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ABSTRACT 

An approach to the selection of radiation sources for military applica¬ 

tions is presented. A logical breakdown of the various types of dis¬ 

charge sources and a list of parameters to be considered are given. 

As an example, an analytical and experimental study of the fully developed, 

laminar flow, argon electric arc discharge is included. A description 

of the arc facility and the diagnostic techniques used are presented. The 

analytical results are compared with experimental results. 
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INTRODUCTION 

Electric discharges with particular emphasis on energy exchange pro¬ 

cesses and diagnostic techniques have been under investigation by the 

Thermo-Mechanics Research Laboratory (ARN) of the Aerospace 

Research Laboratories (ARL) for a number of years. This research, 

directed by Mr. Erich E. Soehngen, has placed considerable emphasis 

on radiant power losses from arc heated plasmas. In-house efforts in¬ 

clude high pressure radiation studies from a wall-stabilized arc, radia¬ 

tion studies using a convection stabilized arc, and long, high power arcs 

in laminar and vortex flow fields. These in-house efforts are supported 

by contractual work in plas .ia radiative properties, transport properties, 

diagnostic techniques, and analytical techniques for calculating the trans¬ 

port of radiative energy (1- through -13). 

The above research was stimulated by the anticipated application of high 

power discharges for radiation sources. Possible military applications 

may include: Jamming optical equipment; battlefield illumination; aerial 

photography in selected spectral regions; optical radar; inducing temporary 

blindness; communications; radiation decoys; solar simulation; simulating 

aerodynamic heat loads; materials testing; invisible fences. 

In this report, an approach to source des .gn is suggested. The steps are: 

(1) Determine all requirements which a source must have; (2) use simple 

empirical data \nd analytical techniques to select the appropriate source; 



(3) if possible, design the source using computer programs; and (4) back 

up the design With good plasma diagnostics. At present, however, i, is 

difficult for an engineer to find the required information to make source 

selections. Thus, a good handbook would be desirable. As a step in this 

direction, the results obtained for a wall, stabilised argon arc operating at 

atmospheric pressure are discussed. The comparison of experimental 

with measured data shows that the properties of this type source may be 

calculated in great detail. Also, diagnostic tools are discussed. In 

particular, a simple technique for measuring plasma temperature dis- 

tribution in less than a millisecond is given. 

Hopefully, as a result of this report, better coordination between the 

engineer who has a need for a radiation source and ARM, will be achieved. 

This coordination will help ARN to direct its research toward satisfying 

these needs. 

THEORY 

Introduction. Because the design of a radiation source is governed bv 

•he particular application, such quantities as lumens, lumens per watt, 

or total power radiated are insufficient to evalua.e available sources 

for a given application. If all the important requirements are known 

and fall within the present state of the art of source design, success may 

be assured. For the above reason, the approach to radiation source 

design suggested in this repor, is: ,1) Identify the important quantita¬ 

tive attributes which the source must have for a particular applies,ton 
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(this may require a research program); (2) survey all of the various 

radiation sources in terms of the requirements (a handbook should be 

made available)) (3) evaluate acceptable sources to determine if any 

requirements extend beyond the state of the art (be certain the informa¬ 

tion is up-to-date); and (4) if the requirements can be met, simple 

analytical approximations and empirical data may be used for prelim¬ 

inary designs and, if available, the final designs may be accomplished 

with the aid of computer programs. The last step presupposes that the 

required source property data are available. 

Radiation Sources. Jn order to illustrate the breadth of possible dis¬ 

charge radiation sources, a logical division is shown in Fig. 1. Although 

this division is not complete, it does show the large number of potential 

sources available and indicates the need for a good survey of radiation 

sources. 

Source Attributes. For a particular application, important source attri¬ 

butes to consider are: 

(1) Spectral distribution of radiation 

(2) Total radiant power per watt input 

(3) Maximum and minimum power levels 

(4) Voltage, current characteristics 

(5) Source efficiency for a part.cular application 

(6) Source size and shape 
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(7) Operating time and reliability 

(8) Starting techniques 

(9) Electrodes 

(10) Cooling water and gas requirements 

( 11) Source weight 

(12) Window or tube transmission 

(13) Data available on similar sources 

(14) Property data available 

(15) Adaptability to optical requirements 

(16) Computer programs available 

(17) Electrode power losses 

(18) Plasma flow field. 

In order to estimate the arc attributes, plasma property data should include 

thermal conductivity, electrical conductivity, total and spectral radiation 

as a function of temperature and pressure. If the velocity profile is im¬ 

portant, viscosity and density as a function of temperature must be known. 

