deposits on the inside of the tubes and the interelectrode 

resistance checks also showed no evidence of deposits. In view of previous problems with 

contamination during the glass blowing steps the success of this operation was attributed to 

the argon purging procedure adopted. 

The kovar-glass seal broke in the first two attempts to heliarc weld the kovar to the stainless 

steel transition piece. This problem was solved by making a thin tight fit between the kovar 

and stainless steel. 

B. Bokeout and Processing of System 

The Varian (Vaclon) vacuum system and the new portable bakeout oven worked well for the 

first bakeout of the system. After the bakeout considerable trouble was experienced with the 

DV-16M Hastings-Raydist thermocouple gauges. A leak was found in the press of the first 

gauge. This gauge was replaced with a second but subsequent checking showed that an inter¬ 

nal thermocouple element had broken during installation. Two new gauges were ordered and 

installed after delivery from the factory. Subsequent use of these gauges has shown that the 

calibration is subject to drift or contamination and a more reliable pressure measuring-device 

is needed. The pressure during the second bakeout at 450°C was 5 x 10 Torr. 

An interesting phenomenon was observed during bombardment of the molybdenum guard rings 

ddring the activation step. In order to outgas these guard rings it was decided to heat them 

to 1000°C by electron bombardment using the Type B emitters as the electron source. For the 

first attempt the circuit and deduced current path are shown below: 

r' 1000 V 
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With this circuit the guard ring (2) started to heat correctly (dashed arrow) but as soon as PC(2) 

heated to emission temperature from thermal radiation from GR(2) the electron path changed to 

that depicted by the solid arrows- -even though PC(2) was floating—and runaway bombardment of 
PC(2) occurred. 

It was decided to try to bombard each guard ring with its own Type B emitter so for the second 

attempt the circuit and deduced current paths are shown below; 

GROK /GRW 

L®— 
/ 

Again the guard ring started to heat correctly but suddenly—even though it was floating— 

PC(2) would heat rapidly and the power would have to be shut off. The problem was solved by 

holding GR(2) and PC(2) at the emitter potential as follows: 

After activation of the cathodes and outgassing of the guard rings by electron bombardment/ 

the copper tubing joining the variable pressure system to the vacuum station was pinched off 

with the pneumatic cutoff tool. The system pressure was 9 x 10"9 Torr during pinch off. After 

12 hou« without pumping the pressure in the variable pressure system had increased to only 

3x10 Torr. The Vaclon pump was turned on to lower the pressure to 9 x 10-9 Torr, the 

Granville Phillips valve was closed and the tip was broken on the 1 liter flask of xenon. The 

Granville Phillips valve was opened slightly to bring the pressure in the system slowly up to 
0.25 Torr of xenon for the first experimental study. 



Figure 12 - Photograph showing the variable pressure system, the vacuum 

station and the instrumentation for the pulsed discharge project. 
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V ELECTRICAL CIRCUIT 

During the construction ond processing of the variable pressure system the electronic instruments 

were collected for the pulsed discharge project and a number of electrical circuits were studied 

in order to obtain the best circuit for the type of data desired. The various instruments are 

shown together with the variable pressure system and the vacuum station in the photograph in 

Figure 12. In this section the major specifications for the electronic instruments are presented, 

the final electrical circuits are shown, and some of the tests on the electrical circuits are 

described. 

A. Electronic Instruments 

The major specifications for the electronic instruments assembled for the pulsed discharge studies 

are presented below. The symbols used in the circuit diagrams are shown in parentheses imme¬ 

diately preceding the name. 

(PG) Pulse Generator 

Manufacturer 

Model No. 

Pulse Length 

Pulse Ampfïïude 

Pulse Polarity 

Rise and Decay Time 

Internal Impedance ~ 

Repetition Rote 

(CRO) Oscilloscope 

Manufacturer 

Model No. 

Vertical Deflection System 

Bandpass 

Rise time 

External Horizontal Input 

Bandpass 

(E) Electrometer 

Manufacturer 

Model No. 

Voltage Ranges 

Input Impedance 

Recorder Output 

Frequency Response 

Hewlett Packard Company 

212 A 

0 .7 to 10 microseconds 

To 50 volts peak into 50 ohm load 

(50 watts peak) 

Positive or Negative 

.02 microseconds 

50 ohms 

50 to 5,000 pps 

Tektronix, Inc. 

555 Dual Beam 

D .C. to 30 me 

. 012 microseconds 

D.C. to 240 kc 

Keithley Instruments, Inc. 

610A 

.01, .03, .1, .3, 1,3,10,30 and 100 

10^ ohms 

1 mamp or 10 volts for end scale reading 

D.C. to 500 c to D.C. to 10 kc 
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(AI) Milli-Microommeter 

Manufacturer 

Model No. 

Current frange 

Input Impedance 

Recorder òutput 

(A2) Clip-on Milliommeter 

Manufacturer 

Model No. 

Current Ronge 

Inductance 

Hewlett Packard Company 

425A 
I 0 micromicroamperes end scale to 3 milli¬ 

ampères end scale in an eighteen step 

1, 3, 10 sequence. 

1 megohm to 0.33 ohm 

0 to 1 volt far end scale reading 

Hewlett Packard Company 

428A 

3 milliampere to 1 ampere full scale. 

Six ranges in a 3,10,30 ... sequence. 

Less than 0.5 ^4h introduced into 

measured circuit. 

(LC) Logarithmic Converter 

Manufacturer 

Model No. 

Input Voltage 

A.¿.Mode 

D.C.Mode 

Frequency Range 

Dynamic Range 

Input Impedance 

Output 

(PSI) D.C. Power Supply 

Manufacturer 

Output 

Voltage 

Current 

(PS2) D.C. Power Supply 

Type 
Output 

Vol tage 

Current 

(PS3) D.C.Filament Power Supply 

Type 

F . L. Moseley Company 

60 B 

. 001 to 1 volt 

. 00316 to 3.16 volt 

20 cps to 20,000 cps (A.C. Input) 

60 dB (1000 to 1) 

2 megohms, 35 mmf 

0 to -60 mv for 20,000 ohm load 

General Motors Research Laboratories 

0 - 150 V 

0-4 amp 

Battery supply to resistance bridge 

-12 to+12 V 

1 amp 

Battery supply 
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(T) Potentiometer 

Manufocturer 

Model No.~ 

(OP) Opticol Pyrometer 

Monufocturer 

Model No. ~ 

(D) Silicon Rectifier (4 in porollel) 

Technique Associates 

9 B 

Leeds and Northrop Company 

8 621-C 

Manufacturer 

5E 
Sa rices - Tarzian 

40 -LF 

B. Electrical Circuits 

The various electrical circuits used in the pulsed discharge studies will now be described. The 

H.P. 212A pulse generator has one side of the signal output grounded and this greatly restricted 

the design of the electrical circuits. 

1. Circuit for Pulsing an Auxiliary Electrode 

During the construction and processing of the variable pressure system a number of circuits were 

tried for the pulse discharge operation on tube Glx. This tube had been constructed for dc 

auxiliary discharge studies and contained a Ne:A(l000:1) noble gas mixture at 20 Torr. The 

tube and some of the experimental data obtained during the pulsed discharge operation were 

described in another report.' The circuit used for these studies is shown in Figure 13. In 

this circuit the pulsed discharge was formed between the emitter (a) and electrodes (c) and (d). 

The converter circuit was completed between the emitter (a) and collector (b). 
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Circuit 
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t) 
Converter 

Circuit 

Vc CRO 

Vj PS2 

Ic CRO 

Flgure13 - Circuit for pulling an auxiliary electrode. 
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2» Circuit fer Pulsing the Collector Directly to Qbtotn Time Decoy Curves 

In order to obtoln the time rote of decay of the diode voltage and current the circuit shown 
m Figure 14 was used. The bias voltage was used to maintain tube operation at the saturated 
current level. 

Figure 14 - Circuit for pulsing collector to obtain time decay curves. 
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lÄrrr In *•eirc“" ^in ^ « •» obto¡„ *. v0i.o,. 
0 voTta». » lnlPU " 9*n',0'0r ’• ^ '«o1» "» Plo>™> ond Hm »cZd to cr«M 

will b.V£“.d oTot^!™ d'lQy 0f',r ^ n"’ 0^"* of *'<■/ clrcl, 

Figure 15 - Circuit for pulsing collector .o obtain V-l data. 

^• Circuit for D.Ç. Measurements 

l"°;fr 10b'°in 'he ™lta9«-current characteristics without Ionization the circuit in Figure 16 

chà^"h*; ^ies ° ^ ,r0m ,hÍ! CirCUi' bt U“d ln 

Figure 16 - Circuit for D.C. measurements. 
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C. Double Pulsing Circuit 

The signal from circuits under conditions of rapid change ore sometimes distorted because of 

undesirable circuit inductances and interelectrode capacitances. For the pulsed discharge 

studies a number of plasma parameters are to be deduced from the theory and the shape of the 

current and voltage signals. Serious errors would be introduced if the shape of the current 

ond voltage decay curves were significantly affected by such circuit inductances. In order 

to check for this possibility a double pulsing technique^) was applied to the circuit (see 

Figure 17). Pulse generator No. 1 was used to ionize the gas and pulse generator No. 2 was 

used to apply a small non-ionizing pulse at a predetermined delay time after the first pulse. 

The absence of significant circuit inductances is shown by the fast rise and fall time of the 

diode current in phase with the second voltage pulse as is shown for the circuit in Figure 18A. 

