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FOREWORD 

This technical summary report was prepared by the Research Department of the Allison Divi- 

sion of General Motors Corporation.    The work reported was accomplished under Contract 

Nonr-4104(00). 

The program was sponsored by the Advanced Research and Project Agency through the Power 

Branch of the Office of Naval Research under the direction of Dr.  J. Huth of ARPA and Mr. 

J.  A.  Satkowski of ONR. 
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I.    INTRODUCTION 

The objective of this program is to obtain basic information on the plasma properties of work- 

ing fluids for magnetoplasmadynamic (MPD) power generators.    This information will be ob- 

tained through the use of diagnostic methods with emphasis on advanced spectroscopic techniques. 

The experimental approach of the program concentrates on a plasma loop through which helium 

seeded with cesium circulates through the test section at a variable temperature range of 1000 

to 2000oK.    The flow rate of the atmospheric pressure helium is varied between 7 to 12 gm/sec 
to achieve a Mach number of 0. 9 through an area of approximately 1.2 cm2.    Designed specifi- 

cally for diagnostic investigation,  the test section employs the basic features common to MPD 

generators.    In preparation for the operation of the plasma loop,  experimental effort has been 

applied to the development of new spectroscopic techniques and methods of evaluating observed 

spectra.    Investigations will be made on the efficiency of various nonthermal ionization techniques. 

The theoretical approach consists of developing a theoretical model to describe nonequilibrium 

plasmas and supplementary theoretical analyses to aid in design of improved MPD power 

generators.    Instabilities occurring in the plasma flow will be investigated. 

This report presents the technical review of progress during the period 1 May 1963 through 

31 July 1963. 
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II.   RESUME OF PROGRESS 

Most of the components of the system have been manufactured.    The final assembly of the 

test section will be completed during August 1963.    Based on the experience of other closed 

loop experiments,  unusual care has been taken in the design of the system.    The final assem- 

bly of the diagnostic MPD system is planned for the next reporting period. 

Further development of diagnostic methods was accomplished.    A part of this work was the 

subject of a presentation,   "A Spectroscopic Method Allowing Spatial Resolution, " by Dr.  R.  T. 

Schneider at the Vlth International Conference on lonization Phenomena in Gases,  in Paris, 

France,   8—13 July 1963. 

Work on a theoretical model has been started.    A portion of this work was devoted to plasma 

instabilities in a magnetoplasmadynamic generator.    This effort was the subject of a presenta- 

tion,   "Convective Instability of Plasma Flow Across a Magnetic Field, " by Dr.  H.  E.  Wilhelm 

at the Vlth International Conference on lonization Phenomena in Gases,  in Paris,   France,   8—13 

July 1963. 

CLOSED LOOP DIAGNOSTIC DEVICE 

The test section includes the electrodes and the windows for spectroscopic measurements. 

This section is made of tantalum and is housed in a stainless steel compartment.    Successful 

welding of the tantalum components was done by Allison.    Final assembly of this section is 

awaiting a few ceramic parts scheduled to be shipped in early August. 

An uncooled magnet,  for a 20% duty cycle,  of Allison design was manufactured by a vendor. 

The vendor's test results indicated that on the third duty cycle (10 minutes on,   50 minutes off), 

the temperature rise became constant and was IIS1^.    This value is well within the protection 

limit given by the insulation.    The vendor's test results also showed a flux density of 13, 800 

gauss at 60 amp with a limited power supply.    The performance curve shows that saturation 

is not reached at 60 amp; therefore,  it appears probable that a flux density of 15, 000 gauss 

may be reached with the Allison power supply. 

Difficulties were encountered in winding the tungsten coils for the heater.    However,  the manu- 

facturing procedure has now been established and fabrication of the heater is progressing. 

I 
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Status of other components is as follows: 

• Received 
• Helium compressor (Miehle-Dexter) 

• 50-cfm vacuum pump (Welsh) 

• Pipes,  valves,  fittings,  helium supply manifold 

• Helium and water flow measuring devices 
• Pressure gages and temperature measuring devices (also calibrated) 

• Fabricated 

• Cesium supply tank 

• Cesium collection tank 
• Two-stage filter (charcoal and absolute) compressor inlet 

• Primary condenser 
• Concrete pad for compressor and cooler 

• Fabrication in progress 
• Two-stage filter (charcoal and absolute) compressor discharge 

• Secondary condenser 

• First stage cooler 

• Second stage cooler 

• Helium cooler 

• He-Cs separator 

• Control panel 
• Cs flow meter 
• Compressor aftercooler 

Final assembly and shakedown of the system are planned for the next reporting period. 

DEVELOPMENT AND ADAPTATION OF DIAGNOSTIC METHODS 

A theoretical study was made to calculate the absolute line intensities for cesium as a seeding 

substance in helium.    That portion of the study which is now completed deals with the equilibrium 

values by thermal excitation.    Results are based on an extensive parametric study using the 

IBM 7090. 

In the experimental part of the program,  a new spectroscopic technique was developed which 

allows a spatial resolution of the plasma properties.    This technique makes it possible to 
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segregate and photograph one component of an entirely mixed gas. The same photograph will 

show the sheaths on electrodes of the segregated component. Further, this method is a valu- 

able adjustment aid for line broadening measurements. 

For the investigations in the MPD-device, this new method is expected to give the spatial dis- 

tribution of electron temperature and electron density.   Composition of the sheaths on the 

electrodes,   it is hoped,  may be determined through use of this technique. 

THEORETICAL INVESTIGATIONS 

The theoretical investigations have been concerned with the stability of the plasma flow in MPD 

energy converters.    Preliminary studies of the ionization degree of plasmas which deviate 

from thermodynamic equilibrium have been started. 

Two convective processes which lead to instability have been investigated.    A one-fluid approach 

has shown that the inertia forces of the flow cause a convective instability with a growth rate 

proportional to the gradient of the mean plasma velocity in the flow direction.    A two-fluid 

theory has been used to derive a convective instability with a growth rate proportional to the 

electron-drift velocity.    This latter instability is conditioned by the electron and ion streams 

making up the plasma current. 

The investigations indicate that anomalous or nonequilibrium fluctuations are to be expected 

in the plasma flow,  independent of the critical Reynolds number above which the hydromagnetic 

instability of the viscous flow field arises. 

The calculations will be extended to supersonic flows.    Another investigation will be concernea 

with a possible electrostatic convective instability of the plasma flow. 
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111.    THE ALLISON DIAGNOSTIC CLOSED LOOP MPD DEVICE 

The test apparatus utilized in this program is a diagnostic device with features of a medium 
scaled,  closed loop,   MPD power generator.    To examine the basic properties of the plasma, 

the system has been designed to permit application of extensive diagnostic methods.    This sec- 

tion presents pertinent design detail and operational features of the system, heater,  test section, 

and diagnostic equipment. 

THE SYSTEM 

A schematic of the Allison MPD Diagnostic Facility is shown in Figure 1.    The vacuum pump, 

used to remove all of the air within the system,  is a 23. 5-liter/sec (50 cfm) Welsh pump which 

has an ultimate vacuum capability of 0. 01 micron.    The piping is arranged so that vacuum can 

be achieved within three different areas of the loop at the same time by proper valve selection. 

The system will be evacuated to less than 10 microns at least twice and on each occasion re- 

filled with purified helium from the purified helium source.    A manifold of 10 bottles of helium 

(two banks of five bottles each) installed on the outside of the buidling is separately regulated 

so that one bank of bottles serves as the active bank,  the other as a reserve bank.    The helium 

enters a purification system consisting of two NaK bubblers (Figure 2).    The first bubbler is 

heated electrically to approximately 4 80'K.    The second bubbler is allowed to remain at ap- 

proximately room temperature. 

The two bubblers in combination have demonstrated the capability (in other Allison research 

activities) to remove oxygen to less than one part per million.    However,  the bubbler system 

is relatively small and would not purify the entire flow of helium that will pass through the 
MPD device.    Consequently,  this bubbler system is used only to purify the gas being admitted 

to fill the system.    A separate purification system of a higher flow capability is used to purify 

the flow circulating within the loop.    The discharge of the gas through the NaK bubbler is di- 
rected into various parts of the system through four different pressure regulators.    One pres- 

sure regulator supplies helium to both sides of the diaphragm disk of the back pressure regulat- 

ing control valve.    If air were used for valve control,  there would be the danger of air diffusing 

through the diaphragm into the system. 

A second regulator is used to maintain a positive pressure on the compressor suction a: all 

times.    This pressure will vary slightly (in the order of a few millimeters of mercury).    The 

other regulators,   No.  3 and 4.  are used to supply the helium necessary to transport the cesium 

from one cesium container to the other. 

I 
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The helium compressor is a Miehle-Dexter lobe type (Figure 3).    The compressor bearings 

are mounted outboard to the actual helium path, and there are carbon-face seals between the 

bearing cavity,  which is oil lubricated,  and the compressor cavity,  which the vendor claims 

to be entirely free of oil.    This type of compressor has been used successfully by various 
manufacturers of gas purification systems for dry boxes and other purposes where high purity 

gases are required.    This type of compressor has a rather low compression ratio in order to 

operate in a nonlubricated condition; therefore, the compressor used requires two stages to 

provide a 1.36-atm (gage) output pressure.    The high pressure helium then is fed through an 

aftercooler.    The compressor discharge temperature is approximately 420oK,    The aftercooler 

is a specially designed heat exchanger in which care was taken to prevent the admission of 

water from the cooling side of the heat exchanger into the pipe where the helium flows.    The 

stainless steel pipe used to carry the helium through this heat exchanger has been hydrostatically 

pressure tested and ultrasonically inspected to rigid requirements.    The helium leaves the 

aftercooler at approximately SICK and proceeds through an activated charcoal filter.    The 

filter is possibly not necessary; however,   in the interest of complete safety,  the filter was 

placed in the circuit in the event that the compressor should permit slight traces of oil vapor 

to enter the helium stream.    As the charcoal used is made from coconut shell,  the problem of 

releasing ammonia found by other investigators where animal charcoal was used should not 
exist.    The charcoal filter also includes an absolute filter to prevent any charcoal dust from 

being carried into the helium stream.    This type of filter combination has been used success- 

fully at Allison for the removal of quite large quantities of oil vapor from helium and should 

work very well in the removal of traces of vapor. 

Immediately after the charcoal filter is a tap for providing cool helium to the MPD device 

itself.    Several small lines are fed to the device for the purpose of keeping various areas in the 

device cool.    All the flow will be measured.    These small flows enter the main helium down- 
stream from the MPD device and do not alter the flow through the device which is separately 

measured.   After passing through the main flowmeter, the helium enters the heater and the 

MPD device.    The flowmeter is a standard-gas, ASME sharp-edged orifice utilizing a differ- 

ential pressure gage and a Heise reference pressure gage.    By the use of the aftercooler,  the 

temperature entering the orifice run will be reasonably constant,  and by the use of the back- 

pressure regulating valve,  the pressure entering the orifice meter run will be relatively con- 
stant.    Therefore,  only minor corrections will be required for the flow measurement.    Down- 

stream of the flow measurement device is a remcce-operated throttling valve which will be used 

to adjust the flow through the heater and the MPD device.    The adjustment of this valve will be 

by remote means at the control panel in the vicinity of the orifice differential pressure gage so 

that the flow can be observed at the same time the flow is being adjusted. 
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I 

Figure 2.   NaK Bubblers 

-■ 

1 
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Immediately behind the throttling valve is a small sampling valve.    The helium can be circulated 
in the loop at a low temperature until samples removed from the sampling valve indicate that 

oxygen,  moisture,  hydrocarbons,  and various other impurities are removed to sufficiently low 

levels to permit heater operation.    A common heater is used to heat both the helium and cesium 

to the required 2500'K for the MPD device.    The heater, however, heats the cesium  and the 

helium in separate channels utilizing the same heating element.    The heating is accomplished 

with wound tungsten elements which have a capacity in excess of 200 kw.   The Allison power 

supply available for use with this heater has a rated capacity of approximately 175 kw.    This 

power supply is a remotely operated motor generator set supplying a d-c voltage to the heater. 

The helium and the cesium being heated separately are then mixed together at the exit of the 

heater.    The schematic (Figure 1) shows a space between the heater and the MPD device, but, 

actually,  these are closely coupled.    The 2500,K helium-cesium mixture is then fed to the 

MPD device which is explained later in this report.    The helium will exit from the device at 

at a temperature somewhat less than the 2 SOCK; however,  the cooling system was designed to 

take care of the full helium and full cesium flow at a temperature of 2500oK.    The first cooler 

was designed with a film coefficient sufficiently low that the actual pipe or tube wall would re- 

main relatively cool even though the pipe contained a helium-cesium mixture   at 2500oK. 