Analytical Methods. In principle, the best approach to source selection 

and design is to use simple analytical techniques and empirical data to 

determine the most promising conditions. At present, simple guidelines 

are being formulated at ARN for the design of wall stabilized sources (14). 

In addition, a versatile computer program for the developed, wall-stabi¬ 

lized, electric arc in a laminar gas flow field is near completion (15). 

This program will allow the designer to compute any desired physical 
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quantity which depends on the temperature and velocity profiles. To 

facilitate the use of this program, a library of current transport and 

thermodynamic properties is planned. Thus, any detailed calculations 

may be completed for an engineer at ARN. Hopefully, additional pro¬ 

grams for convection and vortex stabilized discharges will be completed 

in the near future. 

For the wall-stabilized arc, good basic design techniques are developed 

for non-absorbing plasmas in developed laminar flow. For this type dis¬ 

charge, one solves the equations shown in Fig. 2. In Fig. 2, T is 

temperature, k(T) is thermal conductivity,^ (¢) is electrical conduc¬ 

tivity, E is electrical field strength, P (0) is power radiated per unit 

volume, p is static pressure, ) is viscosity, Vz is axial velocity, 

and R is wall radius. 

An analog and corresponding digital program (MIMIC) were developed to 

solve the equations (16). Input data include the electric field strength, 

total mass flow rate, arc radius, and the plasma properties. Output 

data include temperature distribution, velocity distribution, power 

radiated, and current, Calculated data were compared with measured 

data obtained by using the arc facility described in the next section. 

TEST FACILITY 

Arc Test Facility. A photograph of the arc test facility is shown in Fig. 3. 

This facility allows one to study vortex or wall-stabilized discharges at 

5 



power levels up to one megawatt in quartz tubes or tubes constructed of 

insulated, segmented, copper sections of various diameters. The entire 

discharge assembly is mounted on a hydraulic scissor table which allows 

one to position any part of the arc column on the axis of various optical 

systems. In addition, the assembly may be moved in a single horizontal 

direction with a slide mechanism mounted on the scissor table. Thus, 

the discharge image may be traversed across optical slits to obtain 

lateral profiles. This arrangement allows one to map the discharge in 

the axial as well as the radial direction without moving any optical equip¬ 

ment. 

A vortex generator, which holds the cathode assembly, is mounted 

on the slide mechanism as shown in Fig. 4. The strength of the vortex 

may be varied by changing the gas injection angle of four symmetrically 

placed cylindrical tubes having 0.015-inch diameter holes. In addition, 

gas may be injected through flow straighteners at the bottom of the 

chamber to provide axial flow in the arc column. In all cases, the genera¬ 

tor is connected to the discharge tube through a converging nozzle. The 

total mass flow rate may be changed, and it is measured utilizing a system 

of sonic nozzles. The cathode consists of a l/4-inch diameter thoriated 

tungsten rod, rounded at the emitting end and water cooled at the opposite 

end (¿00 to 1000 psi). The position of the cathode tip may be changed 

relative to the arc column in order to study its influence on the discharge 

stability. This type cathode was used throughout the testing program, 

and it gave satisfactory performance for currents up to 1600 amperes. 
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In order to extend the lifetime of the anode at currents in excess of 500 

amperes, four anodes are used. Each anode is connected to a separate 

power supply as illustrated in Fig. 5. This arrangement allows the 

current flowing to each anode to be independently adjusted without having 

resistors in each anode circuit. The anode assembly is shown in Fig. 6. 

The discharge is started by withdrawing a tungsten electrode at reduced 

currents. An air driven piston retracts this electrode in a fraction of a 

second. In order to reduce the starting current, a water cooled resistor 

is connected in series with the starting electrode. As the starting elec¬ 

trode passes the anodes, the arc is transferred to one of them. 

— er SuPPlies- A nurnt>er of A. O. Smith, d-c power supplies, which may 

be connected in series - parallel arrangements, are part of the facility. 

Each supply is controlled by varying the coefficient of coupling between 

the primary and secondary windings of the three-phase input transformers. 

Because the reluctance of the three magnetic paths as well as the coeffi¬ 

cients of coupling are not equal in each phase, a large 120-cycle per second 

rmple is observed in the output. An analysis showed that the system may 

be balanced at a given power setting by adjusting the coefficient of coupling 

independently. By this method, the 120-cycle per second ripple was re¬ 

duced, and a 20 millihenry inductor in series with the arc almost eliminated 

the 360-cycle per second ripple for currents of the order of 1000 amperes. 

The total power available from this system is approximately one megawatt. 
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Control Console. The arc operation is controlled from a central console. 