This double pulsing technique has been modified to give the voltage-current characteristic 

at a fixed delav time after the ionizing pulse. In the circuit shown in Figure 14 the ionizing 

pulse adds to the bias voltage and complicates the V-l curve by varying the degree of ioniza¬ 

tion with varying bias voltage. With this modified technique the V-l curves are obtained from 

the second pulse without affecting the degree of ionization. By taking füll advantage of the 

delay circuits in the 555 Tektronix oscilloscope and in both pulse generators and by modifying 

the intensifier circuit in H.e 555 oscilloscope it is now possible to photograph the V-l curve at 

a fixed delay after the ionizing pulse directly on the oscilloscope. The trigger circuit is 

shown in Figure 17. The diode current signal was fed to the vertical deflection system on the 

CRO (see Figure 18A) and the diode voltage signal was fed to the CRO external horizontal 

input. Of course during one cycle between one ionization pulse and the next, the instantan¬ 

eous "voltage-current dot" would sweep the entire range covering both pulses and the decay 

period. Using the intensifier pulse feature of the scope, however, the beam intensity was 

decreased until only that instantaneous (.1 7 sec) V-l point at the peak of the second pulse 

was preserved. The pulse amplitude on PG2 was then manually operated to sweep out the V-l 

curve at the predetermined delay after the ionizing pulse as shown in Figure 18B. 
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Figure 18 

-4 -2 0 2 4 Ê 8 ¡0 12 14 16 
Vc, VOLTS 

- Doub e pulsing technique to obtain delayed V-| trace. The upper photograph 

shows the second pulse during the time decay of the diode voltage and current. 

The ionizing pulse is at the extreme left end of the trace and is off the photo- 

graph. The bright dot is the intensifier pulse. The lower photograph shows the 
V-l trace obtained by feeding the current signals to the CRO vertical input 

t e voltage signal to the CRO horizontal input and varying the PG2 pulse 
amplitude. 



SECTION B (2) 

ION DECAY RATE IN THE PULSED DISCHARGE IONIZATION OF XENON 

C. B. Leffert ond J. F. Wollcup 

ABSTRACT 

A series of measurements of the ion decay rote following the pulsed discharge ionization of 

xenon were made as a function of the gas pressure. Data were token on two tubes with a 

hot emitter: one with parallel plate geometry and guard rings ond one with a cylindrical 

geometry. The objective for this study was to provide information to guide the optimiza¬ 

tion of type of gas, gas pressure, and diode spacing for the current fission fragment ioniza¬ 

tion studies at the University of Michigan reactor. It was found that the ion lifetime in 

xenon reached a maximum between 20 and 100 Torr pressure but additional data are needed 

to fix the optimum pressure. The data indicate that ion losses by both diffusion and volume 

recombination are significant and a fair correlation of the data was obtained with the 

reported value for the dissociative recombination coefficient for xenon of 2 x 10 cm sec 
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I INTRODUCTION 

One of the objectives for the pulsed discharge project is to guide and complement the cur¬ 

rent inpile noble gas fission fragment studies.^ In partial fulfillment of this objective 

a series of measurements of the ion decay rote following the pulsed discharge ionization 

of xenon were made as a function of the gas pressure. Details of the desigryconstruction 

and electrical circuits have been reported previously/ ' 

In these studies a low density plasma (10^-10^ ,om/cm^ is created in a xenon filled diodeby 

applying a short (several // sec) voltage pulse between the collector and a hot electron 

emitter. The plasma is established in a few microseconds by inelastic collisions between 

the electrons and the gas atoms. At the end of the ionizing pulse the ion density decays 

(several millisec) at a rate dependent upon the predominant ion loss mechanisms which 

in turn depend upon the applied fields, the tube geometry and the type and pressure of 

the gas. These controlling parameters are common to both the laboratory and nuclear 

reactor environments and provide the basis for using laboratory tests to guide inpile exper¬ 

iments. The tubes employed were the G7x and G1 lx diodes.The G7x diode has 

parallel plate geometry with each electrode consisting of a Philips cathode surrounded 

by a molybdenum guard ring, and a fixed interelectrode spacing. The G1 lx is a cylin¬ 

drical geometry tube with the same interelectrode spacing. By pulsing the collectors of 

these two xenon filled tubes, and studying the current decay curves, it was possible to 

calculate the ion number density, the ion decay constants, and the volume recombination 

coefficient. Although the main variable in the runs was pressure, the effects of varying 

the emitter temperature, pulse amplitude and width, pulse rate and collector bias were 

also noted and recorded. 

II THEORY 

For the plasmas created in these studies (10^ - 10^ ions/cm^) the previously developed 

plasma-sheath theory^ is considered applicable. In this theory the interelectrode plasma 

between the emitter and collector sheaths is assumed neutral. The number densities of 

ions and electrons are assumed spatially uniform throughout the plasma but may vary with 

voltage and time. For these transient studies it is further assumed that the plasma is in a 

quasi-steady state, that is, both the electrons and ions will have reached a Boltzmann 

distribution of velocities even though the electrons may not be at the same temperature 

as the ions or the neutral gas atoms. 

A. Determination of Ion Number Density from Measured Currents 

The subsequent analysis of the experimental data to determine the controlling ion loss 

mechanism depends upon the determination of the ion number density, n, from the value 

of the measured diode current, I, at any given time, t. From the plasma-sheath theory' ' 

it was shown that in general the ion number density is also a function of the diode voltage 

as well as the diode current, i.e., n = n (I, V, T, t). 

For the pulsed discharge studies reported here the pulse amplitude is of the order of or less 

than the ionization potential of the gas and the discharge is in the ball of fire or Langmuir 

mode.M The current during the discharge is of the order of or less than the Richardson 

current of the emitter so that a plasma limited current can also be expected after the discharge. 
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In the plasma limitad mode of operation it was shown(4) that the diode current saturated to 

Motive diagram for plasma limited operation. 

a value, at increased collector voltage and the ion number density became independent 

V_X characteristic for plasma limited operation, 

of the diode voltage. For jJc << J’c and I" = 0 ("cold" collector) 

J' (amp cm"2) =^= Í?J<y>ov9 
pc ac ? 

1/2 
or J" = 100 £n ' pc 

CT, 

2 n 
pc 
m 
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where, 

A = Collector area, cm? c 
Ic = Richardbon emission from collector, amps 

Jpc = Random current density of particle z ¡n the plasma at the 
collector sheath, amps cm"?, ( z * -= electrons, z - += ions) 

m = Moss of electron, 9.1064 x 10"^ kg 

Temperature of particle z in the plasma at the collector, volts 

Average velocity of particle z, cm sec~^ 

£ = Electronic charge, 1.6021 x 10"^ coulombs. 

Therefore n~(t)(cm~3) = K x I(t) amps and evaluating K, 

K * 4.03 x 1013 _!_ 

[rriOp Ac(em2) . 

If we assume that TpC = T (emitter temperature in #K) and that n"= n+* 
plasma) then n (ion number density) can be calculated from: 

(1) 

n(i.e. neutral 

(2) 

B. Ion Loss by Volume Recombination 

Two types of volume ion recombination loss in a plasma are given by the reaction equations 
as follows:'^' 

1) Radiative Recombination Loss 

Xp+ + e"-> Xp + hi) e e 

where hi/ is the radiant energy loss and 

2) Dissociative Recombination Loss 

+ 

*4 + —>xe+ *; 
The second of these processes, or dissociative recombination, is expected to be the dominant 
method of recombination loss in the xenon plasma. Therefore, for losses by volume 
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recombination only 

or 

(3) 

(4) 

The slope of a 1/n versus t plot gives the recombination coefficient, CX 

00/n) 

7T- 

Combining equations (2) and (5) for the case of volume recombination loss only: 

(5) 

a=T do/i) 
* “31 (6) 

Using equation (6) one can obtain the volume recombination coefficient, C(, from the slope 
of a 1/1 vs time curve for the tube. 

C. Ion Loss by Ambipolor Diffusion 

Ions can also be lost by diffusion to the walls enclosing the plasma and by ambipolar diffu¬ 

sion out the interelectrode gap. After the end of the ionizing pulse, ions are no longer 

created and the loss rate of ions by diffusion in the absence of applied electric fields is 

<Jn o 

ST = DaV " 

where DQ is the ambipolar diffusion coefficient. 

(7) 

Assuming an exponential decay of the ions 

n(x,y,z,t)= n0(x,y,z,t) exp [-t/f] (8) 

where T is the decay constant. 

Using equation (2) 

(9) 

or 

T- . d('"D 
“ 7t 

for the case of ion loss by diffusion only. 

(10) 
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D. Combined Diffusion and Recombination Lois 

At low pressures and at low ion densities the diffusion loss rate and the volume recombination 

loss rate can be of the same order of magnitude. For this case 

wheref is the mean decay time due to diffusion.^ The solution of equation (11) is 

(11) 

n 

1 +Q Tn i ♦an. exp (12) 

where n0 s n(t so). If C( •* known equation (12) can be used to correct the data to 
obtain 

III DESCRIPTION OF APPARATUS AND PROCEDURE 

A. Basic Parameters Studied 

The range of the basic parameters studied were as follows: 

Type of Gas Xenon 

Pressure 1 /4 mm Hg* 

2.0 mm Hg* 

20 mm Hg* 

100 mm Hg** 

Emitter Temperature*** 900#C(Br)(l 186#K) 

1000#C(Br)(1296#K) 

1160°C(Br)(1471#K) 

G7x Geometry Collector guard ring floating 

or tied to collector. 

Other parameters were sometimes changed during the course of the runs in order to produce 

the proper mode of operation. These were: (1) pulse amplitude; (2) pulse width; and 

(3) collector bias. It was necessary to vary these parameters to ensure that operation at 

saturated current was being achieved without entering the continuous ball-of-fire mode of 
operation. 

The method of varying the pressure is described in detail in reference (2). 

* Measured with Hastings DV-16 M gauge . 

** Calculated after expansion of IL flask to system. 

Measured with optical pyrometer; conversion to °K from calibration of brightness 

temperature versus thermocouple reading. 

*** 
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B* Circuit for Pulstd DUchorga M>o»ur»wnt» 

Th« circuit used for thés« studios was d«scrib«d in ref«r«nc« (2) and is reproduced below: 

Circuit for pulsing collector to obtain time decay curves. 