The condenser is water cooled.    The condenser (Figure 4) consists of a tube within a tube in 

which the helium-cesium mixture flows through the inner tube,  and water,  at a relatively high 

velocity,  flows through the annular area between the two tubes.    The first condenser (Figure 5) 

is approximately six meters long.    The exit temperature of the helium-cesium mixture from 

this condenser is estimated to be approximately 450oK.    Calculations of pipe wall temperature 

show that the maximum pipe wall temperature will be approximately 322I,K.    The cesium will 

start to condense at approximately 4. b meters from entry ol the heat exchanger conaenser, 

and most of the condensation will be complete before the helium-cesium mixture exits from 

the end of the six-meter run.    Pipe wall temperatures at the end of the run are estimated to be 

305oK,  which is still above the freeze point of the cesium that is rolling along the bottom of the 

pipe.    The cesium,  of course,  will not fall immediately to the bottom of the pipe, but will re- 

main suspended.    To separate the suspended cesium,  the mixture of helium gas and cesium 
liquid will then be ejected from the six-meter section into a helium-cesium separator of the 

centrifugal type.    This separator will remove the bulk liquid that is suspended in the helium 

and allow it to drain to the first cesium tank.    The remaining helium will still contain large 

quantities of cesium vapor,  and additional cooling and condensing is required.    This is accomp- 

lished in three additional cooler-condenser stages.    All of the remaining cooler-condenser 
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Figure 4.   Heat Exchanger (Details) 
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Fiszure 5.    Heat Exchanger 
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stages are sloped in such a manner that as the cesium condenses it collects at the lower portion 

of the inner pipe of the double-tube heat exchanger and returns to the cesium separator and to 

the cesium tank.    The second stage of heat exchangers has even lower pipe wall temperatures 

due to the high velocity of water and a relatively low film coefficient for the helium-cesium 

mixture.    This means that some of the cesium which has collected in the tube will have a 

tendency to freeze as it rolls along the pipe length.    Because the pipes are sloped toward the 

cesium separator,  this cesium will be constantly rolling in the direction of higher temperature. 

It is believed that the slight amount of frozen cesium will not effect a blockage of the cooler for 
a considerable length of time. 

Provision has been made to circulate hot water through the helium-cesium coolers so that,  after 

an experiment is completed,  any cesium that has been frozen out on these relatively cool pipe 

walls can be melted and returned to the separator and then to the cesium tank.    At the end of 

approximately 12 m of this type of helium-cesium cooler travel,  the estimated cesium vapor 

concentration in the helium has been reduced to one part per million.    At the completion of ap- 

proximately 18 m of this type of cooler travel,  the concentration is less than five parts per 

billion.    There are approximately 21 m of helium-cesium coolers in this circuit.    At the end 

of the 21-m run,  the helium should be at a temperature of less than 31 ITC.    If for some reason 

the helium-cesium separation has not been complete,  the helium is then passed through a 

second activated charcoal and absolute filter-type combination.    Any cesium vapor remaining 

in the helium flow is then reacted with the charcoal and prevented from entering the helium 

compressor where the cesium might do damage to the carbon-face seals.    This completes the 
main circuit of the main flow of helium through the loop. 

The purification system,  through which a part of the heaum is continuously circulated,   is con- 

nected to the loop at the main flowmeter.    The total flow in the compressor is approximately 

117 liters/sec (200 cfm).    The MPD device will require up to 56.4 liters/sec of this total flow. 

Approximately 2.35 liters/sec (5 cfm) will flow continuously through the purification system 

regardless of the flow elsewhere in the circuit;   the remaining 35.2 liters/sec (75 cfm) will flow 
through the back pressure regulating valve.    The flow through the heater purification train is 

regulated by a constant flow regulator and is measured by a small rotometer-type flowmeter. 

The helium passes through an economizer heat exchanger (Figure 6) where it is preheated 
slightly before entering a gettering trap.    The helium is admitted to the copper wool end of 

the trap and is heated to approximately 920',K,    The helium then passes through the copper 
wool gettering trap and enters the titanium chips trap where it is further heated—to ap- 

-.4 
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Figure 6.   Economizer Heat Exchanger 
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proximately 1120oK; it is fed to the economizer heat exchanger where it gives up some of 

its heat to the incoming gas to the gettering trap.    The gas then leaves the economizer 

heat exchanger at approximately 530oK and enters a water-cooled heat exchanger.    This 

heat exchanger is also designed to prevent the water vapor from entering into the helium 

path.    This type of heat exchanger has been used successfully—in fact,  the entire purifi- 

cation train has been used on Allison glove box purification systems.    All helium piping 

in contact with water has been ultrasonically inspected and hydrostatically pressure 
checked to eliminate the possibility of any flaws which might permit water vapor to 

enter the helium stream. 

Downstream of the water cooler is a molecular sieve utilizing a Linde molecular sieve material. 

This sieve will remove water vapor in the stream which may have been introduced with the 

original filling,  in addition to the water vapor which might be generated by the gettering trap. 

The crystalline absorbent sieve material has a chemical composition of  10. 83 ± 0.05 Na20J • 

[ 1. 00  AI2O3I • [2.48 ± 0. 03 8102] • [x H20I .    It is chemically stable to above 600*C.    In 
addition to removing water vapor,  the sieve absorbs ammonia,  should any appear within the 

system.   Because the sieve and the charcoal do absorb gases,   it is necessary to ensure a 

sufficient time in a vacuum for outgassing.    The copper wool and titanium chip gettering trap 

may,  under certain conditions,  generate water vapor.    If there is any hydrogen in the helium, 

the hydrogen will have a tendency to reduce the copper oxide and titanium oxide in the trap to 

water vapor. 

A fine stainless steel wire mesh strainer is located downstream from the molecular sieve to 

prevent any molecular sieve material from flaking off and entering the helium stream.    The 

purified helium is then admitted into the discharge side of the back pressure regulator valve 

and returned to the pressure suction line. 

The cesium flow path begins with the cesium container No. 2.    The cesium is contained in a 

Mine Safety Appliance shipping container which includes a zirconium hot trap and heating sys- 

tem.    The cesium can be heated in this container for the time necessary to achieve the re- 

quired purity.    When cesium is required in the system, cesium can be forced through the dip 
leg to a heat exchanger by applying helium pressure to the shipping container.    The cesium in 

the container will be at approximately 750°K for the purification process.    Since the cesium 
should be cooled prior to entering the 200-kw heater to protect the heater power leads,  the 

cesium will be cooled to approximately SSCK through a water-type heat exchanger.    This heat 

16 



I 
D 
[ 

, 

exchanger is different from the heat exchanger used for cooling the helium-cesium mixture in 

that the cesium passes through a straight tube around which is wound a smaller-diameter water 

tube.    Only if leaks occur in both pipes could the water ever contact the cesium.    The cesium 

flow is measured with a heat balance flowmeter which uses a small Chromolox electric heating 

element to heat the cesium through a small temperature differential.    A wattmeter will be pro- 
vided to measure power supplied to the cesium.    A precision differential temperature measuring 

device developed by Allison will be used to measure the temperature increase of the cesium. 
Then the cesium flow can be calculated. 

Two valves are provided downstream of the flowmeter,  one a cesium ahutoff valve and the 

other a cesium throttling valve.    The throttling valve is a remote-operated type actuated from 

the control panel.    This valve will be air-operated since the underside of the diaphragm will 

be exposed to the atmosphere and the air on the diaphragm will not have an opportunity to 

diffuse into the system.    The cesium leaving the helium flow channel at the cesium separator 

is directed to a second shipping container without hot trap and high temperature heating system. 

The low power heater for the cesium tank No.   1 is used only to prevent the cesium from freezing. 

This container is capable of storing the full quantity of cesium that is in the system.    The 
cesium collected in container No.   1 may be either transferred back to the supply container or 

allowed to remain.    The cesium inventory within the supply container will be monitored by an 

induction circuit which remotely locates the position of a floating permanent magnet.    The con- 

tinual monitoring of the cesium level provides a second method for measurement of cesium flow 

and indicates when cesium transfer is necessary. 

Cesium in the supply container will be heated to the gettering temperature and allowed to 

undergo purification for 12 hours before a run is made.    Further purification will be made as 

necessary to keep cesium impurities low.    The initial charge of cesium in the loop will be 

approximately 9 kg.    The cesium cooler is used to decrease the cesium temperature from 
gettering temperature low enough to enter the flowmeter.    The cooler will be supplied with 

temperate water to prevent the cesium from freezing in the heat exchanger.    Valves are sup- 

plied in the loop so that maintenance can be done on the MPD device or on the heater without 

exposing the entire loop up to the atmosphere.    The throttling valve upstream of the heater 

is a Grinnell-Saunders diaphragm valve which is a totally enclosed,  mass spectrometer leak- 

tight valve.    The valve at the upstream side of the activated charcoal and absolute filter com- 

bination in the compressor suction line is of the vacuum type.    These two valves can be closed 

to isolate the heater MPD device and heat exchangers from the balance of the loop.    The vacuum 
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piping is arranged so that this isolated section can be evacuated and refilled without evacuating 

and refilling the remainder of the loop at the same time.    This will permit a savings in helium 

and prevent air from entering large areas of the loop when work is required on the device or 

on the heater.    The full capacity of the 23. 5-liter/sec pump can then be used to outgas a smaller 

volume of the loop. 

HIGH TEMPERATURE HEATER 

Figure 7 is a cross section of the heater.   The tungsten rod in the center of the heater is bored 

to provide a heating duct for the cesium flow.   At the end of the tungsten rod is one end of a 

tungsten filament which is wound in an annular area between the large tungsten rod and the outer 

shell of the heater.   The tungsten filament is attached to an electrode at the position where cool 

helium OlO'K) is admitted,  thus providing cool electrodes for attachment of the power leads. 

The cesium also enters this cool end of the heater and is at a temperature of about SBOTC. 

The tungsten filament in the heater is supported by stand-off types of insulators which are 

mounted in grooved slots on the large tungsten rod extending down through the middle of the 

heater. 

The tungsten filament is designed to operate at power levels to 200 kw.    It is not anticipated 

that full capacity of the heater will be required.   A manufacturing process to wind the heater 

coil has been established.    Fabricated parts are shown in Figure 8. 

TEST SECTION 

The MPD test section has been designed specifically for diagnostic investigation of plasma 

properties.    Emphasis has been placed on versatility,  ease of maintenance, and simplicity. 

As shown in Figure 9,  the test section consists of a flow channel,  electrode blocks,  observa- 

tion ports,  and electromagnet assembly. 

As the helium-seeded plasma enters the test section,   it is expanded through a replaceable 

tungsten nozzle.   By varying the size of the nozzle,  a wide variation of flow rate may be 
achieved for any given fluid velocity.    The tantalum channel is lined with high pirity alumina 

panels to provide electrical insulation with respect to currents induced in the V X B interaction. 

The flow stream from the nozzle is in the form of a free jet and does not contact the channel 
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Figure 8.   Heater Parts 

walls upstream of the electrode blocks. This feature reduces the possibility of channel failure 

which could result from thermal degradation. To protect the tantalum from oxidation, the sec- 

tion is housed within a 1/2-in. thick stainless steel structure.    In addition to providing support 
tr»   tho   taQf    af>0 + ir»n it    r»»»r>tfiHpo    n    Kolinrrt    i * rvy r* r ryV% n ** r>    tr***    *Un    ♦«„*„l,,,w    ,4., 

within this cavity produces a slight in-leakage of cool helium to the test section. 
.-Vil    w*C* . c: -~ ■-. J .  c: 

The electrode assembly features variable spacing through the use of a bellows sealing arrange- 

ment. Adjustment of the two jack-screws provides variation of the aspect ratio. The electrode 
blocks may be interchanged to allow investigation of electrode geometry on plasma properties. 

One of the electrode blocks being fabricated consists of 47 platinum pins shrunk into an alumina 

block. An additional pin of a platinum-rhodium alloy is inserted into the alumina block to allow 

thermometry monitoring of the test section. Electrical leads from each pin will be connected 

to a 50-pin hermetically sealed connector.    External breadboard circuitry permits the test 
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section to be operated as either a segmented or Hall current generator or as any other selected 

configuration.   With such a pin-type configuration, the spatial variation of electrical conduc- 

tivity of the plasma through the test section may be observed.    Further, observance may be 

made of end losses which may develop in the various generator types.   Since each electrode 

block is held in position by two ceramic setscrews,  interchangeability is simplified.   It is 

anticipated that different electrode materials,  in addition to various electrode geometries, 

will be investigated.    Aerodynamic losses may be determined by employing blocks with ex- 

truding pins and then, for comparison, pins machined flush with the electrode block. 

Observation windows are necessary to allow spectroscopic investigation of plasma properties. 

Two quartz windows mounted flush with the channel and perpendicular to the electrode blocks 

are being used. The quartz windows will be replaced later by sapphire windows. A continuous 

flow of helium into the stainless steel structures is directed over the windows to provide cool- 

ing. A vacuum seal for the windows consists of a soft copper ring seated in a V-groove on the 

window. To provide safety, additional quartz windows are mounted in each of the magnet pole 

pieces. 