At this console, the arc experiment is programed by means of a rotary 

cam controller which closes switches at preselected times. A typical 

sequence of programed events are: 

(1) Starting power supplies are turned on 

(2) Starting electrode gas supply is turned on and electrode is 

driven out 

(3) Cameras are started, oscilloscope sweeps are started, etc. 

(4) Additional power supplies are turned on 

(5) Power supplies are turned off 

(6) Starting electrode is returned. 

Fifty Kilowatt Model. In addition to the basic discharge apparatus, a 

smaller model was designed to operate at 50 kilowatts and 400 amperes. 

This apparatus was constructed to make preliminary tests with an MHD 

generator, and it is shown in Fig. 7. For a 3/4-inch diameter quartz 

tube, the arc may be operated for approximately 4 seconds at 50 kilo¬ 

watts. To increase the power level the tube length may be increased or 

the tube diameter increased. Increasing the tube diameter would require 

a greater current in order to operate at the maximum efficiency. The 

arc may be pulsed approximately every minute, and for longer operating 

times, it may be modified for vortex gas flow. 

The anode consists of coiled copper tubing which is water cooled from a 

250 psi supply. The self-magnetic field at the anode causes the anode 

spots to move which prolongs its lifetime. The cathode is similar to the 

one used on the basic test apparatus. 
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EXPERIMENTAL RESULTS 

Introduction. For the 1 - inch diameter, wall-stabilized arc, a number 

of measurements were completed, These measurements are illustrated 

in Fig. 4. Because it is necessary that the flow be laminar and time 

independent in order to make comparisons with analytical calculations, 

the arc was observed with a Fastax camera as well as photomultipliers. 

The results of this investigation may be found in Reference (17). For 

argon, a region of mass flow rate was found where the films indicated 

that the flow was laminar and independent of time for periods up to 0. 8 

sec. The computer programs, at present, are only applicable to this 

type flow. 

Voltage and Current. Total arc voltage was measured from the cathode 

to each anode using voltage dividers and four scope sweeps. Arc cur¬ 

rent was determined from the voltage across a calibrated shunt. This 

voltage was recorded on an independent scope sweep. As shown in 

F ig. 8, the main current and voltage of the arc are constant for approxi¬ 

mately 0. 5 sec (arc current 1500 amp). The changes in current and 

voltage were traced to the introduction of wall impurities such as Na and 

Si. To illustrate this point, the relative intensity of the Si line at 3905. 5 

is shown in F ig. 9. Notice that the line intensity increases rapidly at the 

same time the voltages and current deviate from their constant values. 

At this time, the total radiation, shown in Fig. 8 also shows a large 

change. Thus, it is the impurity level which limits the length of the con¬ 

stant radiation pulse. 
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yoUage Gradients. In „der compare the arc character.st.cs w„h 

calculated values, the voltage grad.ent was measured in the developed 

region of the arc. Measurements were achieved by using two small 

tungsten probes cemented tn the wall of the tube and separated by an 

axial distance of 1. 27 cm. The probe diameters were 0. 08 cm. The 

probe signal was determined by using a deferential amplifier and the 

output measured on a scope sweep. A sample output is shown in Ftg. 8. 

Not.ce the deviation from the approximate constant value when .mpurit.es 

enter the plasma. Occasionally water vapor condensed on parts of the 

arc between runs. The effect of water on the arc character.st.es was 

drastic. Thus, several preliminary runs were made before recording 

data. If one observed this ml»» r-a».saf..ii .. rvea mis rule carefully, then consistent results were 

obtained. The measured voltages were made with a high impedance in¬ 

put. Thus, the probe current was in the order of 10 microamps. Large 

probe currents gave poor response times. The reason for this result is 

not known. However, surface contaminat.on may play an .mportant role. 

Total Radiation. Total radiation per cm of arc length the developed 

region was measured for the l-inch d.ameter as well as the 3/4-,nch 

diameter argon arc. A vacuum thermop.le having a CaF¿ w.ndow and a 

time response of 0.0, sec was used for these measurements. The thermo, 

pil' was calibrated and the data analyzed (no absorpt.on) as outl.ned 

Reference ,18). The output voltage was amplif.ed with a Preston d-c 

amplifier and displayed on a scope sweep. A sample output ,s shown .„ 

Fig. 8. 
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Plasma Temperature Measurements. Due to the short time duration of 

the pulsed arc discharge, time resolved arc column temperature profiles 

had to be determined. To do this an optical image scanning system was 

built which was used to obtain lateral continuum radiation profiles in a 

selected narrow wavelength ’ and as shown in Fig. 10. The absolute 

continuum intensity of the arc plasma was determined by comparing the 

arc radiation output with the output of a tungsten ribbon standard lamp. 