The symbols in the circuit diagram are 

PG 

a2 
R 

D 

Bias 

T 
CRO 
PS3 

s Hewlett-Packard 212A pulse generator 

= Hewlett-Packard 423A clip-on milliammeter 
s Variable shunt resistance 

= 4 Sarkes-Tarzian 40-LF silicon rectifiers 

in parallel (to eliminate drop across the 

internal impedance of 50/1 of PG after pulse) 
s either Burgess dry cells or NJE solid state dc 

power supply 

= Technique Associates 9B potentiometer 

= Tektronix 555 oscilloscope 

= Batteries, filament power supply 
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A positive bios voltage was applied to the collector to ensure saturated current operation. 
It should be noted from the above circuit diagram, in the case of the G7x, that although the 
emitter guard ring was always floating with respect to the filament heated emitter, the col¬ 

lector guard ring could be made floating with respect to the collector, or it could be con¬ 
nected directly to the collector in order to obtain data regarding its effect on the ion number 
density and decay rate. In the case of G1 lx a cylindrical anode was used without a guard 
ring. For both tubes the emitter temperature was obtained using an optical pyrometer and 
the collector temperature was obtained from Ni-Mo thermocouple measurements. 

C. Outline of Experimental Procedure 

The basic ion decay data we-e obtained photographically with the Tektronix 555 dual beam 
oscilloscope and a Hewlett-Packard scope camera. For each of the four pressures and three 
temperatures studied, data were obtained according to the schedule below: 

Circuit: 

Traces: 

During pulse 

After pulse 

G7x 

G. R. floating 

Vc vs t 

I, vs t 

V vs t 

I« vs t 

G7x 

G. R. tied to 
collector 

Vcvst 

Is vs t 

Vc vs t 

I. vs t 

Gllx 

Vc vs t 

I, vs t 

Vc vs t 

Is vs t 

Schedule for Data Recording 

Utilizing the schedule outlined above, data were taken consecutively on the G7x and Gllx 
at the pressures and temperatures mentioned above. These data were plotted in the form of 
current decay curves from which the data shown in Tables 1 and 2 and the appended figures 
were obtained. 

IV RESULTS AND DISCUSSION 

A summary of the results is presented in Tables 1 and 2. The values selected for the vari¬ 
able parameters for the runs made on the two tubes are listed. Also included are the calcu¬ 
lated ion number densities at t = 50//sec (after start of pulse) and the values of the recom¬ 
bination coefficients (QO calculated from the plots of 1/1 vs t. An example of a plot of 
VI vs t is shown in Figure 1. In no case was there an extended linear section of the curve 
immediately following the pulse as would be expected for a recombination controlled plasma. 
An example of a plot of Ini vs t to determine, f, is shown in Figure 2. 
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G*( - As shown in Toble 1, the ion number density, n, at a fixed time delay after the pulse 

tends to increase as the pressure is Increased, with a ranae of 7.6 x 108 to 1.7 x 1012 cm"3 

where the guard ring is floating, and 9 x 102 to 1 x 10» T cm"3 where the guard ring is tied 

to the collector. The lower ion density at the end of the pulse when the collector guard ring 

is tied to the collector may be due to the production of a more diffuse plasma during the 

pulse (notice that in general the initial current is greater when the guard ring is tied to the 
collector). 

GHx - The range of n for the G1 lx was 2.5 x 10»° to 1.4 x 10» » cm"3, as shown in 

Table 2. Thus the range in n is not nearly as large as that for the G7x. In general n 

increased with increasing pressure and increasing collector bias but showed no definite 

trend with increasing emitter temperature, Te. The pulse voltage adds to the bias voltage 

so that more ions are generated during the pulse for a greater bias voltage. The effect of 

increasing the pulse width, amplitude, or repetition rate is again to increase n for any 
fixed time after the pulse. 

B* Volume Recombination Coefficient,Q( 

At selected points on the curves of 1/1 vs t values of (X were calculated from Equation (6) 

and recorde^Lm Tables I and 2. The reported experimental value of CX for xenon is 2 x 10"^ 

cm sec . However, as shown in Tables 1 and 2, in no cases were values of Of a* large 

as this obtained. Where two values of Qf are given in the Tables, they were calculated by 

measuring the slope at two different places (such as shown in Fig. 1). From the tables one 

immediately notices that the calculated values of a are from two to ten times smaller than 

the reported value. Both volume recombination and diffusion are probably taking place 

simultaneously but this should produce a calculated value greater than Of • 

C. Current Decay Constant,T 

G7x - Plots of log I vs t were made to determine T according to Equation (10). One of 

these plots is presented in Figure 2. Figures 3 and 4 illustrate the variation of the decay 

wyTt^x ' ' ^0Wards end of wîth Pressure over the range of pressure studied (0.25 to 
100 Torr). In general, for each of the three temperatures studied, f increases with increasing 

pressure, up to a point which appears to be between 20 mm Hg and 100 mm Hg. This would 

indicate that future studies should concentrate on obtaining data in this region to establish 

the maximum for the curves. Comparing Figures 3 and 4 it is seen that tying the collector 

guard ring to the collector increases the lifetime of the plasma. This effect can be explained 

from the difference in the ion loss rate to the collector guard ring during the current decay 

for the two cases. When the collector guard ring is floating it collects ions but it floats at a 

negative potential due to the greater random electron current in the plasma. When it is tied 

to the collector it is biased positively and repels ions back into the plasma. 

G]_lx_ - The current decay constant, T, versus the xenon pressure is shown graphically in 

Figure 5 for GHx. These curves were shown dotted without maxima but the data from G7x 

would indicate that maxima could very well occur in the pressure range not studied. Future 

studies could readily establish the presence of such maxima. The collector bias was not the 

same for all runs presented in Figure 5 (or in Figure 4) and since f= f(B+) these curves show 

only the gross effect. |t was found necessary to lower the bias in many of these runs to pre¬ 

vent a continuous dc discharge. For future studies it will be necessary to study the effect of 
the bias voltage in order to finally obtain curves of Tvs p at constant B+. 
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D. Tronsltion Region 

Neither the plot of 1/1 vs t nor the plot of log I vs t fits the data over a very large range, 

however, the I/I plot for volume recombination loss fits the data best immediately following 

the pulses as it should for the highest number densities. Similarly the log Iplot for diffusion 

loss fits the data best towards the end of the decay curve where the ion number density is leu. 

In the transition region ion lou by volume recombination and diffusion are both significant. 

If the recombination coefficient, (X, is known Equation (12) suggests a method for plotting 

the related variables T, n, and a which is valid even where diffusion and volume recom¬ 

bination are taking place at the same time. This involves plotting n/(l ♦0^7') vs time 

This was done in Figure 6, for Run 8-16.2 on G1 lx using the value of ffound experimen¬ 

tally and the reported value a = 2 X 10-6 cm3 ,ec-1 for xenon. W As expected, after o 

period for allowing the electrons to come to thermal equilibrium, the plot is lineor,indicat- 

mg that both diffusion and volume recombination are taking place and that the reported 

value of U = 2 X 10 cm sec" for dissociative recombination fits this xenon data. Fig¬ 

ure 7 »hows a similar plot for G7x and again the relationship is linear with time. Similar 

plots should be made on the remaining data to confirm these conclusions. 

V CONCLUSIONS 

The data reported here for the effect of gas preuure on the ion decay constant for a xenon 

plasma in a thermionic converter geometry indicate a maximum ion lifetime in the preuure 

range between 20 and 100 Torr. Sufficient data were not taken during this study to define 

the optimum preuure but additional data are being obtained. The analysis of the data pre¬ 

sented here show that the ion loss mechanism is neither predominantly diffusion nor volume 

recombination but rather a combination of both. A reasonable correlation of the data was 

obtained with the reported dissociative recombination coefficient for xenon of 2 x 10"6 cm3 
sec 

The volume of the system used in calculating the upper limit of the system pressure was 

estimated very roughly and a more accurate volume measurement should be made after com¬ 

pletion of the runs on xenon. It is important to find a bias level which can be held constant 

over a series of runs because of the sensitivity of n and T to the bias level. 

Several interesting phenomena were observed during the course of the experimental runs 

which may warrant further study. Regions of oscillations were observed which were quite 

sensitive to the bias level. Also one run (8-17.2) on G7x with the guard ring connected 

to the col ector showed oscillations which suggest that the tube might be made to pulse 

itself similar to the self-pulsing operation reported by Schuder. (®) 
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! SECTION C 

ELECTRON MOBILITY IN GASES 

W ,R .AI I is* and F * E. Jamerson 

General Motors Research Laboratories, Warren, Michigan 

Abstract 

Electron mobility in gases is an important quantity in determining plasma resistivity 

in a weakly ionized gas. Unfortunately the literature does not contain all values of interest 

and it is sometimes necessary to convert collision probability data into mobility or drift 

velocity data. This report summarizes the relevant definitions and theory and gives a com¬ 

pilation of mobilities for helium, neon, argon, krypton and xenon. 

Definition 

The reduced pressure p0 of a gas for this report is defined by+: 

Po= 300pAK (i) 

where p is the observed gas pressure, T^ the gas temperature in degrees Kelvin, T the 
9 

gas temperature in electron-volts 

TK* 11600 Tg (2) 

The reduced pressure is really a measure of the molecular concentration 

ng*3.22x 10%o molecules cm"3 {3) 

when p0 is in Torr. 

The misnamed "probability of collision" Pc is the total collision cross section of 

all the molecules in a cubic centimeter of gas at one Torr reduced pressure, so 

P°Pc-V W 

or Pc« 3.22 X 1016 qcm-1 (5) 

where q is the cross section for elastic scattering (cm2). 

1 ?r°Hnr P- Allls of MIT was consultant to General Motors ReseaTch Laboratories. 
Brown defines p s 273 p/j„ however in this report use is made of drift velocity data 
plotted in terms of the reducecl pressure of equation (1). 
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The collision probability is directly related to the mean free part’ 

I = 1/p0 Pc cm (6) 

An electron beam of intensity I is reduced by dt in traveling a path dx (or a time 

dts dx/v) due to collisions 

4ri= - p0 Pc dx = - dt (7) 

which defines the collision frequency 

= Po Pc v = P0 Pc ^2e Vm “c"1 (8) 

in terms of the voltage used to accelerate the beam. 