The electromagnet (Figure 10) contains removable pole pieces which may be manually rotated 

so that eccentric holes may be used to observe the spatial variation of plasma properties.   The 

quartz windows are mounted within the core of the pole pieces to form a gas-tight seal.    The 

gas within the stainless steel structure thus provides cooling of the magnet pole faces.    The 

pole pieces protrude through the stainless steel structure with an O-ring seal being used at 

the point of protrusion.   This intermittent duty (10 min on—50 min off) magnet provides a flux 

density of approximately 15, 000 gauss with a gap of 4.45 cm. 

The exploded view of the test section hardware is shown in Figure 11. 

DIAGNOSTIC EQUIPMENT 

The following diagnostic equipment has been set up,  calibrated, and adapted to the task: 

• A 3.4-in.  Ebert grating spectrograph (Figure 12) correcting to 295 lines/mm and 599 lines/ 

mm (interchangeable) and having a theoretical resolving power (first order) of 42, 000 and 

72, 000.   Actual resolving power was measured to 75% of the theoretical resolving power. 

The instrument was used to obtain the spectrum picture camera data of Section IV in 

this report. 
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• Hilger two-prism spectrograph with two different cameras (Figure 13),  f/1. 5 and f/5. 6, 

with a resolving power of 60, 000.   This instrument v.as used to detect very weak cesium 

lines for preliminary measurement of electron densities. 

• Microdensitometer (Figure 14).   This instrument is being used to show the feasibility of 

measuring the radial distribution of broadened cesium lines. 

• Spectrum picture camera (Figure 15) attached to a small, high aperture monochromator. 

The spectrum picture camera,  described in Section IV of this report, was used in con- 

nection with this small monochromator for some preliminary studies on plasma sources. 
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Figure 11.   Test Section—Exploded View 
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Figure 12.   Ebert Grating Spectrograph 

Figure 13.   Hilger Two-Prism Spectrograph 
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Figure 14.   Microdensitometer 

Figure 15.   Spectrum Picture Camera Attached to High Aperture Monochromator 
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IV.   RESULTS 

In addition to design and fabrication of the diagnostic loop, extensive investigations have been 

made with respect to development and adaptation of diagnostic methods and theoretical in- 

vestigations of plasma instabilities within the MPD flow channels. 

Introduction to Spectroscopic Techniques 

A short introduction to spectroscopic techniques is presented in the following paragraphs.   This 

introduction includes the basic equations in this field and, therefore, provides a reference for 

future reports.   Since the later reports will be detailed frequent references will be made to the 

relations presented herein. 

LINE INTENSITY 

The intensity of a line is related to the probability of transition between the corresponding en- 

ergy levels. 

The intensity of a line coming from an optically thin plasma is: 

.1 
I, 

where 

-f    i,di 
•'o 

(1) 

i   = radiation power per unit volume and unit frequency 

x   = depth of pläsniü 

The energy of a spectral line is: 

iv = A;" Nm (T) h. (2) 

where 

A     = transition probability from level m to n 

Nm " particle density of particles in level m 

h      ■ Planck's constant 

v      = frequency 
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From Boltzmann's equation, the particle density is: 

N     = N0{T)iSi- e'Em/kT (3) m       o      U(T) 

where 

N0   = total particle density 

gm  = statistical weight of level m 

U     = partition function 

Em = excitation energy 

k      = Boltzmann's constant 

T     = temperature 

Substitution of Equations (2) and (3) into (1) yields the intensity of the line per unit of solid angle: 

I=— AJPN-    (T) —hl,jte-Em/kT (4) 
An     n      0 U(T) 

This often-used formula assumes that the radiation comes from an optically thin plasma. 

If the transition probability is known.  Equation (4) can be used to determine temperature from 

an absolute measurement of intensity.    The intensity in the case where Cs is used as a seeding 

substance in He has been calculated and is covered in this report under subsection "Calculation 

of the Equilibrium Values of Line Intensities"   (also see Figure 19).    For a proper selected 

temperature range,  a small change in temperature may result in a great change of intensity due 

to the exponential factor.    For those regimes this method is very precise. 

Equation (4) can be written: 

I E .,, 
In—-   = + In C (5) 

I 

I 

If 

A™ gm" 

In—s  = Y, 

-^= X, 
k 

and log C = C, 

*Superscripts denote references in Section V. 
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A linear equation is obtained with a slope of . 
T 

1 
Y = —X +C' (6) 

T 

In using this method the intensities of different lines are measured and plotted versus Em/k. 

If a straight line is obtained in the actual plot, a criterium is established for a Maxwell-Boltz- 

mann distribution.   To measure absolute intensity,  it is necessary to have a radiation standard 

which can be used for calibration purposes.   In most cases the carbon arc with a temperature 

of about 4000,K can be used.    The radiation of this arc has been measured with great precision 
2 

by Euler.      To avoid the necessity of measuring the space angle and the absorption in the glass 

optics of the instrument,  it is advantageous to image the carbon arc at the place of observation 

in the unknown plasma or, better yet. to remove the device containing the plasma and to locate 

the carbon arc in the same place. 

EQUILIBRIUM 

Equation (4) is valid only if the spectrum line originates from excited levels that ran be assumed 

to be populated according to Boltzmann statistics,  which implies a Maxwellian distribution of 

electron in the case where atoms are excited mainly by collisions with the electrons.    Further- 
more,  excitation and de-excitation must follow the same mechanism.    De-excitation by spontaneous 

radiation,  therefore,  always disturbs Boltzmann distribution of the excited levels in an optically 

thin plasma, where there is no compensation by the reverse processes of absorption.    Thus, 

Equation (4) only holds if de-excitation due to spontaneous radiation can be neglected compared 

to de-excitation due to collisions of excited atoms with electrons.   According to Finkelnburg 
i 

and Maecker,    this is the case if 

3 X 107    e    exc (En + kT)» 1 KEn + kT measured in eV)J 

where 

Ne      = electron number density 

Qexc = collision cross section for excitation of level n 

En      = excitation energy 
A        = transition probability for the regarded spectroscopic line 
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At electron number densities,  Ne   <1016,  this condition may not be fulfilled.    Then, the ex- 

cited levels are not populated by Boltzmann statistics, and to relate the emitted spectral 

radiation to plasma parameters,  the cross sections of the exciting atom-electron collisions 
must be known. 

RELATIVE INTENSITIES 

If Equation (4) is applied to two different lines,  the intensity ratio is 

11 . Ai g,                .(E, - EoWkT     i, 
— ■ ^Xh v  e       '        ' x i in\ 
12 A2g2 X77 (7) 

I, 
The plasma depth ratio — is usually assumed to be one.   This is true only if the gas discharge 

under consideration has no temperature profile but has a uniform temperature.   If a tempera- 

ture profile exists, the problem must be treated with Abel's integral equation (see subsection 

"A Spectroscopic Method Allowing Spatial Resolution").   The advantage of the line ratio method 

is that the particle density does not have to be known. 

If Equation (4) is applied for the same line on a gas discharge with a temperature profile on two 

different points: 

ix. = iix£oix     -(E/k)  [(1/TX)  -   (1/T0)] 
lo     No  Ux  l0 

(8) 

Index o: point in core 

Index x: arbiirary point 

From this equation the temperature ratio across the cross section of the discharge can be estab- 

lished.    If such lines are selected which have their intensity maximum (see Figure 19) within 

this temperature range,  the absolute value can be obtained. 

MEASUREMENT OF ELECTRON DENSITY WITH THE INGLIS-TELLER TECHNIQUE 

In the case of a hydrogen plasma,   it is possible to obtain a rough estimate of the electron 
3 

density with the very simple method of Inglis and Teller.      If n is the quantum number of the 

last visible Balmer line,  the particle density,   N,  is 

log N = 23.26 - 7.5 log n (9) 
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where 
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N = ne + nj if T <105/n (ne = r^) 

N = ne = rij if T  > 105/n 

E 

! 

II 

I 

Mohler   applied this technique to cesium and found the constant to be 23.06 rather than the 

aforementioned value of 23.26.   Using this method,  it is possible to determine the electron 

density with a maximum error factor of two only by observing the spectrum.   It is also important 

to note that this method utilizes no assumptions regarding existing equilibrium. 

MEASUREMENT OF ELECTRON DENSITY BY STARK BROADENING 

The theory of line broadening caused by the Stark Effect has been extended significantly in re- 

cent times.   In the case of hydrogen, the line profiles given by Griem and Kolb   can be used. 
6 7 

For cesium,  Agnew and Summes   and Griem   have made calculations.   This method also does 

not depend on an established equilibrium.    It will be used quite often in the work reported in 

following reports. 

CONTINUUM RADIATION 

Free-bound transitions and free-free interactions involve indiscrete energy levels and, there- 

fore, result in radiation at indiscrete frequencies. This "continuum" radiation can be used to 

determine the plasma temperature. 

8 
Using Kramer's theory,   Maecker and Peters    found: 

N0 N, 
C (Z + s)2    e 7/9 (1°) 

(kT)1/i: 

where 

t   = radiation power density per unit of frequency 
32 n 2e6 

3-^(2 7rn)3/'2 

correction factor of order 1. 

C   =   —f= T77 = 6.36 X lO"47 cgs 
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DOPPLER BROADENING 

In the case of a low-density plasma,  it is possible to use Doppler broadening to measure ion 

temperature. 

T = 7.82 X 101J M 
\    A    / 

(11) 

where 

M        » molecular weight 

A AQ = Doppler broadening 

In high-density plasmas,  the broadening caused by collision and by the Stark effect is much 

larger than the Doppler broadening.    Therefore,  this method is,  in general,  not applicable to 

high-density plasmas. 

However,  if an atom has incompleted shells,  such as the iron atom, transitions between those 

orbits are almost totally shielded against Stark interactions and,  therefore,  allow measurement 

of Doppler broadening in high density plasmas.    In the case of cesium it may be difficult to ob- 

serve such lines; however,  the ordinary cesium spectrum has some lines—e.g. ,  the second 

member of the sharp series where the broadening due to Stark effect is less than the Doppler 

broadening. 

DOPPLER SHIFT 

In the case of a high velocity plasma stream, the measuring of the Doppler shift of a spectrum 

line would be a method to determine the plasma velocity.    The velocity is given by 

AX       1 
V = c—  (12) 

K     COS a 

where 

c = velocity of light 

A \ = Doppler shift 

\ = wavelength 

cos a = angle of observation 
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With a Perot-Fabry interferometer,  a resolution power of 10° may be achieved.    There- 
A X 

fore,  the lower limit of the detectable velocity is lO^ cm/sec.    The resolving power of the 

Perot-Fabry interferometer is given by 

X w L 
(13) 

AX       x arc sin G 

where 

L = Plate distance 

r  = reflectivity 

1  - r 
G = 

L.S^F 

The useful dispersion is approximately 

X2 

AL =  (14) 
2L 

At 6500 A,  a plate distance of 40 mm would be necessary to get a resolution power of about 10° 

and the useful spectrum range would be 0. 05 A.    This requires a half width of the line to be 

0.01 A or less for the line used in this type of investigation. 

SPATIAL RESOLUTION 

Most of the plasma devices under consideration are cylindrical and,  therefore,  have a tempera- 

ture profile.    As a consequence,  in order to apply the methods previously described,  it is in- 

sufficient just to measure the line intensity or line broadening.     Tue spatial leaulutiun of the 

observed data must be considered.    The first approach to get a spatial resolution is to form an 

image of the plasma device in the plane of the entrance slit in such a manner that the axis of 

the cylindrical device is perpendicular to the entrance slit.    Thus, a stigmatic line spectrum 

is obtained; the length of the spectrum lines gives a measurement for the diameter of the dis- 

charge,  and the intensity distribution along the line corresponds to the intensity distribution 

across the diameter.    This gives only the situation along a cross section of infinitesimal width. 

A better way to obtain spatial resolution is to use the spectrum picture method,  described 

under "A Spectroscopic Method Allowing Spatial Resolution". 
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TIME RESOLUTION 

Many plasma devices change their properties during time. These are pulsed discharges or 

fluctuating steady-state devices. Both types are important in connection with this program. 

For spectroscopic investigations on such devices,  it is necessary to employ techniques of 
9,10,11,12,13 

short-time spectroscopy.   Such techniques are described in previous reports. 

It is necessary to have time resolution as well as spatial resolution.    If this information is not 

available, the results are unambiguous only in special cases. 

Short-time spectroscopic techniques will be employed later in this program. 
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Calculation of the Equilibrium Values of Line Intensities 

To obtain a more fundamental foundation upon which to build the diagnostic experiments and 

theoretical model of the plasma flow through a magnetic field, a numerical program has been 

initiated on the IBM 7090 computer.   This program allows the computation of line intensities 

through which the observed spectrum data may be interpreted.   Further analyses for deter- 

mination of the plasma conductivity have been provided within the program assuming equilibrium 

at the electron temperature.    The fluid under investigation is helium seeded with cesium. 

This program, based on equilibrium conditions, will provide the reference upon which to com- 

pare theoretical and experimental investigations of nonequilbrium plasmas.   Such a standard 

or reference is of extreme importance in interpretation of observed data. 