An Abel inversion was used to reduce the lateral column scans to radial 

point by point continuum intensities. Published data for argon continuum 

intensity as a function of temperature was used to convert the radial 

intensity distributions to temperature distributions. 

A narrow band interference filter system was used to select a wavelength 

region in which to determine continuum intensity. This filter bad peak 

o o 
second order transmission at 5464 A with a half width of 8 A. Radiation 

was detected using an end window photomultiplier tube located behind the 

filters. 

The signal output from the photomultiplier was fed directly to a calibrated 

multiple trace oscilloscope. The sensitivity of each trace was set to 

display on the screen a relative signal range of 2. 5 orders of magnitude. 

A delayed trigger system was devi ¡ed to allow profiles to be taken at any 

time during the arc's duration. 

To calibrate the system the image of the arc column was replaced by an 

image of a calibrated standard lamp. 



The observed voltage output from the arc scan can be represented by 

VA - Ki ^ (RC>) ra)IC^T) cl A 
where 

^ is voltage 3..tput, 

K¿ i® an instrument constant, 

is amplifier gain, 

the wavelength interval, 

$((*> is photomultiplier response, 

r(j)ia filter transmission function, and 

arc continuum radiation intensity as a function of wave- 
^ 7length and temperature. 

Over the small wavelength interval -A,).(R(A), and Xa(A . T) 

can be considered constant and removed from the integral. 

Thus, 

/A = K^&O) I/\T) I rM d> . 
In a similar way, the voltage output from the calibration standard can be 

represented by 

Vi » K¿¡¡rex' 
Ai 

Taking the ratio of these voltages and canceling yields 

JL - 

or 

«Ä. -T. A,Tj 

Cxj) 
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This corresponds to the lateral continuum intensity of the arc column 

at the selected wavelength region. 

The lateral intensity over the arc column diameter was converted to 

radial intensity points by using a solution of the Abel inversion equation 

as devised by Nestor and Olsen ( 19). The computer output expressed 

as a function of radius was correlated with temper¬ 

ature by using data published by Olsen for argon at 1. 1 atmospheres 

corrected to 1. 0 atmospheres fZO). The resulting temperature profile 

is compared with calculated values in Fig. 11. 

A report is being prepared for publication by ARN describing in greater 

detail the technique used to determine plasma temperature by this filter 

method (20). 

Heat Flux Measurements. Total heat flux to the wall of the tube was 

determined by measuring the temperature rise of a solid copper ring 

section of known mass and dimension. The quartz tube was cut, and a 

one-inch long copper ring was inserted between the two lengths of quartz. 

The copper rir¿ was not cooled and was instrumented with a thermocouple 

on its outside surface. The thermocouple output was connected directly 

to an electrically floating, oscilloscope differential amplifier. 

From the basic equation for heat content in calories 
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where 

ACt = change in caloric heat content, 

IT) = mass of copper ring section, 

Cp = specific heat of copper, and 

AT = change in ring section temperature. 

The change in ring section temperature was determined directly from the 

thermocouple output voltage. 

Due to the pulsed mode of arc operation and the effects of the initial low 

current starting sequence, two separate thermocouple readings had to 

be taken to determine heat flux to the wall during the high current pulse. 

A short pulse and a long pulse reading was taken. The difference in 

measured heat load to the section could then be attributed to the high 

current operation. In order to compare and check these measurements 

with the known electrical power put into the developed arc column per 

inch length, the arc electrical power was converted to calories per second 

and multiplied by the time difference between the short and long pulse. 

Since the ring section receives both radiated and conducted energy from 

the column, the value of Q obtained from the ring section measurement 

should equal the value of Q obtained from the measured electrical power 

put into the arc. By subtracting the measured value of radiated energy 

from the total energy received by the ring section, we may then obtain 

total heat energy to the wall by conduction. 

14 
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An example of data obtained by this method follows (see Fig. 8): 

Mass, M, of copper section = 456 grams per inch, 

Çp of copper = . 093 cal/gram °C, 

AT as measured from thermocouple = 14.7 •C, 

as measured from current traces = . 125 seconds. 

Typical results obtained from these data are: 

Heat energy into the arc column = (23 kw per inch) (. 24 calories 

per second per kw) (. 125 seconds) = 690 calories per inch, heat energy 

measured from ring section = (456 grams per inch) (. 093 calories per 

gram per °C) (14.7 °C) = 624 calories per inch, measured radiation 

loss = 269 calories per inch. Errors in these measurements can be 

attributed to the following: 

(1) The starting conditions of the arc may vary somewhat from run 

to run,' 

(2) All of the radiation from the column was not collected by the 

ring section (some was reflected)^ 

(3) Due to the mass of the ring section, approximately 10 seconds 

was required after the end of the pulse before the section reached its 

maximum temperature at the location of the thermocouple. During this 

time, some of the heat energy is convected avay from the section to its 

surroundings, thereby reducing the measured temperature rise (effect 

was reduced by insulated guard rings on each side of the section). 