Electron Mobility Theory 

The theory of mobility makes use of a "collision frequency for momentum transfer1 

Vm - Vc (1 -COS0) (9) 

which takes no account of small angle deflections (0 ¿&0) but counts large angle deflec¬ 

tions (0 ziTT/2) twice. The relations between Vm, Vc, and the experimental P are 

somewhat ambiguous as the measurements do not count small angle deflections either due 

to the finite size of the beam catcher. It is customary to neglect the difference between 

Vm and Vc and use equation (8) for either one. 

The collision frequency Vm acts as a friction force on an electron swarm so that 

its equation of motion in an ac field Eeik^may be written 

mdvd/dt + 14,vd=-eEexP¡^t (10) 

This gives for the drift velocity of the swarm 

e/m Vj = 
E = -Me (11) 

and hence for the dc mobility 

M= 
mVm 

V e/2m 

_P-? 
0 c 

2 l-l cm volt-1 sec"1 (12) 
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and 

vd = 
b P0 c 

cm sec 
.-1 

03) 

The collision frequency is a function of the electron's speed v, that Is of and 

equation (12) should be averaged over a distribution function f(v). 

(2) 
The current average is derived from Boltzmann theory' and is 

oo 

//- - e 47T / V3 <)f A t 
ß~ s T JJJJT -F 

0 
If the distribution is Maxwellian 

(14) 

3/2 

This yields 

m 

Wrrt 

4 7T* 

exp - Vt (15) 

oo 

m-'* 
(16) 

This formula leads to Eq. (12) when )/ is independent of v. On the other hand If the 
n m 

:^(3) 
mean-free-path I = v/ ¿/m is constant one finds 

M = 
_ «TT el _ I ST" 

m y 2TTk Ts 

(17) 

The diffusion coefficient D (cm-2 sec“1) Is obtained from the mobility// by the Einstein 

.(2) 

P _ mv _ T '(18) 

¡JL 3* 9 

relation' 

Mobility from Collision Probability 

The distribution function f is frequently not Maxwellian and in order to use 

the simpler formula (12) and the experimental plots of Pc vs."V it is necessary to be 

able to select the proper electron speed Vv^ corresponding to a given value of applied 

field E/p0. This can be done in terms of the equipartitian theorem. 
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Consider a frame of reference moving with the overoge electron velocity vj. In 

this frame the gas hos a wind velocity - vd and therefore the gas particles of mass M have 

a mean kinetic energy 

1 .. 2 3 T 
7 Mvd + Î ‘T, 

Due to collisions the electrons acquire a random kinetic energy 

-j m V2 = e Vb 

equal to the mean kinetic energy of the particles with which they are colliding 

•V J M*d2 + J »T, (19) 

Equations (13) and (19) give the proper coordinate transformations to go from a plot of 

Pc Vi • V"v¿ to vd vs. t/p0. They may be rewritten 

Equations (20) and (21) can be used to determine fJL p from P and Vl. 
ro c b 

Equation (19) relates to electrons which have come to dynamic equilibrium with 

the gas through which they are diffusing. This is not always the case, particularly when 

the electrons come from a hot cathode. Whenever the temperature T_ of the electrons 

has a constant known value one should use Vb = 3T./2 in equations (12) and (13) along 

with a collision probability corresponding to this value of Vb. The mobility as computed 

from (12) will be a constant up to a value of E/pQ where electron heating due to the field 

takes place. This is satisfied for a from (12) with Vb = 3/2 T_. 

U -V e/3 mT- 
P0 Pc (22) 

Computations 

The collision probability data of Ramsauer and Kollath(4) are used to compute the 

electron drift velocity as a function of E/p0 using equations (20) and (21). Comparison is 

made to the data of Park and Phelps(^^ (P*P.) and Bowe^. 
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The electron mobility is calculated in reduced pressure units from: 

IX = vd (E/Po)-1 cm^ ^orr $#c"' (23) 

Thus the mobility is given by 

IX = //'(Po)’1 cm2 sec"1 volt"1 (24) 

A compilation of all the calculations is given in Table 1. Values of are 

given for all the computed points and jX* is computed from experimental data only in the 

range of E/p0 where theory and experiment do not agree. 

Helium 

The P.P. data for electron drift velocity in helium are shown in Fig. 1 with the 

calculated values of drift velocity. Ramsauer's data for Pc are given in Figs. 2 and 3. 

The points for 3 < i/fo <0.2 are computed from Pc of Fig. 2 and show good agreement 

with data around an t/pQ of 1.0. In order to extend the analysis to values of E/p0 < 0.2, 

assumed values of Pc are used. Ramsauer's data are given only to 0.25 volts whereas cal¬ 

culations require Pc for < 0.25. Consequently values of Pc and were computed to 

fit the analysis and experiment for E/p0 <0.2 with T = 300#K. The Pc values used are 

shown in Fig. 3 with the resulting drift velocity plotted in Fig. 1. The value for Pr at 

0.2 volt is above Ramsauer's data if it were extrapolated, however the values at < 0.1 

volt indicate a constant magnitude of 20 cm 1 for Pc which gives good agreement for vj 

with P.P. data. This is a reasonable value of Pc on the basis of the relative flatness of 

Pc for V^j <1 volt. 

Using these same values of Pc but taking T = 77°K gives good agreement between 

the computed values of vj and experiment as shown in Fig. 1. This agreement is consistent 

with the conclusion of P.P. who analyzed their data for a momentum transfer cross section 

and found it to be constant for electron energies from 0.003 to 0.05 volts. This is the 
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range of voltage values over which a constant Pc was assumed as seen In Table 1. 

From (5) the collision cross section for a Pc= 20 as assumed in Fig. 3 Is 6.2 x 

-16 2 
10 cm which is In reasonable agreement with the value of 5.3 x 10"16 cm2 computed 

by P.P. from their data. 

Neon 

Drift velocity versus i/pQ Is given in Fig. 4 with Ramsauer's data in Figs. 5 and 

t. Values of vd computed for 0.05 < E/p0 < 0.6 ore in reasonable agreement with P.P. 

data. Computations for E/p0<0.05 were made using assumed P, values for low Vi. to fit 
c b 

computations to P.P. data. These assumed points are shown in Fig. 6 where a Pc decreasing 

with V produces the best fit made for a T = 300*K. This dependence of P on V, is con- 
c b 

sistent with the trend of Ramsauer's data at low Vb/ however the assumed point at 0.2 volt 

is 50% higher than Ramsauer's data. Applying these assumed values of Pc to the theory with 

T - 77#K gives vd values in Fig. 4 which show good agreement between computations and 

P.P. data. 

Argon 

The drift velocity data for argon (Fig. 7) indicate a reversal in temperature 

dependence from that of helium and neon in that at a fixed E/p0 the drift velocity 

increases with gas temperature. Ramsauer's data of Figs. 8 and 10 are used to compute 

values for 0.01 <E/pQ <1.0 which exhibit a poor fit to the data of P.P. as seen in Fig.7. 

To obtain a fit to data for t/pQ <2 x 10"3 in the temperature dependent part of the data, 

two different values of Pc need to be used as seen in Figs.7 and 8. All of these values, but 

one, he at voltage values below Ramsauer's data. Only the trend of Pc, which is increasing 

for very low Vb, is consistent with Ramsauer's data but the magnitudes are smaller than if his 

data were extrapolated. It is noted that the drift velocity calculation is quite sensitive to 
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Pc as lhe assumed values for these two temperatures are not far apart over a portion of this 

voltage range. Two points were computed to indicate the change in P necessary to arrive 

at a vj consistent with P.P. data for t/p0> 10"^. These are shown at 0.4 and 0.8 

in Fig. 8 to be a factor of 3 and 2 respectively higher than Ramsauer's data. 

Krypton 

Ramsauer's data for krypton are given in Figs. 9 and 10 and drift velocity in 

Fig. 11. The data for v^ are from Bowe where a log-log plot has been made of his linear 

presentation so that some error may exist in the first part of the curve at low E/p0. The 

calculated drift velocity using Ramsauer's data for P does not agree with Bowe's data 

except at one cross point for E/p^ = 1.7 and both curves are parallel over the lower range 

of E/p0. Using values of Pc below the Ramsauer minimum at = 0.5 volt results in a 

v¿ which decreases while E/p0 increases. Additional v^ data are required before estimat¬ 

ing what the magnitude of Pc is at low V^. 

Xenon 

Xenon data for Pc are given in Figs. 9 and 10 and drift velocity in Fig. 12. 

Data for v^aredueto Bowe and computations and results are similar to those for krypton. 

Again agreement between theory and experiment is exhibited at only one cross point and 

computed drift velocity is 50% higher than Bowe's data over most of the curve. 

Summary 

A method has been developed for converting electron collision probability data 

to drift velocity which subsequently allows a mobility to be computed. Computations for 

_2 
E/p0 > 10 show good agreement with recent data of drift velocity for helium and neon 

whereas poor agreement is exhibited for argon, krypton and xenon. At E/p0 < 10"^ insuf¬ 

ficient collision probability data preclude making accurate computations. However fitting 
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drift velocity data with the appropriate Pc indicate agreement with the extrapolated trend 

of the collision probability data for helium, neon and argon. 
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TABLE 1, 

r-• “i!- Exp riment 

Gas V 

(volts) 
Pc, 

(cm“1) 

T 

•K) 
, Vd -1 
(cm sec ) 

E/Po (volts 
cm"lTorr"l) 

U '(cm^Torr 

volHsec-1) 

vj(at computed 

E/po)(cm sec”!; 
¿('(cm^Torr 

volt"' sec“!) 

Hel Sum 9 

6.25 
4 

2.25 
1.0 

0.5 

0.2 
0.1 

0.06 

0.05 
0.04 

0.2 
0.1 

0.06 

0.04 

0.02 

0.015 

0.011 

15 

16.5 

17.5 

20 

19 

20 

29 

23 

20 

20 

20 

29 

23 

20 

20 

20 

20 

20 

300 

77 

2.1x1o6 
1.7 

1.4 

1.0 

6.8x10s 
4.7 

3.0 

1.7 

1.0 

5.7>104 

3x10s 

2.1 

1.5 

1.2 

6.9x1o4 

4.9 

2.2 

3.1 - 
2.4 - 

1.6 - 

1.1 

4.4x10-! 