The number densities of ions and electrons are given approximately by the Saha equation, 

ÜCs.+ 2Uc8M2W/2(kTe)3/2   e-(VCs-AV)/kTe (15) 

"Cs     " UCs h3 

7 
Griem    is of the opinion that the error of number densities of ions and electrons given by the 

Saha equation based on electron temperatures is 10% or less if 

N'>9xl0l,(l)3(f)"2 

In Equations (15) and (16),  n(-,g
+,  ne.  and n^g represent the number densities of the cesium 

ions,  electrons,  and cesium atoms,   respectively.    Ü^g* and Uc    represent the partition 

functions of the cesium ion and cesium atoms.    E2 expresses the excitation energy of the 

resonance line whereas EH is the ionization potential of hydrogen.    The ionization potential, 

V^g, of the cesium atom must be corrected to incorporate the depression, AV,  occurring 
7 

as a result of electron density.    The expression given by Griem   is 

.2 

t 7rnee2 
^ 

AV =<
e — = 2.94 X lO-SW-^S  (17) rkTe \Te(0K) 
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The partition functions for the cesium I and cesium II are computed on the basis of the statistical 

weights,  gg,  and respective excitation energies,  Xs,  of the various energy states 

rXCs.s/kTe UCs =   J]   «Cs,: 
d   =   O 

ia +e e-Xcs.l^e^ e-
XCs,2/kTe+ (18) gCs, o + gCs, 1 + gCs, 2 e + ' • • 

gCs,+s e uc.+ = E - + e"Xc3'+s/kTe 
8   =  0 

+ +     -XC8 + l/kTe -XCs+2lkTe 

-gcs'o+gcs:ie ^'    +gcs:2e Cs'    +--- »a) 

14 
Within the program,   104 energy levels for cesium I and 63 levels for cesium II      were used to 

compute the ratio of partition functions employed in the Saha equation. 

Letting + represent the right hand side of Equation (15),  the Saha equation may be expressed 

as: 

"Cs"  =JL (20) 

The total pressure of the plasma is given by the sum of partial pressures of the constituents,  or 

pTOT = kTg (nHe T "Cs' T kTg (nCs+) T kTene (2i) 

It should be recognized at this point that for the temperature range of interest in the proposed 

investigation the ionization of helium is negligible. 

By conservation of charge of the plasma, 

ne = nCs
+ (22) 

4 0 



I 
I 
I 
I 
r 

:. 

Letting the seeding ratio, o , be represented as 

"Cs + "Cs (23) 
a  =   

nHe 

and the ratio of electron to gas temperature be 

ß* Te/Tg (24) 

the set of simultaneous Equations (19 through 23) may be solved to yield: 

;s "Cs' 
* (l-nn-qjS)       /r»).(l-Ka-^a/3)12

[ PTOT^I* (25) 

2(lta)      +\L   2(1+O)      J   +kTe(l + o) 

The remaining unknowns, nCg,  nHe, and degree at ionization are readily obtained. 

Line intensities are given by 

T      =(A
m!Cs^ -E-/kTe (26) 

where 

AJJ
1
 = transition probability from level m to n 

Em = energy of m-state 

Twenty-seven of the strongest cesium lines have been computed based on the transition proba- 

bilities given in references 15 and 16.   Should better values of transition probabilities become 

available,  correction can be made of line intensities by simply multiplying the intensities by 

the ratio of probabilities. 

The conductivity of the plasma has been computed on the basis of calculated electron-ion colli- 

sion cross sections and assumed values of electron-neutral cross sections.    Since the assumed 

values of cross sections are, at this time,  questionable, the conductivity values represent 

only order of magnitude estimates.    The calculation has been specifically programmed so that 

these values may be readily changed when better data become available. 
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The electron-ion cross section is given by 

/e2\2       [l.s/kVV72 

Q   =0.90        in     =-nr[ M (27) 

so that the mean free path becomes 

I 
KP = 

ne Qi + "Cs Qs + nHe Qg 
(28) 

where Qg and Qg represent the electron-neutral cross sections of the seed and gas atoms,  re- 

spectively. 

The mean free time based on a Maxwellian distribution of velocity is given as 

Vr,ne/ 

1/2 ' o.621 X 106 Vr^ 
(29) 

The conductivity is then given as: 

0.85 n0 e2 

TD * 2.389X 10"3 n-T, (30) 

Several runs have been made with the program over a temperature range of 1500 to GOOOT^. 

Seeding values have ranged from 0. 5% to 100% cesium.    The degree of ionization for the vari- 

ous seed ratios is illustrated in Figure 16.   As shown by Figure 17, the optimized seeding 

level,  based on assumed cross sections for the temperature range of interest, appears to be 

1. 0%.    On the basis of 1% seeding of a plasma with a total pressure of 1 atm under conditions 

of equilibrium (Te ■ Tg) the various properties are given as shown in Table I.    For the same 

conditions, the effect of pressure on conductivity of pure cesium is illustrated in Figure 18. 

As mentioned previously, the intensities of 27 of the most prominent cesium lines have been 

computed.    These intensities are illustrated graphically in Figure 19 and listed in tabular form 

in Tables II through VII.   With reference to the tables,  it should be noted that only two signi- 
15, 16 

ficant figures should be used since the values of transition probabilities are given to only 

two significant places.    The data obtained through the numerical program provides the basic 

information for interpretation of observed spectra and further provides a reference for the 

continued effort on nonequilibrium plasmas. 
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TABLE I 

Theoretical Plasma Properties—1% Seeding 

Property i SOO'K leoo-K ISOOTC 2000'K 2200^ 30001« 6000,K 

Electron Density, cc"' 7, 5 x '.O11 
2.0- 10'2 9,7 x lo'2 3.5X 1013 1.0X 10I4 1.7 x Ifll* 1.2 X 1018 

Ion Density (n^*), cc'1 7. 5 « I0!I 2.0 X 1012 9,7 x 10!2 3. 5 ■  lu1'' 1,0X 10I4 1.7 X IQl* 1.2 X 1018 

Cesium Density, cc'1 4,8 / 1016 
4,5 x 1018 4,0 x  1016 3.6X ,016 3,3 x IO18 2.2 x IQI8 3.5X IO18 

Helium Density,  cc-1 4.8 ' lO1» 4.5'  1018 4,0 '  lO1' 3,6 x I018 3,3 X Ifll8 2.4 x IQI8 1.2 X IO1* 

Degree of lonizstlon 1.5 < lO'7 
4,2 x 10-' 2,4 x I0-« 9.6X lO"8 3,0 X I0-' 6. 8X ID"4 9.6X IO-3 

Mesn Free Pmth,  cm 2,3 x 10"4 
2.4 ' 10-4 2,7X :o-4 3,Ox lO'4 3.1 X 10-4 2.7 X IO"4 2,8X IO"4 

Mean Free Time,   sec 9, 5 x lO"12 
9. 8X 10-12 1,0 X lO-11 MX 10-11 1. 1 X 10-11 7.8X lO-H 5.8X lO-H 

Conductmly,  mho/m 0. 171 0,460 2,40 a, 9« 25.8 309 1623 

«,     4 •   I014 cm'" g, . 5x io18 cm'2 

:;< 
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Figure 16.   Electrical Conductivity of Plasmas — Pressure Effect 
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137*6001.* 
3y50677.81 
60158510.0 
677PC6I.CC 
i<0e6702*.5 
1 1*055*«.* 
I!66IS9I9.5 
O. 1796^5876 
0.36u&2975f 
2 1:310.5V0 
169t138.37> 
ssesi.mi 
267172.916 
1**67.771 I 
1 171*1.769 
6666.3***6 
53037.1800 

NBS        Corliss, C. H. and Bozman, W. R., Experimental Transition per  
obabilUies for Spectral Lines of Seventy Elements, NB5 Monograph 53 
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TABLE II 

Cesium Line Intensities—(Cs + Cs+)/He = 0.005 (P = 1 atm, Te = Tg) 

ov 

1700QK 

:e25000.o 
«067.18^0 
.159005326 
JU.\\bT9\ 
:9.b80ö'«> 

«.512863 
768.27011 
B22.>«8001 
61.966515 
17.2251U0 
C.9136763 
20.6621460 
5.97Ub1H7 
23.2236U0 
3.1bl65i»2 
8.0060Ub2 
127V.3105 
fcl456.7866 
.89139U50 
5. 1 1095'*3 
.U03U1070 
.1590U838 
.97ö2t»709t 
.7e3H*693 

i.32832285fc-Cl 
I.2592lid82 

1800oK 

-C I 

0.1i«i»89?5Ve 
1147351.371 
0.260583776 
2256.148230 
1705.72839 
14396.87762 
157e.83i»72 
888C.90100 
90U7.9145443 
8714.2914823 
72U.9182V7 
|i42.U6093i4 
2161.95926 
199.389788 
11473.65965 
267.2821421 
321."4356142 
82011.8223 
I5U553.217 
lb.58714202 
li42.b66U36 
1.39299950 
IC.9332218 
0.355514026 
2.814955922 
0.12319057 
0.973U70I7 

OV 

09 

2000oK 

0.31760930E 
8C276I.71 I 
0.597961485t 
171435.14932 
13179.9021 
271480.2515 
1133»4.8773 
63814C.6U2I 
614957.6230 
6720.78571 
5572.5IU3I4 
1177.11775 
17875.2288 
17I2.U90I3 
12176.14677 
?396.V37bl 
2880.71585 
1418357.0714 
799666.695 
129.878883 
ICOU.73093 
1 1.31478777 
8V.UI120I43 
3.15976578 
25.3737025 

11.15575330 
9. Ii4ti71900 

09 

cv 

2200 K 

0.5965148006 
31756714.147 
0.116598876 
91803.14102 
69396.3711 
121638.072 
56198.3267 
316856.035 
322059.922 
35238.01435 
29217.14927 
65147.U39U5 
99U79.2IC0 
9831.6141148 
67728.7256 
114256.2335 
171214.55514 
15682914.67 
3032702.97 
629.829033 
14898.07037 
62.3915701 
U93. 1U8666 
18.6550081 
150.0141611 
7.1326141418 
56.14955139 

09 

10 

2400oK 

0.9956056IE 09 
9859590.25 
0.200766716   10 
361710.5014 
2731425.531 
«4114723.555 
210601.090 
1 I88U50.33 
1206907.30 
138352.»406 
11147114.383 
270014.0920 
1410U69.93I4 
UI633.I61I 
279338.625 
621714.I6I4I 
7U650.63V6 
14655610.13 
9090318.63 
2317.06096 
18098.9236 
2514.814914 72 
2019.67365 
80.8566791 
651.20314145 
32.07691495 
2514.311152 

2600oK 
0.151072016 
25296621.7 
0.3127939UE 
1135335.36 
858226.875 
1 151787. lU 
633588.281 
3578085.66 
3630951.50 
1432969.637 
358995.160 
68103.6211 
1339698.148 
138896.166 
911370.930 
212662.1439 
2552142.1406 
1 1500116.6 
22639083.5 
6862.62159 
53805.8809 
fl2M.695992 
655C.29138 
275.135662 
2218.30l<42 
1 12.6181453 
893.U657C6 

10 

IC 

Cesium Line Intensities—(Cs + Cs+)/He = 0.005 (P = 1 atm, Te = Tg) 

3400 K 

1.371827116 
1.2714338236 
).829l4709i4E 
»1755763.2 
Ifci4ii57l 1 
I56226ÜU 
107710U9 
'JC95563I 
tl726U53 
8227329.69 
6b21659.bl 
lh831U0.31 
28665009.7 
31619U0.bÖ 
19U7V781.7 
519UC87.14U 
6227519.9U 
0.1120U6VUt 
0.22573122h 
111633.812 
HeUU72. 125 
1 72214.5I4UU 
137673.799 
662I.Ö5071 
53557.6U06 
2960.144901 
23536.2993 

3600 K 

cv 
cv 

0.3866I46O146 
0.373055356 
0.871467305E 
32786860.7 
2147843614.2 
221198714.2 
15885258.14 
89932120.0 
9 I03'i831.0 
12380127.U 
IC26I4936.5 
2fc9i(U96.59 
I4U068150.0 
UV15702.31 
2991*1561.7 
8178225.75 
9603532.75 
0. 1119UU671E 
0.30233602E 
163332.637 
1296537.1U 
2636U.9C67 
21C971.5bU 
lC39fa.6322 
814152.1807 
IU723.5931U 

37567.9785 

3800 K 

C9 
09 

0.372378716 
0.1456319206 
0.85216622L 
Ui967802.0 
33236302.7 
28052652.2 
2C89U339.5 
0.1183301456 
0. 1 1971407U6 
1657VU614.7 
1 »7l46801.'4 
3V50677.81 
60158510.0 
6778C6l.CC 
«08670214.5 
t 1I4055U8.U 
l!66*919.5 
0, 1796^5876 
0.36"82V75E 
2 15310.5V0 
169tl38.I3 
35851.19H3 
287172.91« 
li. 1467.7711 
1171141.789 
6666.3UUU8 
53037. 1880 