15 



Measured Lumen Output. The lumen output per unit length of arc column 

was measured for the 3/4-inch diameter argon arc operating at approxi¬ 

mately 50 kilowatts. This measurement was achieved by using a selenium 

photocell and wratten filter number 57. The combined response of this 

system is compared with the standard eye response in Fig. 12. Part of 

the error associated with the mismatch of the response curves tends to 

cancel out because the system was calibrated by using a standard candle 

power source. The lumen output per unit length as a functici of current 

is compared with calculated values in Fig. 13. Neglecting electrode 

losses, one obtains approximately 40 lumens/watt in the developed region. 

Because the arc length may be made long (if one has a high voltage source) 

this efficiency may be achieved. For the test arc (22 cm long) one obtains 

approximately 25 lumens/watt. At 50 kilowatts, this gives a total output 

of 1.25 X 106 lumens. The calculated value of lumen output does not 

include contributions due to line radiation. Thus, as shown in Reference 

(22) for total radiation, their contribution to lumen output may be as great 

as the continuum contribution, in order to make more realistic calcu¬ 

lations, spectral radiation data as a funct on of temperature including 

lines are required and these data should be measured. 

CONCLUSIONS 

Before one selects a radiation source, all important requirements for a 

given application must be determined. From an analysis of these 
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requirements, approximate source characteristics are determined. If 

the requirements are beyond the present state of the art, additional 

source research is justified. In order to accomplish these objectives, 

a handbook of simple analytical techniques, plasma properties, and per¬ 

tinent empirical data for the various sources is required. For the final 

design, computer programs should be used if they are available. 

Simple analytical methods are available tor the wall stabilized arc. In 

addition, detailed computer programs are available for a final design. 

These calculations have been compared with measurements for argon 

plasmas using Emmons' transport property data (23), and Morris' 

spectral continuum data (3.2), and excellent agreement was obtained (see 

Fig. 11 and Fig. 13). However, additional data on spectral radiation as 

a function of temperature including line radiation are required. 

Radiation source design should be supplemented by excellent diagnostic 

techniques. Total and spectral radiation standards should be available 

for use with radiometers and spectrometers. A. handbook of simple diag¬ 

nostic techniques would be helpful to the engineer. 

Diagnostic techniques were developed to measure arc voltage gradient, 

current, heat flux to the wall, total radiation, lumen output, and temper¬ 

ature distributions for pulse lengths greater than 100 milliseconds. A 

very simple method for measuring temperature distributions is less than 

a millisecond using an interference filter system was innovated and com¬ 

pared with standard techniques. The simplicity of this system makes it 

an excellent diagnostic tool for engineering measurements. 

17 



The argon wall stabilized arc operating at atmospheric pressure may 

be used as a radiation source, and the design and diagnostic techniques 

applicable to this source are excellent. However, there are dis¬ 

advantages as well as advante «es. The advantages are: 

(1) The source may be designed for very efficient total radiation 

(greater than 70 per cent of the power input). 

(2) The lumen output per watt is comparable to other sources. 

(3) Transport and thermodynamic properties are well known. 

(4) The arc may be adapted to high voltage or high current power 

supplies. 

(5) Arc apparatus can be designed to be very light in weight. 

(6) The arc is simple to construct, modify, and repair. 

(7) The arc may be operated in the megawatt regime. 

(8) Reliability of all parts except the anode is excellent. 

(9) Does not require high voltage starting techniques. 

(10) Computer programs are available for arc design. 

The major disadvantages are: 

(1) Arc shape is restricted to a long cylinder. 

(2) Argon is exhausted to atmosphere. Thus, larger gas supply is 

required. 

(3) Pulse duration times are limited to several seconds (can be 

extended with vortex flow). 
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(4) Requires water cooled electrodes. 

(5) Anode design needs improvement. 

(6) Requires a starting electrode which doubles the length oí 

apparatus. 

Hopefully, the information given in this paper will help the engineer 

to more realistically design radiation sources for military purposes. 

If the source described in this report meets the desired requirements, 

ARN can design and supply the source within several months. If long 

operating times are required, long vortex stabilized arcs can be de¬ 

signed by empirical and simple analytical techniques. 
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