2.2 

1.3 

4.2x10-2 

1.7 
8.6x10-3 

3.2 

1.3x10-! 

5.1x10-2 

2.6 

1.6 
6.6x10-3 

4 

1.5 

6.8x10s 

7.1 

8.7 

9.1 

I.SxlO6 

2.1 

2.3 

4.0 

5.9 

6.6 

7.5 

2.3 

4.1 

5.8 

7.5 
I.OxlO7 

1.2 

1.5 

I.OxlO6 

6 xlO5 
3.9 

IxlO6 

1.3 
1.8 

Neon 6.25 
4 

2.25 
1 

0.2 

0.1 

0.06 

0.05 

0.2 

0.1 

0.06 

0.05 

9 

8 
7 

5.9 

5.5 
3.4 

2.5 

1.9 

5.5 
3.4 

2.5 
1.9 

300 

77 

7.8x10s 

6.2 
4.7 

3.1 

1.3 
7.6x1o4 

4.5 

Mxioj 

9.3x104 

6.9 
6.2 

5.8x10-! 

3.4 

1.7 
6.2x10-2 

1.1 
2.8x10-3 

9.4xl0"4 

3.7 
1.1x10-2 

3.4xl0-3 
1.4 
8.8x10"4 

I.SxlO6 

1.8 

2.8 

5 

1.2x1o7 

2.7 

4.8 

7 xlO8 
1.3x107 

2.7 

4.9 

7.1x1o8 

9. x1<? 

6.2 

4.1 

2.7 

1.6x10e 

1.8 

2.4 

4.4 

Argon 4 

2.25 

1.5 
1.0 

0.7 

0.8 
0.4 

0.2 

0.1 

0.06 
0.04 

0.08 

0.04 
0.02 

0.012 

29 
13 

7.5 

4.5 

2.6 
10 

4 
1.1 

1.5 
2.5 
4 
2.7 
5.2 

10 
15 

300 

77 

4.4x10s 

3.3 
2.7 
2.2 
1.8 

2 
1.4 
S.SxlO4 
5.4 
3.2 
7.6xl03 
5.9x104 
3.8 

2.2 
9.8xl03 

S.SxlO"1 

2.2 
1 

3.3x10-2 

1.4 
5.9xl0-2 

1.2 
1.5x10-3 

8.7xl0“4 

6.5 
2 
1.5x10-3 
1.3 
1 
5.3xl0-4 

5.2x10s 

I.SxlO6 

2.7 
6.7 
1.3xl07 
3.4xl06 

1.2xl07 
5.9 
6.2 
4.9 
3.8 

4.9 
2.9 
2.2 
1.8 

3.9x10s 

2.6 
2.1 
1.7 

1.4 
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TABLE I (Continued) 

Computed Experiment 
Gas V 

(volts) 
Pc-i 

(cm ) 

T 

(*K) 
vd Ç/Pq (volts 

(cm sec"1) 1 cm-1 Torr"1) 
(cm2 Torr 

volt“1 sec’1) 
vd(at computed 

E/pQ)(cm sec"1) 
¿¿'(cn^Torr 

volt-! sec"1 

Krypton 10.6 
9 

6.25 
4 

2.25 

1.56 
1 

95 
94 

88 

45 

20 

10 

4 

• 

m 

m 

4.9x10s 

4.5 

3.8 

3 

2.3 
1.9 

1.5 

5.3 - 
4.4 - 

2.5 - 

9.6x10*1 

2.3 

7.9x10*2 

2.1 

9.2x1o4 

1 xIO5 

1.5 

3.1 

1x10s 

2.4 

7.1 

5x10s 

2.2 

1.6 

1.3 

2x10s 

2.3 
7 

1.6x10s 

Xenon 6.25 
4 

2.25 

1.56 
1.0 

140 

110 

50 

23 

8 - 

3 x10s 

2.4 

2 

1.5 

1.2 

3.6 - 

1.8 - 

5.6x1o“1 
1.4 

3.2x10*2 

8.3x1o4 

1.3x10s 

3.6 

1.1x10s 
3.7 

•5x10s 

2.6 

1.5 

1.1 

1.4x10s 

1.4 

2.7x10s 
7.8x105 
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Figure 8 - ColIilion probability in argon. 

Vb (volts) 

Figure 9 - Collision probability in xenon and krypton 
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Figure 10 - Collision probability in xenon, krypton and argon. 
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SECTION D 

SPECTROSCOPIC MEASUREMENTS IN A CESIUM LOW VOLTAGE ARC CONVOITER 

R. J. Donohue and R. F. Majkowski 

ABSTRACT 

The knowledge of the plasma parameters of a cesium low voltage arc thermionic converter 

is essential for the development of a detailed analysis of this mode of thermionic converter 

operation. A converter employing a Philips cathode as emitter and a nickel collector 

spaced 2 mm apart has been operated in the low voltage arc mode in the retarding field 

(power producing region) and accelerating field regions. The optical spectra of the plasma 

generated in the arc was measured and analyzed to determine electron number density and 
electron temperature. 

INTRODUCTION 

The operation of a cesium diode in the low voltage arc mode has been discussed in the 

J , The ,ow volt°9e arc a,,ow* operation at low emitter temperature (down to 
IIWQ and low vapor pressure (0.1 mm of Hg). Operation of the diode at these low 

pressures allows the emitter-collector gap to be 2 mm without appreciable transport loss 
in the cesium vapor. 

Pressure and emitter temperature values such as the above preclude cesium ionization by 

surface contact ionization.'^ It has been proposed^3) that in a low voltage arc the 

sheath at the emitter is accelerating for emitted electrons so that ionization occurs in the 

bulk of the p asma as a result of electron impact. The potential diagram for this is shown 

in Figure 1 along with a typical voltage-current characteristic for the low voltage arc. 

In the figure the arc fires at a positive collector potential, however, under certain con- 

d.tions (namely higher emitter temperature) the arc can fire in the retarding region. 

The use of spectroscopic techniques to study the cesium plasma has been developed^ 

and is applied to a low voltage arc thermionic converter described below. The principal 

objective is to investigate the magnitudes for electron temperature and number density 
for a characteristic similar to la. 
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I 

Figure 1 

Apporotm 

Th« iMoiurMnenh reported here were compiled on one of lèverai diodei being inveitigoted 

^ÄarC ""îA"t'~'h "O*1«1 -re »JrrZrel 
to 20 kl * C( 6x pr°.Vld*,d H0*' “"P1*** of «foto. These tube, failed after tone 10 

20 hour« of operation due to the ceiium vapor attack on the nonex preties. W These oretses 
were used in lieu of cesium resistant seals presently under development. ^ 

eoMiioln* d;°d<'J0?,”i"’ of 0 3 mm o.d. Philip, coAode rnniMer and 13 mm diameter nickel 
oetorspac.« 2 mm opart. Cesium wa, generated after processing the tube as a vacuum 

It ¿ I'h.'d'T * ,’!i".*,‘ ^ m ,i,ua,,d in a" on" o"och.d to the side of 
the tube. The diode wo, operated in an oven where cesium bath temperature wo, controlled 

to o°otrareC- Th ,h*,mOCOUP!' CO"'r°11"- ‘‘’f’ '•"tpotohire wa, ad¡u.red to allow the diode 
to operate in the power producing region. 

llZ’ Vul'r''’ ^ CTU •"’P10^ for r,cordî"9 ,h' V-l oharocteristic on on oscillo- 
°P*' Tl* ft'ottent was heated with half wave a.c. and the V-l trace recorded during the 

off time of the heating pulse by using a blanking circuit on the intensifier in the oscillüscope. 

The optical measurement, were carried out in the Physical Electronic, laboratory using the 

plasmcMn'the was vi,wed ,hrou9h « ««" hole in the oven and the 
p asma in the entire interelectrode gap was focused on the slit of the spectrometer. A alosma 

vihstr m ,h* ‘'. u’1" ;ube l*'WMn ,he 'nc°ming filament |Mds This i, becaure six 
volt, or more are required to heat the cathode, and this is enough voltage to create a cesium 

Hon fZ'th I* ° îf ,Ube;L0bLiîrV0,i0nS Were mode ,0 de,ermine whether the radia¬ 
tion from this plasma was detected by the spectrometer when the interelectrade gap wa, focused 
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V to scop* 

Figur« 2 

• A,”:1 ™ ""•'“"I' o< *• C* «MA Mm wo. observed o. o function of time by 

n llTtlÄÄli ’‘'TT °f ^ Tbi, wot don. ro see wnemer the intensity and hence the plasma temperature chonped during the period of 

H» Mthode hooting cycle. No change in this intwsity was observed during this c«l. » 

«n,id.;r^ ^ wP!^n^.^Qn,•,•,, ^ 0' *• hM"n» 

Spectroscopic Theory 

ílTÂitvV1^! "T, “ci"Wr ■í™""1'1 of •p«'™1 "«* “f «.lu» 
for'IrcÍZtdlZr 1" PrihnCiP01 T'“ °f C*T,i“"^ ™ 

strenathr f r r'"“ T ^ '"T*'1 for •f'«'- The evoluotion of the oscillotor 

and^elative ° Ch°ÍC* ^ -0° ^ for 

Figur. 3 is o display of some of the electronic slot« of cesium with the arrows indicotlna the 

ansitions for some of the more prominent lines, lines from 5-»R or D-*P transitions will not 

e reversed in the cold cesium layer between the plasma and viewing port. Also in low tem- 

nHoul ÍT T "r,Wm "0' b* SÍ9nifÍCOn,ly r—d » the^pfasma i Jf. A s“C 
Ime should be used for absolute intensity measurement, and o poir of lines with o loro, enerav 
difference between their upper state, should be chosen for the relative intensity meoLemen^ 

(a large energy gap leods to an accurate evaluation of the electron temperature) The 
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7 h/f*11 f\/2,r<KI,i,lwi 03.SWA ) WO» mod bf Hw absolut» ¡nttmlty awaiuraiiwnts and 
IW* lina was comblwd with Hw 8 \ transition (dOloÀ ) fe, Hw ralatlv. Inbnslt» 
maoiüremenh. ' v« 7 

Th« intensity ratio of any two optically thin lines Iss^ 

Jol _ f|u ( ÿu|)3 9| "^u“Eo'ÍAT 

ÍuV Vu 9,' * • 0) 

where T is the electron temperature in a collision dominated plasma and the subscripts u and I 
refer to the upper and lo ver states of the transition. 