4000 K 

C 
09 

0.3321 18blE 
C.50U9I852E 
C.76831VIVt 
528i4ö51'4.5 
J99U9UUS.5 
32066578.7 
214681 193.2 
0.139819186 
0. li4li4U23i46 
199C3890.7 
16503236.7 
1482U662. 13 
731478229.0 
8353720.81 
149907787.0 
H4201U95.5 
1701b355.7 
C.19b72b25e 
0.398783506 
250359.7140 
1993776.83 
U3635.U952 
31498146.598 
17975.9172 
11.5613.033 
8389.732142 
66768.78/1 

5000 K 

C9 
09 

0.88993U66t 
0.306996081 
0.2114535656 
i4i4C0b551.5 
332671Ü6.2 
22061935.5 
192371U5.2 
0.1C910SI146 
0.1 102143736 
l6Uv7t)05.C 
13679093.6 
14267572.31 
65031638.5 
76509143. 13 
Ui4lU5079.i 
13522U11.>4 
16195175.1 
0.112165526 
0.231U66116 
1901438.293 
1525U09.73 
38107.14169 
3C6591.000 
16977.8591 
137767.932 
8319.73157 
66288.58U0 

OV 
uv 

6000 K 

C9 
C9 

20Ub999l6 
122052806 

0.507705546 
21578131.5 
1631 11420.b 
952U557.75 
9025351.75 
51227690.5 
517222514.5 
öCöH 15*4. 19 
6686363.50 
2178365.69 
33207990.0 
39971014.314 
22533663.7 
7250056.bl 
8679702.63 
42868392.5 
892198143.0 
87906.5713 
7C6860.1453 
19286.9331 
155532.UbO 
9053.53125 
73550.7773 
14563.0787U 
3651414.5610 

2800oK 
C.2112921I6 
55498607.5 
0.447495876 
2960702.09 
2238064.78 
2704493.81 
1593279.86 
9C03525.00 
9130727.13 
1126212. 17 
933794.633 
2375C0.887 
3612575.91 
381659.645 
2456762.13 
596963.812 
716261.422 
24422934.7 
48417322.5 
17028.3210 
1i3931.770 
2207.59293 
17567.7668 
768.892286 
6205.18298 
^23.265666 
2566.28519 

CV 
09 
OV 

8000 K 

10 

23387257.5 
27575558.5 
59973638.0 
6336037.69 
4789560.88 
2385361.84 
2507V94.16 
I424V091.4 
14372748.2 
2358753.94 
1955752.06 
672629.761 
10256631.7 
1270549.48 
6957889.13 
2380446.53 
2846471.53 
9219182.38 
19392641.0 
23936.6379 
193408.523 
5892.34546 
47654.7500 
2952.53360 
24021.1694 

11556.59377 
12423.9799 

rransition RUSS 
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A (A) 

89143.50 
6761.38 
8S2I.I0 
«079.C? 
«015.71 
7ftU9.0l 
6983.1*9 
«973.29 
6723.28 
6586.51 
6351«.96 
6217.27 
6212.87 
6031«.09 
6010.33 
58itb.ro 
5663.80 
1«593.I8 
"«555.36 
3888.37 
3876.19 
3617.Ml 
3611.52 
31180.13 
3H76.ee 
3MCC.C0 
3398.00 

gA; m 

X(A) 

891*3.50 
8761.38 
8521.10 
8079.02 
8015.71 
7609.01 
6983.M9 
6973.29 
6723.28 
6586.51 
6351«.98 
6217.27 
6212.67 
6031« 9 
6010.33 
58i«i«. 70 
5663.80 
i<593. 18 
•«555.36 
3888.37 
3876.19 
3617.HI 
3611.52 
3U80. 13 
31*76.68 
3U00.00 
3398.CO 

c.waccoo 
U.300000 
1.300000 
2.000000 
I.50CC00 
O.UMCOOO 
0.580000 
3.30C000 
3.20CCOO 
0.60C000 
O.USCOOO 
0.I9C000 
2.90QC00 
0.38C000 
I.900000 
0.76C0OO 
C.88C000 
0.65C000 
I.HOODOO 
0.002900 
0.023700 
0.000938 
0.0076<t0 
0.000S50 
C.0CHH9C 
0.000320 
0.002560 

Ref 
f0rm 
B Am 

NBS 

gA 

c.ueccoc 
i<.30C000 
1.300000 
2.000000 
1.50CC00 
o.uuccoo 
0.58CC00 
3.30CC00 
3.20CC00 
0.600000 
0.1*80000 
G.190000 
2.90C000 
0.380000 
1.900000 
C.760000 
o.eeccoo 
0.650000 
l.UOCOOO 
0.002900 
0.023700 
0.000938 
0.0076U0 
0.000550 
O.OOHH90 
0.000320 
0.002560 

1500oK 

1 
RUSS 

Ref 
for 
gA«" 

NBS 

58186753.5 
9579.9069« 
95U9I057.0 
72.928e7u8 
55.1286659 
217.202023 
59.10B276U 
331.62603« 
338.7361Ö7 
26.51*99773 
23.6721075 
i*.C26i*25i«2 
61.0251*91*1 
5.21581*1*51 
•«1.650581« 
6.UI312H6« 
7.722U1735 
6C81.U5172 
1 1IHC.07I3 
0.73U60229 
5.5739it9IO 
0.HC5O3777E 
0.315H5I1«!« 
0.8686I737E 
0.693U853«fc 
0.27006868E 
0.21286260t 

1600oK 

-01 

-02 
-01 
-02 
-01 

O.IC6lt6629E 
3li696.7090 
0.ie08263i«E 
3H3.28U2H5 
259.1«966«5 
872.01>t656 
263.306217 
li»7e.70i*53 
1508.9H850 
I33.Ö6902U 
1 10.997003 
19.9303731» 
302.215733 
26.5779311« 
206. 165907 
33.75U9219 
UC.6266322 
2C965.870U 
36816.2822 
3.20659876 
2i«.i«i«R67yu 
C.19836771« 
1.5U9U1617 
0.1*51* 10U51E- 
0.36307361 
0. |i«7Ci«2UIE- 
0.11600797 

09 

09 

Cesium Line Intensities—(Cs + Cs+)/He = 0.0: 

1700oK 

Cl 

Cl 

0.ie07S66lE 
107603.7i«2 
0.316lt50l3E 
13UI.6I75U 
lOU.16051 
2961.61*1*71* 
960. 192055 
5509.37152 
5617.2591*0 
521.1*01810 
1*32.318367 
81.1*258127 
1235.23355 
1 1I.H002Ü2 
8H2.293617 
IH5.5Ö5375 
175. li««376 
62251.6367 
I 16339.861 
1 1.72U9689 
89.779175« 
0.80286220 
6.26709286 
0.19460933 
1.5566ü7ö2 
0.653H23H4E- 
0.51595329 

09 

ov 

1800oK 

Cl 

C.28837886E 
293272.551 
0.5186383HE 
HH91.06317 
1391*.90103 
8751.07922 
311*2.31*52« 
17675.603« 
16006.0715 
171*0. 1037« 
li«U2.80055 
263.539139 
•«302.93H57 
396.ÖU i«307 
2V33.01602 
531.9706OU 
639.75U31« 
163227.639 
3o7606.3i«« 
36.99HH3IC 
26M.3H62IC 
?.772U7«61 
21.7603259 
C. 70762967 
5.67U6C63 
C.2i«51«5i«7 
1.937H91Ö3 

C9 

Ü9 

2000 K 
0.632322216 
1598202.72 
0.1 190U766E 
3H711.985I« 
26239.6116 
51*709.0991* 
22566.3872 
127099.091* 
129322.872 
13380.2817 
I 109i*.2107 
23H3.50092 
3558?.1*1*6« 
3H09.36337 
21*21*1.8933 
1*772.01703 
5735.16132 
832898.981* 
15920U0.9I 
258.5733H9 
2C0C.29932 
22.5922692 
178.007031* 
6.2907161*7 
5C.51601 17 
2.30096603 
16.2060H37 

09 

10 
6: 
0, 
II 
1: 

I   I 
6^ 
6« 
7C 
Sfc 
1 i 
IV 
IV 
13 
?fc 
51« 

SI 
60 
\i 

•4 1 

12 
»8: 
^7 
291 
Ik, 
i i; 

3000 F 

RUSS 

0.5615HU66E 
0.2I78883UE 
0.1212U597E 
13501773.5 
1C2C6310. I 
112615«6.6 
7CU0561. 19 
39807766.0 
HC3I17867.0 
512U555.69 
U2U9006.25 
I lli«659.3i« 
16959531«.0 
lti211«3. II 
1 1530378.7 
29017«V.56 
3U80722.59 
93219973.0 
0. 18593109t 
7H378.381«« 
586622.250 
10298.0668 
82086.79«« 
3723.08768 
3C07I.31 18 
1602.0572« 
12725.1632 

IG 
C9 
I 1 

Cesium Line Intensities—Cs * Cs*, He = 0.01 

3200 K 

J9 

References: 

NBS 

0.69230193E 
0.37793291t 
0. 1521 I68UE 
26696398.2 
20181951.0 
20565855.0 
135'«3UV9.9 
76612815.0 
7761U7U0.0 
IC113712.5 
83857U7. 13 
2260251«.09 
3i«39ä06i».5 
3746874. 16 
23380763.0 
6C67598.69 
7276380.63 
0. I5775350E 
C.31632407E 
141631.5Ö8 
1 119752.2« 
2C771.1575 
165809.086 
7758.61377 
6271 1.6563 
3407.05746 
27075.3965 

10 
C9 
I I 

3400 K 

0.8CC907U8E 
0.59ü91827t 
0. 178666I4E 
46861459.0 
35423686.5 
3365U732.U 
23200593.7 
0.I3I29703E 
G.132957i6t 
I?721479.7 
146936VH.0 
4C56241.06 
61743774.5 
6610748.13 
4 1959003.5 
1 1167945. I 
13413935.4 
0.24134655t 
0.48621907t 
240456.674 
1905132.69 
37101.2744 
296546.203 
14263.314« 
1 15361.931 
6376.73938 
50696.6499 

IC 

I I 

3600 K 

0.868815276 
C.e378428lt 
0.1964423IE 
73635818.0 
55663058.5 
4V676896.5 
35676608.5 
0.201978016 
0.20445459E 
27804455.2 
23053960.5 
6500732.ÖÖ 
96972402.0 
1 IC4C147, 
67245577, 
16367429. 
22017696, 
C.33564150t 
0.67901470t 
366627.812 
2V11B85.13 
59212.79CC 
473819.840 
23354.2271 
168996.HV1 
1C6CÖ.69C2 
84373.7021 

IC 
09 
I I 

3800 K 

Ü.88264045E 
0.10816026t 
0.20 19ä694E 
C.1042I5«4E 
76779222.0 
66492537.5 
49525358.5 
0.28C475e7E 
0.2e3ei«65t 
3929/913.0 
32563718.2 
936419«.13 
0. 14259229t 
16065877.6 
96866142.0 
27034301.2 
32401486.7 
0.425857776 
0.864747336 
505605.047 
4C20316.56 
■44977.2303 
660679.172 
34292.6157 
27765«.410 
15801.0787 
125712.792 

10 
10 
I I 
C9 

uv 

810 
623 
0.3 
0.3 
SC3 

17 
121 
0.1 
21 1 
Cl 
359 
430 
C.4 
0.1 
632 
5t4 
1 10 
864 
454 
368 
212 
168 
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09 

ov 

Cesium Line Intensities—(Cs + Cs+)/He = 0.01 (P = latm, Te « Tg) 

1700K 

0.I807S86IE 
107603.71»^ 
0.3l6i»bOI3E 
l3UI.6l7bU 
I0II4. I60bl 
2V6l.6i«U7i« 
9b0. I920bb 
bbC9.37lb2 
St17,2b9i«0 
S2I.I40I8I0 
••3?.318367 
8I.U2bei27 
l23S.233b'> 
I 11.1400282 
8U2.293617 
I'«b.b8b37b 
I 7b.1U8376 
622bl.6367 

116339.861 
1 1.72149689 
89.779l7b8 
0.8C286220 
6.2^709286 
0. 191468933 
1.bbfc607ö2 
0.653142314 i4E- 
0.5lb9b329 

09 

ov 

1800 K 

Cl 

1 

0.28837886* 
293272.5bl 
0.bl86383i4E 
•41*91.06317 
13914.901C3 
H7bl.07922 
31142.3i«b28 
17675.603« 
18008.071b 
I714C.10378 
li4U2.800bb 
2fc3.b39l39 
14302.93i*b7 
396.81*14307 
2933.01602 
b3l.9706O"4 
639.7blU3i4 
163227.639 
3C7606.3148 
36.991414310 
28i*.3i46210 
2.772U786I 
21.76032bV 
0.70762967 
5.671146063 
0.2i4blUbi47 
1.937i49lu3 

09 

09 

2000 K 

± 

0.63232221t 
Ib98202.72 
0. 1 190i«766E 
31*711.98bi4 
26239.6116 
5i4 709.e99U 
22566.3872 
127099.0914 
129322.872 
13380.2817 
I I09i*.2l07 
23U3.50092 
3bb87.1*1*68 
31*09.36337 
2U2i4l.e933 
i»772.01703 
5735.16132 
832898.981* 
15920140.91 
258.57i3i49 
2C0C.29932 
22.5922692 
178.0070314 
6.2907161*7 
5C.5160117 
2.3CC9e6ä3 
18.20601*37 

09 

10 

2200oK 

0. I l8e6595E 
6327731.91* 
0.2323306IE 
18292»*.092 
138276.652 
21*2371.5U3 
1 1 1978.715 
631355.672 
61* I 721*. 734 
7C21U.0273 
58217.7002 
1301*6. 1868 
198218.611 
19590. 1665 
1314953.761* 
28I4C6.UI16C 
31*121.7583 
3121*926.22 
60142852.19 
I2bi4.97i*|i4 
9759.711*60 
121*.il9|it3 
982.629875 
37.1712823 
298.967388 
li*.2122i*U2 
1 12.570880 

10 

2400K 

0.19fc7807i4E 
196851*72.5 
O.UC08U703E 
7221814.383 
5U5916.266 
828029.258 
I*20U82. 168 
2372837.56 
21*09686.1*1 
276231.812 
229036.560 
53915.86l(j 
819536.562 
83123.98i* i* 
557722.2U2 
1^1*135.767 
U90U6.062 
92953C3.75 
181U9559.2 
U626.2U030 
36135.97u2 
5C8.e276a3 
UC32.t* 1*241 
161.1*1*1317 
1300. 18056 
6i«.0>48226i4 
507.752865 

1C 

2600 K 
C.3C2888i*5fc 
5C717B96.0 
0.627I2921E 
2276265.25 
1720682.80 
23092U9.8I* 
1270298.66 
7173802.69 
7279791*.91» 
868072.781 
719759.320 
17661*1.305 
268599«.53 
?78i*e0.777 
1827232.73 
U26372.801 
51171*2.555 
23056901.7 
1*5389721*.0 
13759.i*607 
107876.897 
1653.1*5580 
13132.8601 
551.62709a 
1*1*47.53375 
225.7918U9 
1791.331*09 

10 

1C 

2800oK 
r.i42691333£ 
0.1I2131*31E 
0.9CI416037E 
5982065.13 
U5219814.63 
511614399.25 
321920i*.00 
18191520.7 
181*1*8531.2 
22751*99.00 
1886721.52 
U79867.859 
7299168.01 
771139.008 
U963900.56 
1206158.66 
11*1*7198. 13 
U93U6261*.5 
97826651*.0 
3MUC5.53I3 
270607.629 
1« it6C. 1*1656 
3bi*9b.i«7b1 
1553.53819 
12537.5022 
653.15U67I 
5185.15033 

10 
09 
10 

Cesium Line Intensities—Cs + Cs+/He = 0.01 (P = 1 atm, Te = Tg) 

3400 K 

0.8C0907U8E 
0.59091827t 
0. 1786661UE 
1*68611*59.0 
351*23686.5 
33650732.0 
23200593.7 
0.I31297C3E 
0.1329b7i6t 
177?|i*79.7 
11*691698.9 

1. r c * 'M, 1     rw 
■• -   - 1 . -  -•  1 , ■   • . 

6 171*3771*.5 
68107U8. li 
1*1959003.5 

1 1 18791*5. I 
131*13935.1* 
0.2U13i»6b5t 
0.l*86219b7t 
2U01456.67U 
1905132.69 
3710I.27U1* 
29651*6.203 
1U263.3IUb 
1 15361.931 
6376.fS95ti 
5C696.6U99 

3600 K 

0.868815278 
0.8378i*28lb 
0. 196t*U2j1E 
73635818.0 
55663058.5 
1*9678896.5 
35676608.5 
0.7C19780lt 
0.20l*l*5l*59t 
2780i*Ub5.2 
23053960.5 
6 500 7 32.00 
98972UÜ2.0 
1 10UC1U7.C 
672l*5b77.0 
183671*29.2 
220176V6.7 
C.3356U150t 
0.6790IU7üt 
366827.812 
?91 1ÖH5. 13 
59212.79CC 
1*73819.81*0 
23351*.2271 
188996.H91 
1C6C8.69G2 
ÖM373.7021 

3800 K 

0.8826it0i*5E 
0. I0816026E 
0.2019869UE 
0. 101*21581*8 
78779222.0 
66U92537.5 
1*9525358.b 
0.2801* 7b87E 
0.2e38l86bt 
39297913.Ü 
32583718.2 
936« 198. I 5 
0. Il*2b9229t 
16065877.6 
V68661U2.Ü 
27C3U301.2 
32U0U86. 7 
0.i*25a5777E 
0.86i*7i*733fc 
bC56C5.0i*7 
UC20316.56 
^1*977.2383 
680679.172 
31*292.6157 
277658.1*10 
15801.07ö7 
125712.792 

09 

4000 K 

0.e3958603£ 
0.1276i«l83E 
0.191*228708 
0.133599i*0E 
0.1CC99095fc 
81063311«.0 
62393289.5 
0.353U5853E 
0.357561868 
5C316UI7.0 
UI719669.5 
12 196596.0 
0.18575068E 
2111791*6.7 
C. 12616533E 
35900939.5 
U302187U.5 
0.i*5i*79i*9i*E 
0. 10081123t 
632901.61*1 
501*0205.88 
I 10309. 170 
88i*i*C1.328 
U511U2.5605 
368105.223 
21208.9829 
168769.1*20 

C9 

CV 

5000 1: 

302888738 
I0i*i*ti5vi*t 
73Ci70eue 
1U97ö2di*t 
11322t»39t 
087666.0 
U73509.5 
371338718 
375213908 
150102.5 
556711*.0 
52U657.2 
22133U79fc 
039939.5 
15C2U75IE 
0231*1*7.5 
120182.5 
38175U69E 
78779357t 
8155.609 
91723.00 
9696.377 
i*3i*80.o6 
781*.0U5V 
8892.341* 
316. 1572 
5612.807 

IC 
10 
If 
:9 

09 

6000 K 

0.76i*l*609l*b 
0.45536669E 
0.189i*l9a2t 
8C5C5835.0 
6C856266.5 
35535165.0 
33672678.5 
0.19112535E 
C.1929705lf 
3C086547.0 
2491*6 11*8.5 
8127262.88 
r.l2389566E 
14912793.6 
84070905.0 
27049231.5 
12383C96.7 
0.15993765E 
0.33287024t 
327970.55V 
2637225.09 
7IV57.6045 
5(;0276.016 
33777.6125 
274410.543 
17099.0051 
136344.074 

09 

8000 K 

09Ö597.0 
10623388E   09 
23 104635E   09 
409364.7 
451616.7 
89523.63 
61960.38 
894129.5 
370513.5 
67017.63 
34466.81 
91282.84 
521793.0 
94747.75 
805026.2 
70567.50 
973637.6 
516579.5 
7C9476.0 
215.0664 
5099.625 
7CC.0559 
3588.268 
374.5331 
540.7207 
96.72333 
862.9512 

lental Transition 
ements, NBS MonoRraph 53 

RUSS      Kvater, G. S. and Meister, T. G., Absolute Values of Transition 
Probabilities for Members of the Principal Series of Cesium. 
Leningrad Universitet, Vestnik, No. 9, p. 137-158 (1952) 
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X (Ä) 
Ref 

K A?        for 
Cesium Line Intensities -(Cs + Cs+)/He = 0.02  (P = ] 

1500oK 1600oK I700^K |       l800oK 2000oK 

89U3.50 O.USCOOO   NBS 0.279852896   09 C.5IJÖ6«56   Ö^ 0.86914123146 09 0.138714246 10 0.304272956 10 0.5 
6761.58 I4.30COOO «46075. 1719 166878.1482 517552.215 1410681.80 7690539.00 304 
leszi.io 1.300000 0.I4592703IE   09 0.869708616   09 0.152206106 10 0.249472266 10 0.S72856426 10 0.1 
8079.C2 2.000000 350.7560814 1651.07166 61452.90900 21602.6389 167033.803 861 
8015.71 1.500000 265. I«4U829 12148.08)415 14877.90668 16329.9462 126264.806 666 
7609.01 O.HitCOOO lüUU.6146914 UI914.07159 142144.91 15 42093.9087 263263.605 116 
6983.119 0.580000 2ei4.2ö!j015 1266.140660 4714.52533 15115.1182 108589.279 539 
6973.?9 3.30C000 15914.97650 7112.02808 26498.9617 85022.1143 611599.844 304 
6723.28 3.200000 1629.17326 7257.U90U2 27017.8806 86621.3301 622300.641 3C9 
6586.51 0.600000 137.312931 6143.8610146 2507.83713 8370.14124 64365.8115 338 
635H.98 0.«480000 113.852507 533.8514988 2C79.36380 6940.07147 53385.2559 280 
6217.27 0.I9C000 19.36531493 95.8578081 391.641678 1363.86273 1 1276.90d0 628 
6212.87 2.900000 293.506001 11453.514716 5^41.22333 20697.7139 171246.516 954 
6031«.09 0.380000 25.0859356 127.830130 535.812805 1908.87631 16405.8298 943 
6010.33 1.900000 200.321121 991.be2603 4C51.26181 14108.2151 1 16651.800 650 
58m4.70 C.760000 30.8«4 «43310 162.3148831 700.236176 2558.85263 22962.9084 136 
5663.80 0.880000 37.114114576 195.39921414 842.428230 3077.29343 27597.5510 lt4 
ii593.l8 0.650000 292149.1289 100838.169 299417.762 785147.648 4C07903.41 150 
ti555.36 1.«400000 53578.B81Ö 186692.121 559571.172 1479629.33 7660868.31 291 
3888.37 0.002900 RUSS 3.533116146 15.14225672 56.3947272 177.948362 1244.25293 604 
3876.19 0.023700 26.8082628 1 17.589207 431.Ö19660 1367.74484 9625.42468 470 
3617.141 0.000938 0.19i4ÖC5i49 0.951407632 3.86160463 13.3360077 108.713824 598 
3611.52 0.0076140 1.517lä378 7.145212507 3C.2396441 104.670197 856.568451 473 
3*180.13 0.000550 0.141776705E-0I 0.218140766 0.93641630 3.40379712 30.2708761 179 
31176.88 O.O0«4i49O 0.33353621 1.714625129 7.4965ö805 27.28051^4 243.082655 144 
3U00.00 0.000320 0.129891256-01 0.707220236-01 0.31428345 1.17937623 1 1.0722344 66. 
3398.00 0.002560 0.10237762 0.55795590 2.48163086 9.31960535 87.6073399 542 

X (A) 
Ref 
for 

Cesium Line Intensities—(Cs * Cs*)/He = 0.02  (P = 

.m 
gAn 3000 K 3200 K 3400-K 3600 K 3800K 

89I4J.5C €.«480000 NBS 0.280278766    11 0.3550514676    11 0.427613116 1 1 0.490742276 11 0.5372194 76 1 1 0.5 
8761.38 M.30COOO 0.108752656    10 0.193827066   10 0.315497776 10 0.473247776 IC 0.658317856 10 0.8 
8521.10 I.30C000 0.6053638146   M 0.7801147996   11 0.953918226 1 l 0.110958626 1? 0.1229394 36 1? 0.1 
8079.02 2.000000 673901914.0 0.136925676   09 0.250198496 09 0.415925106 09 0.634310136 09 0.8 
8015.71 1.500000 5C9i4läi42.5 0.103505366   09 0.189130976 09 0.314407636 09 0.479490056 09 0.6 
7609.01 C.UUOOOO 562089149.5 0.1C5i47Uüb6   C9 0.179664966 09 0.280606646 09 0.404707096 09 0.5 
6983.U9 0.580000 35140922.5 69459331.0 0.123870536 09 0.201516026 09 C.301436296 09 0.4 
6973.29 3.300000 0.1986889146   09 0.392917266   C9 0.701009346 09 0.114085416 IQ 0.1707117^6 IG 0.2 
6723.28 3.200000 0.2013814696   09 0.398055756   09 0.709b74046 09 0.115484286 IC 0.172746336 10 0.2 
6586.51 0.600000 25577736.2 51869289.5 94616936.0 0.157050896 09 0.239186916 09 0.3 
635it.98 C.«480000 212C.'68'4.? U 3007228.0 78451279.0 0.130213166 09 0.198320936 09 0.2 
6217.27 0.190000 5563«499.38 1 1591962.14 21656718.2 36718788.0 56995229.5 815 
6212.87 2.900000 8U6148603.0 0.17614114266   09 0.329656826 09 0.559036446 C9 0.867888556 09 0.1 
603lt.C9 0.380000 9089908.25 19216257.0 36363335.5 62359249.5 97785029.0 0.1 
6010.33 1.900000 575505U7.0 0.119VI0616   09 0.224023746 09 0.379830436 GV 0.589576156 09 0.8 
58ii 14.70 0.760000 U«4e3«4«42.6 311183148.7 59733673.5 0.103746726 09 0.164544366 09 0.2 
5663.80 c.eecooo 17373019.0 37317720.0 71618480.0 C. 124364926 C9 0.197211776 09 0.2 
•4593.18 0.650000 0.465280516   09 C.8C9056236   09 0.128857586 IC 0.189583996 10 0.259198506 10 0.3 
«4555.36 1.uocooo ' 0.928021266   09 0.162230286   10 0.259598146 IC 0.383535186 IC 0.526328816 IC 0.6 
3888.37 0.002900 RUSS 371238.172 726373.211 1283824.69 2071992.97 3077367.13 423 
3876.19 0.023700 2927955.19 57U2772.914 1C171713.5 16447514.0 24469672.5 336 
3617.Ul 0.000938 51399.8193 1C6527.170 198087.795 3344b7.965 517214.297 737 
3611.52 C.0076U0 «4C9712.U92 850370.1614 1583292.89 2676327.50 4 142956.47 591 
3U80.I3 0.000550 18582.71141 39790.9058 76153.4111 131914.191 208722.143 303 
3U76.e8 0.00141490 150092.2U6 321623.6141 615930.078 1067531.45 1689969.02 246 
31400.00 0.000320 7996.205114 171473.14697 34046.1143 59922.2056 96173.3281 141 
3398.00 0.002560 63513.9688 138859.152 270675.004 476577.055 765151.406 112 