The oscillator strengths ^ for the pair of lines chosen are: 

fyj 03,589). 0.171 

and f0'|' (6^0) = 0.0419 

Therefore, equation (1) becomes: (g - a O 
I “ wl ' 

and 

iu. 
vr 

£g|_ 

i;,' 

O.Hi i 

.0419 / 

0.357 e 

(.0875) e 

1.34x 10 

1.34x10 
-T— 

(2) 

Figure 2 is a plot of Eq. 2 as a function of T. If the electrons are Maxwellian and the electron 
states are populated according to Boltzmann statistics, the Saha equation can be used to yield 
the electron number densities. 

The Saha equation is: 

N. 

N, 

^1. ,., „15,3/2 - <VAX) 
- 2.41 X 10 T « -y- 

o »o 

where NQa number density of atoms in the ground state 

9io= »tactical weight of the ground state of the ion= 1 

gQ = statistical weight of the ground state of atom = 2 

(3) 
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Vj m ionization potential of cesium 

(4) 

Axu o factor which reduces the effective ionization potential become of the presence of 
ions.G) 

For N' ■ 10 and I * 3000*K,Ax = 5.3 x 10"^ ev. This value is negligible compared to 

Vj and will be neglected since the plasmas generated in the low voltage arc hove values of 

N#^10,4andT^v2700*K. 

The Saha equation is rewritten: 

2 
N, . N0 2.41 x IO'5 S A <D (5) 

whxrx S A (T) s • VjAT ^ jt w a function of T în FI9. 3. 

Through the use of Eqs. 2 and 5, the task of measuring the temperatures and .dmities àf the 

electrons r^kices to the measurement of the ratio of the G 13,589A line to the G éOlOA 

line and the measurement of the absolute intensity of the 13,Ä91 line, 1« related to 
the absolute intensity through Eq. 10.) ' 0 
Relative Intensity Cillbtotion 

A tungsten ribbon filament lamp calibrated for brightness by The National Bureau of Stand¬ 

ards was used to calibrate the spectrometer detecting equipment. The intensity of radia¬ 

tion is given by Planck's black body formula with a suitable emlssivity value for tungsten.W 

The brightness temperature listed is the value for T used in the formula. 

The Standard lamp was operated at a brightness temperature of 1500*C and the radiation was 

detected with a RCA 1P28 photomultiplier at 6010A and a lead sulfide cell at 13,589^. The 

ratio of the readings, R, on the recording unit for continuous radiation is: 

G is the amplification factor; the primes refer to radiation at 6010A, and (X i* the relative 

response of the two detectors at these wavelengths. Figure 4 shows the dispersion of radiation 
at the exit slit of the monochromator as a function of wavelength;. 



From tfwM data: 6 

I-^J“) 3 451/6W. of rocording papar 

|-Af]'«22.5Vaiv . of racording papar 

Tablai listi tha data tokan for this calibration: 

TABLE I 

U™ > Gain 

13 TTTToH^j^ 
® 9.6xl09 arg^cm^-sac-star 

il 
6,010 

Substitution of this data into Eq. 6 yialds: 0(s0.00191 

Tamparotura Maosuramant 

Tti. ¡nt.mlty n.tl« of A. 13,58» Á I In. to Ik. MIO X I In. «or. tmoumd for A. dlotb ehoroc- 
Arirtk. Il.l«l in ToW. IL «odwtlon front A. Attlr. IttnoA of A. InAAUofrOd. gap mn dalacM 

ÄwX^^^u!rm,^'w*w^,oo,c-,2andê' ^ 

Dioda 

Charoctaristics 

V(Volts) X(Amps) ^gçaR 

TABLE It 

-ITT 
0.0 
0.2 
0.4 

0.6 
0.8 
1.0 

ITT 
0.525 

0.6 
0.655 

0.70 

0.755 

.80 

if 
22 
26 

28.9 

31.7 

34.5 

37.3 

R6.010=R 
-frl- 

39.3 

45.0 

50.0 

53.8 

56.5 

59.5 

R/fc' 

0.576 

0.56 

0.577 

0.577 

0.59 

0.611 

0.626 

w 

46.5 

48 

48 

49 

50.8 

52 

TCIC) 

T78Ö— 

2770 

2760 

2760 

2740 

2720 

2720 

Tha aquation which ralatas tha ratio of the lina intansitias is: 

I _Íme dA /v’1 R G 

^ me 

/ -1-82.7 Î 
* r R' 

Using Eq. 7 and Fig. 2, the temperatures were computed and listed in TableI[. 

(7) 
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Abwluto Intimity CoHbroflon 

Th« absolute Intensity of a line is determined by comparing its intensity with the intensity of the 

standard lamp at the some wavelength over a suitable wavelength interval. If the external geome¬ 

tries of the line source (plasma) and the continuous source (standard lamp) ore the some, the rela¬ 

tion between the line intensity and standard lamp intensities for a spectrometer whose exit slit 

width is wide enough to include the entire line (the spectrometer used satisfies these conditions) 

is: 

). 

where h and SW are the height and width of the slit respectively, I refers to the line and si to 
the standard lamp. 

The data for the calibration are the following: 

s 1 

s 2 mm 

<sw)tl = ¡on ’• 
(SW), = 25# 

Gj = 13 
G, s 12 

AA-37* 

I A ■ 2.1 X lO^ergv^cm^-sec-ster 

Rsl s64 

AA, U calculated in the following manner: 

is 51.2 A for lOO^X exit slit width. 

A A (!3f 589 X) K A A(6000 A) (^/As) 25# 

(AA^s,1 «ao 

or, AÀ(13,589Ã)a 37 Ã for an exit slit width of 25 '>• 

Ji\4 - 480 R| ergv^cm^-sec-ster. Therefore: 

Electron Number Density Calculation 

(9) 

The number 

for electron density 

density of atoms in the ground state must be calculated to utilize the Saha eauation 

density evaluations. The intensity of radiation for an optically thin line is: 

me' 90 
N.I 

An evaluation of the constants and parameters for the 13,589 line yields: 

10 
/) 
LdÀ= N0 — Íl.f|ue-M I ergj/cm^-sec-ster. (10) 

A T 90 

Eu 
TcT 



! 
i 

and, where A is in microns and I 

8 

in cm. 

r -26,700 J MA = N0 7..8, .O'7 . , 

.3,a»; 0D 

^wTJTT Th,r,fc"',f ^ - b. «..fen, 

f , _ -26,700 

13^91 =N° ÎJ5 * •W''""2-»«»., 

over 

02) 

Substituting Eq. (12) into Eq. (9) yields: 

.7 26,700 ixt'-n 
. T“ I, a Wen.3 = 2.23,109. 7 ,, olMn/J N0= 

480 X 10' 

2.15 

26,700 

(13) 

elmm:*0 "T, 1Ï’* di0í c,,a,<,c',ri,,le‘^ '«"P*™*™ olon» wife N0 and fe. «lu..of 
SA(T) and N. calculated using these data and Eq. (5). Since these valuet war. tiww_, » 
mawaU of fe. „dia.kn, .«.no.in, bo* fe. In *?? . 
ov.^ fe, fe. plamo. !|am#nt , 100.cy 909 ^7 -*». b. com[<fer^ 

TAHEir 

N^feWcm3) j$/2 ^ (01*3) (mmPofttt 
.. ..-9 T_ XT- I.»- i * * 

Diode 
Characteristics 
V (volts) I(amps) 

-0.2 
0.0 

0.2 
0.4 
0.6 
0.8 
1.0 

0.40 
0.525 

0.60 
0.655 
0.70 
0.755 
0.80 

T (*K) 

2760 
2770 

2760 
2760 
2740 
2720 
2720 

6.2 X 10U 

7.1 X 10M 

9.45 X 10M 
10.5 X 1014 
12.4* 1014 
14.3 X 10M 
15.4 X 1014 

1.V5x1<r^ 1.72x10 
1.25x10"2 2J4 

1.15x10*2 2.62 
1.15x10“2 2.91 
1 *0 X 10-2 3<0 

.84x10-4 2.9 

.84x10*2 3,12 

1.31x10 

1.46 
1.62 

1.71 
1.73 
1.71 
1.77 

0.075 

0.085 
0.101 

0.11 
0.12 
0.13 
0.135 

Figure 5 is a plat of T, N,, and I as a function of voltage. 

fron, fe. Sohi equation. ^ wi,h ^ eoleulofed 

Pressure Calculation 

mlUõfl,h*riüm h”"’ Wa‘o'^C- Thi‘ “"«P0"* 0 «»b»» vapo, pressure or o x iu mmoFHg. The pressure in the plasma should be: 

P=U036xl0-19 L N; T. 



I 

nunwa » » mat of th. bolt, (4«*K) and H» alachan tamparatura la ba Hta valúa of T_. 

Now, Iba total numbar of atom, Nq li: 

Therefore, 

With 

Nfl.N0fl+£^# 
1 1 90 J 

- No , for T = 2750* K 

Ps(No + Ne)Tb + NeTe 

Tb= hath temperature and T.s T 
9 

l.e. for the 0.4 volt - 0.655 amp data: 

P =1.036 X 1019 [l .7 (2750) + 12 (468)] x 10M 

=1.030.10-^4.47,,03 + 5.7,103] 

= 0.11 mm of Hg. 

Table JH lists the pressure as a function of the diode characteristics. 