References: 

NBS        Corliss, C. H. and Bozman, W. R., Experimental Transition 
Probabilities for Spectral Lines of Seventy Elements, NBS Monograph 53 
(July 1962)  
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TABLE IV 

Cesium Line Intensities -(Cs + Cs4)/He = 0.02  (P = I atm, Te = Tg) 

1700oK 

0.8£9UI23i«E 
SI/5b2.2l5 
C.IS2206I0E 
6t»52.90900 
14877.90668 
||<2I4U.V1 IS 
i«71ii.52Si3 
26U9Ö.96I7 
?70l7.e806 
?b07.83713 
?C79.36380 
3VI.6i«l678 
SVUI.22333 
53S.612805 
i4Cbl.26l8I 
7C0.236176 
8i«2.i»28230 
299U17.762 
5b9S71.172 
S6.39U7272 
U3I.«19660 
3.86I60U63 
3C.2396UUI 
0.9i6UI630 
7.i496Sa80S 
0.3H»2ö3"»e> 
?.uei63086 

09 

10 

1800 K 

o.t3e7ii»2ue 
||«I068I.80 
0.2i«9U7226E 
21602.6389 
16329.91*62 
1*2093.9087 
IM IS. 1182 
85022. IU3 
86621.3301 
H37C. UI2U 
6<;i*C.0 7li*7 
1363.86273 
20697.7139 
1908.87631 
11*108.2151 
2558.85263 
3077.293U3 
7fc5iu7.6i*b 
1U79629.33 
177.91*8362 
I 367. 71*i*8i* 
13.3360077 
1CI*.670197 
3.U03797I2 
27.2805151* 

17937623 
31960535 

10 

10 

2000oK 

0.30U27295E 
7690539.00 
0.572e56i»2E 
167033.803 
12626<*.806 
265263.605 
IC8589.279 
611599.8"*»* 
622300.61*1 
6i* 585.8115 
53585.255V 
I 1276.9080 
I7I2U6.5I6 
16UC5.8298 
I 16651.800 
22962.9081* 
27597.5510 
UC07903.1*! 
7660660.31 
12U»i.25293 
9625.U2U68 
108.713821* 
R56.566it5l 
50.2708781 
21*5.082655 
1 1.07223U1* 
87.6073399 

10 

10 

2200oK 
0.57261U35E 
50Ub2656.5 
0.ni92089k 
881202.51*1* 
666121.711 
1 167579.25 
559U56.559 
50UIU36.97 
5C9I388.00 
55821*2.81*8 
2601*52.801 
628U7.5U6I* 
95U680.805 
9U571.9565 
650M>*.520 
1368U2.699 
I6U575.1U1 
1505371*3.U 
29110501.7 
60U5.60158 
U70I5.5859 
598.fa8i*0i*8 
ta755.65'»22 
I79.0656U5 
litUC.21906 
66.U6U8075 
5K2.269001 

10 

I I 

2400oK 

0.960n7l6E 
95081Ui*i*.0 
0.I9561056E 
3U88I73.03 
2636792.59 
59991*07.03 
203091*1.98 
11U60879.2 
11638870.0 
I55U20B.25 
1 106253.81 
260UI5.2VI 
5956387.06 
i*C 1>*91.1*51* 
2695615.78 
599579.609 
719897.117 
1*1*696606.5 
87662936.0 
22 5i*i*. 861*5 
I7U537.659 
21*57.6531*1* 
191*76.8220 
779.766579 
6279.91251* 
5C9.55U925 
21*52.1*6210 

10 

2600oK 

0.1i*70y768E 
0.21*651I65E 
0.30>t56S52E 
II05U690.I 
8556502.06 
I 1211*880.1 
6169209.91* 
5U859598.0 
5555U3U9.5 
1*215798.56 
5U955I3.6V 
857859.508 
1501* K561.u 
15521* U2.86 
8675962.38 
2070681.02 
2M85279.53 
C.11197592E 
0.22CU3535E 
66622.8691 
5239CU.531 
8C50.01585 
65779.7815 
2676.97891* 
21599.1*659 
1096.55690 
8699.62036 

0V 
C9 

2800,>K 

0.209UUU15E   M 
0.55013215t   09 
0.i*i*35b207t   II 
2951*6077.0 
2218U906.5 
26806U02.5 
15795U50.0 
^921*7801.0 
9C5C6696.0 
1 1 165625.0 
9256276.50 
255U236.97 
55809802.0 
5785216.1*1 
2U552950.5 
59171*27.50 
7C99969.88 
0.2U209551E 09 
O.U7995865t 09 
168795.912 
152760U.C0 
2 1662.6530 
17UUI.I89 
7621.675U2 
61509.1235 
5201*.58U00 
25U58.U0U5 

Cesium Line Intensities—(Cs + Cs+)/He = 0.02   (P = 1 atm, Te = Tg) 

11 
10 
11 
09 
09 
C9 

C9 
Ü9 

09 

•   09 

09 
10 

3400 K 

U276I5I1E 
515i»9777E 
95391822E 
250I98U9E 
I89130V7E 

0.17966U96E 
0.125870b3£ 
0.701O093UE 
0.709b7»»OUE 
9U616956.0 
7eU51279.0 
21656718.2 
0.529656e2E 
36563335.5 
0.22U0237UE 
59733673.5 
716I8UÖ0.0 
0.12685758E 
0.2595981UE 
1285821*.69 
10171713.5 
198087.795 
1583292.89 
76153.UlII 
615930.078 
31*01*6.nu3 
270675.001* 

I I 
10 
II 
09 
09 
09 
09 
0V 
09 

09 

09 

3600 K 
U907U227E 
1.732U777E 

0.I1095862E 
0.MI5925I0E 
0.31i*U0765k 
0.2806066Ut 
0.2015I6Ü2E 
0.lli*085i*l£ 
0. 1 l5U8U28t 
O.I5705089E 
0.1502I8I6E 
56718786.0 
0.559056UUE 
6255921*9.5 
0.579630U3E 
0.1037U672E 
C.12U36U92E 
0.1895ö399e 
0.3e3535l8E 
2071992.97 
16UU751U.0 
33MU57.965 
2676327.50 
131911*.191 
1C67531.U5 
59922.2056 
1*76577.055 

11 
10 
12 
Ü9 
09 
09 
OV 
10 
IC 
09 
Ü9 

C9 

09 
09 
C9 
10 
10 

3800 K 
0.5372191* 7E 
0.6583I785E 
0.1229391* 5E 
0.65I*310I3E 
0.M79U9005E 
ü.i*0i*70709b 
0.5C1U3629E 
0.17071 175E 
0.1727U633E 
0.2591869IE 
0.19852095E 
56995229.5 
0.86788855E 
97765029.0 
C.58957615E 
0. 16U5I* i*38E 
0.19721177E 
0.25919850E 
0.52632881E 
3077567.15 
2UU69672.5 
517211*.297 
1*11*2956.'»7 
208722.1U3 
1689969.02 
96173.3281 
765151.U06 

11 
10 
I? 
09 
09 
09 
Ü9 
10 
10 
C9 
09 

09 

09 
09 
09 
10 
10 

4000 K 
0.56I2U306E 
0.85325U9UE 
0.1298372IE 
0.89307987fc 
0.67510021E 

51*I88875E 
UI708UUE 
25627852E 
25902150E 
536353IUE 

0.27e88595E 
81531309.0 
0.12416986E 
0.1U116839E 
0.84338U9IE 
0.2599891UE 
0.28759068E 
0.53075851E 
0.67389882E 
1*250795.25 
33692565.5 
737390.266 
5912010.06 
503772.586 
2U6069l«.8t* 
11*1776.91*9 
1 126316.66 

II 
10 
12 
09 
09 
09 
09 
10 
10 
09 
09 

10 
09 
09 
09 
09 
10 
10 

5000 K 

0.5670982UE 
0.12665595E 
0.88U96006E 
0.iei53536E 
0. 15722688E 
0.91CÖ5552E 
0.79555265E 
0.U5C05895E 
0.U5U7556I1E 
0.68C55H8IE 
0.56U26289E 
0.1760371.5E 
0.2662556UE 
0.5156C156t 
0.ie209855E 
0.55779976E 
0.66805152b 
0.U626850IE 
0.95i*7982i*E 
7655583.75 
62925185.0 
1571931.86 
1261*6885.5 
700337.062 
5682930.19 
5U5189.105 
273UU05.53 

I 1 
I 1 
I I 
10 
IC 
C9 
09 

10 
10 
09 
uv 
09 
10 
C9 
10 
09 
09 
10 
10 

6000 K 

0.I29UÜ989E 
0.77C85629E 
0.52065U68E 
C.I562B252E 
0.1C30I9Ü3E 
0.60I5U831E 
0.57001965t 
0.5255U18UE 
0.52666539E 
0.5C93I27IE 
0.i*2229U?Mb 
0.1375e056E 
0.20973572E 
0.252i*i»756t 
0.1U231736E 
C.U5789626E 
0.5U61Ö929E 
0.2707U652E 
0.565U9121E 
5551969.06 
U1*6U36I7.0 
1218116.61 
9825059.75 
571799.598 
1*61*5291.38 
289U56.505 
2306067.16 

I 1 
10 
I I 
10 
10 
09 
OV 

10 
10 
09 

uv 
C9 

10 
09 

10 
C9 
09 

10 
10 

8000 K 
0.1782e685E 
0.2'021529E 
O.U5719582E 
0.U6301177E 
0.56512004b 
0.1818i*20tE 
0.19119056t 
0. 10862U33E 
0.I0956700E 
0. I7981563E 

10 
10 
10 
09 
C9 
09 
09 
10 
10 
09 

U • I H TU ' I UWL  W ' 

51276227.5 
C.7e2056C6E 09 
96857122.0 
C.550U1705E 09 
0.I81U675IE 09 
0.2I7U601E 09 
0.702e01ÜOE 09 
0.1u7e3i*88E   10 
lfe2U7U8.97 
11*71*1*009.0 
1*1*9168.027 
3652659.13 
225076.916 
1651195.00 
1 18662.981 
91*7110.61*1 
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X(A) 

e9i«3.S0 
8761.38 
8521.10 
8079.02 
80IS.7I 
7609.01 
6983.>«9 
6973.29 
6723.28 
6586.51 
635U.98 
6217.27 
6212.87 
603)4.09 
60)0.33 
581« i|.70 
5663.80 
)t593.ie 
U555.36 
3886.37 
3876.19 
361 7.MI 
3611.52 
3)i80.l3 
3<<76.e8 
itCO.CC 
3396.00 

X(A) 

Am 

o.iteccoo 
14.3CCC00 
1.300000 
2.0CCC00 
I.50CC00 
O.UUCOOO 
0.580000 
3.30CC00 
3.200000 
0.600000 
c.Meccoo 
C.I9CC00 
2.90C00O 
0.38C000 
I.90C0OO 
0.76CC0C 
0.88COOO 
0.65CC00 
1.UCCC0C 
C.0029C0 
0.023700 
0.00C93ä 
0.0076ttO 
C.00C550 
COOM^C 
0.00C320 
0.002560 

e Am 
B A n 

fc9M3.50 
8761.38 
8521.10 
6079.02 
6015.7) 
7609.C) 
6983.i|9 
6973.29 
6723.28 
0566.5 
!i35i<.98 
62)7.27 
62)2.67 
60311.09 
60)0.33 
58itU.70 
5663.60 
i«593.)8 
1»555.36 
3886.37 
3876. )9 
36)7.H) 
36)).52 
3i»80.)3 
iuu.es 
3U00.CC 
3398.00 