Conclusions 

m*<”U,*d ,rom ^ ^ •f“0'10" «O"«« «'"t’ Ihe valu, datarmlnad 
ava, tb.^|,!’T“ ■*,^'aiU^'m*,”: Thi‘ "O'“™*"' «PP“'« •o tubttantiato tb. valu.. How- 

f™ l"C|^•0‘• ,n °!r numb«' ^ ^ ‘nctc«ing V0II09. do., not ag,« wltbT 
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SECTION D 

SPECTROSCOPIC MEASUREMENTS IN A CESIUM LOW VOLTAGE ARC CONVERTER 

R. J. Donohue and R. F. Mojkowski 

ABSTRACT 

The knowledge of the plasma parameters of a cesium low voltage arc thermionic converter 

is essential for the development of a detailed analysis of this mode of thermionic converter 

operation. A converter employing a Philips cathode as emitter and a nickel collector 

spaced 2 mm apart has been operated in the low voltage arc mode in the retarding field 

(power producing region) and accelerating field regions. The optical spectra of the plasma 

generated in the arc was measured and analyzed to determine electron number density and 
electron temperature. ' 

INTRODUCTION 

The operation of a cesium diode in the low voltage arc mode has been discussed in the 

nÜ£Ïvre* , The ,OW V0lt09e °rc °Peration at ,ow «fitter temperature (down to 
IIWC) and low vapor pressure (0.1 mm of Hg). Operation of the diode at these low 

pressures allows the emitter-collector gap to be 2 mm without appreciable transport loss 
in the cesium vapor. 

Pressure and emitter temperature values such as the above preclude cesium ionization by 

surface contact ionization/ > It has been proposedv3) that in a low voltage arc the 

sheath at the emitter is accelerating for emitted electrons so that ionization occurs in the 

bulk of the plasma as a result of electron impact. The potential diagram for this is shown 

m Figure 1 along with a typical voltage-current characteristic for the low voltage arc. 

In the figure the arc fires at a positive collector potential, however, under certain con¬ 

ditions (namely higher emitter temperature) the arc can fire in the retarding region. 

The use of spectroscopic techniques to study the cesium plasma has been developed^4) 

and is applied to a low voltage arc thermionic converter described below. The principal 

objective is to investigate the magnitudes for electron temperature and number density 
for a characteristic similar to la. 
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I 

Figure 1 

Apparatus 

The measurements reported here were compiled on one of several diodes being investigated 

for low voltage arc mode operation. W Although optical measurements were mode on several 

tubes diode C16x provided the most complete set of data. These tubes failed after some 10 

to 20 hours of operation due to the cesium vapor attack on the nonex presses.^ These presses 

were used in lieu of cesium resistant seals presently under development. 

The C16x diode consists of a 3 mm o.d. Philips cathode emitter and 13 mm diameter nickel 

collector spaced 2 mm apart. Cesium was generated after processing the tube as a vacuum 

tube by firing cesium chromate pellets which are situated in an arm attached to the side of 

the tube. The diode was operated in an oven where cesium bath temperature was controlled 

by a Capacitrol thermocouple controller. Bath temperature was adjusted to allow the diode 
to operate in the power producing region. 

Figure 2 illustrates the circuit employed for recording the V-l characteristic on an oscillo¬ 

scope. The filament was heated with halfwave a.c. and the V-l trace recorded during the 

off time of the heating pulse by using a blanking circuit on the intensifier in the oscilloscope. 

The optical measurements were carried out in the Physical Electronics Laboratory using the 

Perkin-Elmer spectrometer. The plasma was viewed through a small hole in the oven and the 

p asma in the entire interelectrode gap was focused on the slit of the spectrometer. A plasma 

also exists at the base of the tube between the incoming filament leads. This is because six 

volts or more are required to heat the cathode, and this is enough voltage to create a cesium 

discharge at the base of the tube. Observations were made to determine whether the radia¬ 

tion from this plasma was detected by the spectrometer when the interelectrode gap was focused 
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Figure 2 

on the spectrometer slit. These observations indicated that this unwanted radiation was not 

detected. Also, the intensity of the Cs 4555Ä line was observed as a function of time by 

means of an oscilloscope tracing of the output of the photomultiplier detector. This was done 

to see whether the intensity and hence the plasma temperature changed during the period of 

the cathode heating cycle. No change in this intensity was observed during this cycle so 

that it is assumed that the plasma parameters are independent of the heating cycle and can be 

considered to be constant with time. 

Spectroscopic Theory 

Recent theoretical calculations of the oscillalor strengths of many spectral lines of cesium 

have been made by P. Stone of Los Alamos. ' The last reported spectral measurements made 

at our laboratories used the principal series of cesium^' since these lines were the only ones 

for which the oscillator strengths were known. However, the principal series lines (nP-6S]/2 

transitions) are self reversed because the lower state is the ground state of the atom and the 

intensity of these lines must be corrected for this effect. The evaluation of the oscillator 

strengths for lines from other series allows a choice of non principal series lines for absolute 

and relative intensity measurements. 

Figure 3 is a display of some of the electronic states of cesium with the arrows indicating the 

transitions for some of the more prominent lines. Lines from £-*P or D“*P transitions will not 

be reversed in the cold cesium layer between the plasma and viewing port. Also, in low tem¬ 

perature plasmas these lines will not be significantly reversed in the plasma itself. A strong 

line should be used for absolute intensity measurements and a pair of lines with a large energy 

difference between their upper states should be chosen for the relative intensity measurements 

(a large energy gap leads to an accurate evaluation of the electron temperature). The 

j 
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72S Sl/2~* 6 P1/2tron,IHon (13#589A ) was usad for th# absolut* intensity mMsurenwnts and 

W"'’ 8 V*4 V f4010* ) b' *» «I.«*. intimity measurements 

The intensity ratio of any two optically thin lines is:^ 

fw ( V:'3 . 
—3 - • 

^ul _ ( u|)3 9| "^u"Eu' )AT 
I 'i' f* ' i 
A« 1 fl u (% I ) 9 

0) 

Whnr. T i. th. .1.0,on Imnp.mtu™ In o 0.111.1«, domlnornd plom «„| „b«,lot, u and I 
r.f.r Io th. upp« ond lo v., ,tot„ of tfc. (rami(Ion. P 

Th. oscillator «tmnstl» 71 fo, the po|r 0r llnm choMn ora: 

fu| (13,58?) «0.171 

fy y (6010) = 0.0419 

Therefore, equation (1) becomes: (g( - g|i) 

T ' 1 
Au I 

0.171 

.0419 

ond 

I ul 

I ' ' 
Au I 

0.357 

(.0875) e 

1.34x10 
“W" 

1.34x10 
-T— 

(2) 

Figure 2 i, a plot of Eq. 2 as a function of T. If the electrons are Maxwellian and the electron r.ior;^ zt9 ,o ^ ^ w.ia 
The Saha equation is: 

N e 

ÑT 
29: 

10 
2.41 X 10 

15 t3/2 
1 e 

(V: "A X) 
T 

(3) 

where No= number density of atoms in the ground state 

g¡0= statistical weight of the ground state of the ion= 1 

90 = statistical weight of the ground state of atom = 2 



V, S Ionization potential of eotium 

K ' 
£7" 
varrN,.3 

y T/»i T(*K) (4) 

tai. w ^ ^ ^ ^ PO**""»' b«««. Of H» p^c „ 

Th« Saha «quation is rewritten: 

No * N. J-41 * 1015 $ A (I) w 

«U« S A (I, = TV* #*V(AT ^ „ p|ott.d „ a function of T In Fig. 3. 

th. -3,«»* i,no. 

R«lotiv Intensity Calibration 

Th* 1 Stand- 
tion is given by Planck's blade iv>H r i ^ m9 eiiuiPanent. The intensity of radia- 

^ÄX-JÄ-ÄTT Ä-Si;'» •%. 
of lhe readings, R, on the recording unit for continuous radiation is- 0<>) ’ ^ 

/Mi 
(ill 

ratio 

R 
IT a 

‘ï£Î (à) 

^ °; rÁrd a >■ - 
a. ta. «i, .1!, of ta. monochromator « o function ,fwav.!.^ ^ °' 



From theie dota: 6 

[“J¡5”] = &/à\v. of recording popar 

lifí ^ S I s Vdiv. of rooording popar 

Tablai Miti tha dota tokan for this calibration: 

TABLE I 

Gain ^ 

2.1 X 10 arg*/cm3-sac-star 

Lina g 
TTSBïl -¡4- 

6,010 X 53 

13 

8 9.6x10* orgi/cm^-sac-star 

Substitution of this data into Eq. 6 yialds: Ots 0.00191 

Tam paro tura Maosu ramant 

Tha intimity ratios of tha 13,589 Ã lina to tha 6010 Â lina war. niKHur^ W ^ . . 
taristics listid in TablaTT r. . ^ ^ maoiurad for tha dioda choroc- 

Dioda 

Charactaristics 
V(Volts) I(Amps) 

0.2 0.6 
0.4 0.655 
0.6 0.70 
0.8 0.755 
1.0 .80 

RJ1589a* 
mmir— 

22 
26 
28.9 
31.7 

34.5 
37.3 

TABLE It 

*6.010= R 
— 

39.3 
45.0 
50.0 
53.8 
56.5 
59.5 

R/II1 

Õ.576 
0.56 
0.577 
0.577 
0.59 

0.611 
0.626 

Th. .quation which r.loln the ratio of th. tin. intwuitl« i,: 

I ¾ <<A r'~npz 
^lina ^ 

= or'i. l 
R' G' 

H* 

46.5 
48 
48 
49 

50.8 
52 

TCK) 

"3760 
2770 
2760 
2760 
2740 
2720 
2720 

/. -ï = 82.7 R 
I R' 

Using Eq. 7 and Fig. 2, the tamporaturas wara computad and listad in Tablai. 

(7) 



Abtoluh Intimity Collbratlon 

7 

0 1h ^ «««v»l"0 Ih Intw.lly wilt) th. InKratty «f tK. 
ru.1 *!T " ^T, •*« 0 wlt»bl. wov.l.ngrti Intnvol. » th« «tarntl 

tlon betwMn tÜ.’îuTl ÏÏüiü ÜÍ ^ l^ondard lamp) an «ta wma, lha nia* 
wWH^. wTl ^ 8when ..Il .Ut 

inclü* ^ ,In* (*» tpKtmmHr und wtliflat lhaw condition.) 

iiin.s/iAdA.J •li/oli Î«L <««.1 ^ a , , 
|Ç7|5Í| C (5WIT Ma», 

HÏîtan'dJdlo^'. ** h,l,h'ond w,*t’ ^ '"P«"«'/, I -ohn la lha lin. ond d la 

Th* data for Hm calibration ara th* fbllowingt 

0,1 » »3 
0| s 12 

AA 

I A 3 2*1 X 10^*i9^cm^ra*crat*r 

h,, si 

h| s 2 mm 

<5W)#|*50U', 

(SW)| 3 2SU '• 

37 A 

I,, a 64 

AA 1* calculated in th* following manner: 

AA at 6000 X U 51.2 A for 100/i *xit,lit width. 

A A (13,509 Ã) a ÂA(6000 A) (6½ S) 2SU 

(AA^s,1 loo 

or, AA(13,S89 A)b 37 À for on ..il il It width of 25¿í V 

J IAdA * 460 R| •rgy/cm2-j«c-,ter. Therefor*: 

Electron Number Density Colculation 

(9) 

The number density of atoms in the ground state must be calculated to utilize the Saha eauation 
for electron density evaluations. The intensity of radiation for an optically thin line is*^ 

me 

An evaluation of th* constants and parameters for the 13,589 line yields: 

E.. 

i T^dA= N. 1‘06x 10‘5 0, , Kf , , 7 
"A 0 -73- o flu*" 1 ergvem^-sec-ster. (10) 

A 9o 



! 

and, where A is in micions and I in cm. 

-26,700 

J Ijk d^ - |slo 7.18 X 10 ^ e ^ I ergi/cm' 

13,Ä9; 
-«ec-tter (H) 

The'diameter of the cathode was 3 mm. Therefore, if the plasma is assumed to be uniform over 

this width, I equals 3 mm, so that: 

•26,700 

*3 — -.— ¢12) 

/-zo, /w 

It dAa N02.15x I07e f ergi/cm^ 

13,»91 

-sec-star 

Substituting Eq. (12) into Eq. (9) yields: 

1A7 26,700 
M 480x 10 . 
No=- 6 

2.15 

26,700 
3 0 T 

R| atorm/cm = 2.23 x 10° e R| atomv/cm 

(13) 

Table HLis a listing of the diode characteristics and temperature along with N0 and the values of 

SA(T) and N*calculated using these data and Eq. (5). Since these values were determined from 

measuremenn of the radiation emanating from the entire interelectrode gap they must be considered 

average values for the plasma. (Filament temperatura.was 1100*C.) 

Diode 

Characteristics 

V (volts) I(amps) 

TABLE JT 

-0.2 
0.0 

0.2 
0.4 

0.6 
0.8 
1.0 

0.40 

0.525 

0.60 

0.655 

0.70 

0.755 

0.80 

T (*K) 

2760 

2770 

2760 

2760 

2740 

2720 

2720 

N0 (atoms/cm^) 

6.2 x 10U 

7.1 x IO’4 

9.45 x 1014 

10.5x 1014 

12.4x 1014 

14.3 x IO’4 

15.4x 1014 

SA03/2 
(•Kr2 

N. 

jcm-O) -6t 

1.1-5x;04 1.72x10 

!.25x10-2 2.14 

1.15x10‘2 

1.15x10*2 

V 

\ P 
(cm~3)^ (mm of Hg) 

2.62 

2.91 

1.0 x 10-2 3.0 

.84x10“2 2.9 

.84x10*2 3.12 

1.31x10 

1.46 

1.62 

1.71 

1.73 

1.71 

1.77 

0.075 

0.065 

0.101 

0.11 
0.12 
0.13 

0.135 

Figure 5 is a plot of Tj N , and I as a function of voltage. 

N0 was also determined roughly by counting the number of lines which appear in the sharp series 
(S-P series). This lnglis-Teller(4) method of determining the electron number yielded a value of 

Ne of 1.75_+_0.25 x IOI4 cm-3, fhij number agrees with the electron number density calculated 

from the Saha equation. 

Pressure Calculation 

The cold spot temperature of the cesium bath was 195°C. This corresponds to a cesium vapor 

pressure of 6 x 10"2 mm of Hg. The pressure in the plasma should be: 

P =k036xUr19 E. N: T. 
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Now, the total number of atom», Na is: 

Therefore, 

r n' 
No® N0|l *Z^!_ , vH 

1 9q J 

- No » for T = 2750*K 

P= H) + Ne) Tb + Ne Te 

With Tbs bath temperature and T = T 

i.e. for the 0.4 volt - 0.655 amp data: 

P =1.036 « 1019 [l .7 (2750) + 12 (458)] x I0M 

^•““xIO-5] 4.57x 103 + 5.7, 103] 

= 0.11 mm of Hg. 

Tobl. nr 11,1, H» pmture « 0 function of tho diodo chocoet.rl.tic,. 

Conclusion» 

^ ^ X- dotocmlnod 

.ve, ioToZric^rr ir: ^ t,an^ *• 
constant total pressure for the cesium atom* Yu "9 v0 í“9* does not agree with a 
only + 17#C would be enough to yield the hiah«WeV|er/ 'n ^ ^ temperature of 

It is difficult to predict which values are incorrect cold^tT 0nd Pre$,ure- 
measurement. Certainly within the limir* nf ‘ , "P01 temPerature or number density 
satisfactorily. X ^ °f aCCUracy of 0,1 of *• <*afat the result, agree 
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SECTION E 

URANIUM CARBIDE-RHENIUM CERMET EMITTER 

Robert F. Hill and Fay E. Gifford 

Moteriol Development - R. F. Hill 

The development of uranium carbide emitter materials for use in the noble gas plasma 

diode thermionic converter has been completed and reported in a paper written during 
this report period. 

During the development program both ceramic and cermet type materials were investi¬ 

gated. The ceramic materials investigated were pure UC and the mixed carbide UC- 

ZrC. The cermet materials investigated contained 80 volume percent UC dispersed 

in either niobium, molybdenum, tungsten or rhenium. The reactivity of the metal 

matrix with the uranium carbide at 1700°C decreased in the following order: niobium, 

molybdenum, tungsten and rhenium. Thus a reference emitter material containing 

80 v/o UC - 20 v/o Re was selected for use in the noble gas plasma diode. 

A photograph of a completed emitter is shown in Figure 1. The emitter disk, contain¬ 

ing a UC-Re core, was clad with niobium. A one mil tungsten foil diffusion barrier 

was placed between the core and cladding in order to prevent the diffusion of carbon 

from the uranium carbide particles into the niobium. If the carbon was allowed to 

diffuse from the core to the cladding the uranium carbide could eventually be reduced 

to metallic uranium which would be a liquid at the operating temperature of the emit¬ 

ter (1700^). 

The emitter disk was fabricated by the gas pressure-bonding process that was developed 

by Battelle Memorial Institute. This pressure-bonding process is a very suitable method 

for fabricating the clad cermet emitter structure since both bonding and densification 

can be accomplished in a one-step operation. 

The photomicrograph insert in Figure 1 shows the UC-Re structure. The rhenium is 

shown as the massive white phase while the uranium carbide is shown as the dark phase. 

The presence of the white acicular phase in the uranium carbide is due to the formation 

of uranium dicarbide (UC2) resulting from excess carbon in the emitter. Even though 

the rhenium does not form a stable carbide, carbon can diffuse through the rhenium 

quite readily. Thus the tungsten layer between the core and cladding is quite impor¬ 

tant in order to prevent the de carbonization of the core. Apart from the carbon diffu¬ 

sion, the UC-Re core has been shown to be quite stable at temperatures up to 1700°C. 

Reference 

1. R. F. Hill, "The Development of Emitter Materials for use in the Noble Gas Plasma 

Diode" presented at Symposium on Thermionic Power Conversion, at Colorado Springs, 

Colorado, May, 1962, and to be published in the Journal of Advanced Energy 

Conversion. 
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UC - Re EMITTER 
Figure 1 - 

« 

Photograph showing the microstructure of a uranium carbide-rhenium emitter. The 

rhenium is shown as the massive white phase while the uranium carbide is shown 

as the dark phase. The presence of the white acicular phase in the uranium 

carbide is due to the formation of uranium dicarbide (UC^ resulting from excess 

carbon in the emitter. 
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Thermionic Ewitiion of UC-Re - F. E. Gifford 

Measurements of the thermionic emission from UC-Re emitters have been conducted under 

vacuum and field conditions which allow making an estimate of the work function. 

UC-Re emitter samples were employed that hod a configuration as shown in Figure 2. 

These samples were mounted on a tungsten plate and indirectly heated by electron bom¬ 

bardment from a thoriated tungsten filament. A tungsten collector with a large moss 

was located approximately 1 mm from the emitter. The large mass offered low thermal 

inertia to minimize any pressure rise due to electron bombardment heating of the collector. 

The emitter, collector and heater were mounted in a vacuum bell ¡or in which the ultimate 

pressure realized was 10"6 Torr. During the time when the emitter was at high temperature 
the pressure rose to 5 x 10-4 Torr. 

Thermal emissivity measurements were obtained on the UC-Re disc by means of a hohlraum 

in the emitter body. The hohlraum was made by an electrical discharge machining process 

and had a dimension of 0.010 in. diameter by 0.060 inch depth approximately. Figure 3 

shows the emissivity values over a temperature range of 1000 to 1750° K. A value of 0.5 

appears to be a reasonable number for the emissivity of UC-Re. This emissivity correction 

was applied to the observations of brightness temperature during the emission measurements 
on a solid UC-Re disc. 

The saturated current density was extrapolated from the Schottky plot using a slope at the 

highest value of field corresponding to the observed temperature. This method has previ¬ 

ously been employed for a UC-Nb emitter.0) Leakage current from the heater and emit¬ 

ter support was taken into consideration. The saturated current density versus temperature 

is given in Figure 4 and compared to the data of Haas'^ on UC. 

The Richardson plot of this data is given in Figure 5 and the data are best fit for a work 

function of 2.69 ev and an A value of 2.2 amps cm~^ (°K)~2, 

References 
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