0.1180000 
i«.30C0OO 
1.300000 
2.000000 
).500000 
O.itNCOOO 
0.580000 
3.300000 
3.200000 
0.60CCOC 
eocene 
O.)90000 
2.900000 
O.38C0OO 
1.900000 
0.760000 
0.680000 
0.650000 
l.UOCCOO 
0.002900 
0.023700 
0.000938 
0.0076U0 
0.000550 
0.00i«U90 
0.00C320 
0.002560 

Ref 
for 

NBS 

RUSS 

Cesium Line Intensities—(Cs + Cs+)/He =0.05  (P - 1 atm, 

1500oK 

Ref 
for 

m 

NBS 

. ))523309E 09 
8972.0561» 
.)89)l057fc 09 
i«U.ii28U19 
C9.176862 
30. )li70U3 
)7.058085 
56.752502 
70.833i«66 
6.5itOi*0)0 
6.8802629 
97393666 

20.65lt9i«6 
C.329it63) 
2.i<8ii8509 
2.7C0558) 
5.293tt82U 
20i«3.7)26 
206).U07it 
.I45U80706 
).0386539 
.802)3717t-0) 
.62W2033 
.)7^02)06E-C) 
.1373379) 
.53i«8l«lt29E-02 
.U2)55328fc-0) 

1600oK 

0.2)08i»760E 
687)3.93i<6 
0.358))|it8E 
679.bi»5772 
SIS.9I1SI« 
)726.95221 
52).U5597I 
2928.it508i« 
29He.3U650 
265.))6U2) 
2)9.820292 
39.l470l»399 
598.5)3023 
52.635373) 
UC8.291I357 
66.81*88035 
8C.i*57651U 
1*152).1553 
76872.U053 
6.3501*0)0** 
i*6.i*)85677 
P.39285076 
3.0681*893) 
0.8993)6Ü6E' 
0.7)903696 
C.29)2C522E 
0.22971*1*09 

09 

GV 

Cl 

01 

1700 K 

0.35798386E 
2)3)01*.109 
C.6267)1» i* 7E 
2657.0100) 
2C08.U9678 
5865.39691 
)«lt).22389 
ICvl l .üuvl 
) 1121*.7)58 
1032.61)56 
856. 186020 
161.259960 
?U1*6.32150 
220.622976 
1668.12257 
288.32U932 
3i*6.8730t>5 
123286.1*13 
230UC5.576 
23.22071*51 
177.8031*00 
1.59003051 
12.1*512893 
C.385573Ü0 
3.08671*890 
0.129UÜ7UI 
1.02182)02 

09 

09 

1800 K 

C.57)|ii239E 
580831*.1*77 
O.)027)776E 
869»..676)5 
6723.69623 
)733).7566 
6223.50256 
35007.0269 
35665.U888 
3UU6.321» 13 
2857.50681 
56).557)V8 
8522.08203 
7e5.96)227 
5806.92010 
IC53.5826U 
1267.0U558 
323276.8V5 
6C9222.961 
73.26850»* 1 
563.155617 
5.U9097I27 
1*3.0969331* 
l.i*Cli*a030 
1 I.232U862 
0. »»8559668 
3.83725673 

2000oK 
0.125259038 
3165938.69 
0.23582590E 
68762.2510 
51979.0U2 
108376.856 
i»i»702.588i» 
251775.283 
256180.it»t3 
26505.it93i< 
21976.9312 
i»6it2.32739 
70U96.i«85i» 
6753.73358 
U802I.6602 
91*53.061» i»5 
1 1360.9924 
16it9920.31 
3153732.50 
512.21 71*76 
3962.U666U 
MU.7538595 
352.620697 
I2.>i6l51^) 
ICO.069031 
U.55807000 
36.0650231* 

10 

10 

Cesium Line Intensities—Cs + Cs*/He = 0.05    (P - 1 atm - 

3000 h 

RUSS 

0.)) 31*36906 
0.i*t*C)53i*)E 
0.2U5C0822E 
2727U756.5 
206)7633.7 
227U938U.0 
U2225U5.7 
801*15)1*8.0 
8)506)99.0 
103 J20<*O. U 

8583362.)3 
225)708.78 
3U259733.0 
36769U8.25 
<!3292367.7 
5861867.25 
7031362.19 
0. I883I2U5E 
0.37559699E 
150250.805 
1185027.97 
20802.9905 
165822.U71 
7520.96075 
607U6.66U6 
3236.291*98 
25705.9360 

09 

3200 K 

0.1U189580E 
0.77U62003E 
0.31178220E 
51*721651*.0 
U1365393.5 
1*2152251.0 
27759070.0 
0.15702739E 
0.15908096E 
20 729295.C 
17167620.7 
1*632669.00 
7C503069.0 
7679679.88 
U7921752.0 
12U36290.5 
11*913837.7 
0.32333522E 
0.6Ue3i«51UE 
290291.375 
2295070.16 
U2573.01*39 
3398U6.133 
15902.231*0 
128535.260 
6983.18372 
55i»9U.357i* 

04 
09 

3400 K 
1677l7bi*E 
1237U369E 

0.3 71* 1<*385E 
981323U2.0 
7UI8C56I.0 
7CU67B26.0 
1*8581*21*5.0 
0.2 7i*9i*8i*itE 
0.278i«253i»E 
J I  I IUHOV. J 

30769999.7 
8i*9UI53.75 
0.12929732E 
1U262352.9 
87866136.0 
23U286I8.7 
28090053.7 
0.5C5U0259E 
0.10181905E 
503539.090 
3989b28.63 
77693.5889 
620995.898 
29868.73U1* 
2U1578.830 
13353.1*973 
106163.595 

I I 
10 
I I 

09 
09 

09 

09 
10 

3600 K 

0.ie7i*7070E 
Cl 60787;) i*E 
0.it2387810E 
0.)58889U5E 
0.)20)0829E 
0.107195826 
76982058.0 
0.U3582292E 
0.1*1*1166806 
itytbiJ i.w 

1*971*5236.5 
11*027112.1* 
0.213560076 
23822U2.2 
0.IU510076E 
39632761.0 
1*75092)2.5 
0.72i*2385)E 
0. 1U651603E 
791531.508 
6263190.00 
127767.817 
1G22396.13 
50393.1U31 
U07812.570 
22891.1558 
182059.383 

09 

09 

3800 K 

0. 19812579E 
0.2U27Ö67IE 

i*5339e9i*E 
23393270E 
17683527E 
1i*9255i*2t 
1)))69^9E 
62958260k 

0.63708609E 
O t-O I  I Q f\f\     A 

731MCU85.0 
21019762.0 
0.320076I0E 
36062983.5 
C.217U3it88E 
6066371*1.5 
727311*31.0 
0.95592051E 
0.191*109 3i*E 
113U928.75 
9C2U381.50 
1907U7.920 
1527916.6U 
76976.U375 
623258.250 
35U68.5908 
282186.781 

I I 
10 
I I 
0' 
ov 
cv 
C9 
cv 
09 

09 

09 

09 
10 
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TABLE V 

eslum Line Intensities—(Cs + Cs+)/He =0.05  (P - 1 atm, Te = Tj?)                                                                                                         j 

1700oK 1800oK 2000°K 2200oK 2400oK 2600'K 

Ö.6C296888E" 10 

2800 K 

09 0.3S79«3b6t   09 0.571HI239E 09 0.12525903E 10 0.23560S38E 10 0.394562156 10 0.8544951IE   10 
2I3I0U.I09 580834.1.77 3165938.69 12542259.7 39073917.5 0.100965596 09 0.224444206   09 

ov 0.6267IUHf£   09 0.10271776t 10 0.23582590E IC 0.4605C479E 10 0.79564583E 10 0.124844446 1 1 0.180973646   11 

?6b7.0l00l 8894.67615 68762.2510 362575.645 1433471.97 4531427.63 1 1973496.9 

2008.••967Ö 6723.69623 51979.0142 274079.512 1083595.39 3425413.44 9051049.75 
5fc65.3V69l 17331.7566 108376.856 480407.020 1643564.64 4597091.06 10937354.4 

IVbl.22309 6223.50256 44702.5884 221954.113 834619.820 2528820.59 6443448.50 

IC9I l.uu/l 35007.0269 251775.283 1251416.28 4709872.13 14281098.4 36411525.0 

1 n2(«.7lb8 35665.4888 256180.443 1271968.92 4783017.81 14492100.2 36925948.5 

I032.6llb6 3446.32413 26505.4934 139171.916 548295.656 1728097.81 4554560.88 

t)56. 106020 2857.50681 21976.9312 1 15393.876 454617.301 1432845.88 3776397.25 

161.2^9960 561.557198 4642.32739 25858.9751 1C7C18.206 351645.160 960487.078 

2i|i«6.321S0 8522.08203 70496.4854 392891.062 1626707.39 5347095.56 14609766.5 

220.6229/6 785.961227 6753.73358 38829.8618 164993.738 554379.7V7 1543485.44 

I66e.l22b7 5808.92010 48021.6602 267495.180 11C7C29.19 3637525.56 9935573.38 

2b8.3214932 IC53.58264 9453.06445 56304.6958 246398.490 848792.781 2414205.84 

3i«6.e730bS 1267.04558 11360.9924 67633.0732 295843.215 1018740.83 2696662.25 

123286.tt»3 323276.895 1649920.31 6193947.00 18450353.5 45900046.5 96769794.0 

230i»CS.S76 6C9222.96I 3153732.50 1 1977596.7 36025266.0 90358647.0 0.1958Ü6476   09 

23.2207U'JI 73.268504 1 512.217476 2487.49655 9182.67664 27391.3599 68864.9326 

l77.h03i»C0 563. 155617 3962.46664 19344.8262 71726.6973 214753.686 541638.961 

1.5900 30bl 5.49097127 44.7538595 246.414198 1009.97700 3291.58267 8927.81726 

I2.iibl2893 43.0969334 352.620697 1947.68031 8004.04059 26143.9675 71046.5273 

-01 C.38bb73ÜO 1.4C14ö030 12.4615121 73.6775637 320.446697 1098.14015 3109.50888 

3.0e67k890 1 1.2324862 ICO.069031 592.586197 2580.74310 8853.83521 
449.490421 

25094.6353 
1307.33203 -01 0.I2VMÜ7III 0.48559668 4.55807000 28. 1702285 127. 130052 

1.02182102 3.83725673 36.0650234 223.127846 1C07.84440 3566.06100 10378.4193 

#% 

esium Line Intensities —Cs + CsVHe = 0.05    (P - 1 atm - Te = Tg)                                                                                                     j (vJ 
3400 K 3600-K SBOO'K 4000-K 5000 K 6000 K BOOO'K 

*/ 
11 0.t677l7bUt   II 0.ie747070t 11 0. 19ei2579E 11 C. 19793040E 11 C.94856726E 10 0.272063926 10 0.337461646   09 M_ 
09 O.I237i»389fc   10 C.18C78754E 10 0.24278671b 10 0.30091257E 10 0.32722227E 10 0.162060396 10 0.397895876   09 ; ^B 
1 1 0.37ii|it38bE   II 

98l323it2.0 
0.423878106 
0.158889451: 

11 
09 

0.45339894E 
0.23393270E 

11 
09 

0.457889536 
0.314957406 

11 
C9 

0.228670I6E 
O.469O80I76 

1 1 
09 

0.674126016 
0.286512126 

10 
C9 

0.865377326   09 
91424558.0 

7i«l8Cb6l.O 0.1201082VE 09 0. 17683527h 09 0.238083766 09 0.354588816 09 0.216581306 09 69109988.0 

7CU67826.0 0.107195826 09 0. 14925542t 09 0.19110482E 0V 0.235I5467E 09 0.126466066 09 34419090.5 

Ub58U2'»5.0 76982058.0 0.11 I16929E 09 0.147090696 09 C.205045686 09 0.119837666 09 36188588.0 

09 0.27i«9U8t»i»E   09 0.43582292E ÜV 0.62958260t 09 0.833270056 09 0.1 16293446 10 0.680195796 09 0.205604346   09 

09 0.278i»253UE   09 0.4U11O680E cv 0.63708609E 09 0.842943566 09 0.117507056 10 0.686762576 09 0.207388626   09 

•l 1 IUt«6U.b 59995m.U öö2 i iöüO.ü 0. i ia6iv7!>fc UV 0.1/SOHTMVE 09 0. 107074966 09 340 3J•5 • .C 

30769999.7 49745236.5 73140485.0 96353126.0 0.14580329E 09 88780821.0 28220123.7 

8M9UI53.75 14027112.4 21019762.0 28753184.0 45487377.0 28924107.2 9705573.75 

0.12929732E   09 0.21356007E 09 0.320076I0E 09 0.43790279E 09 0.69316191E 09 0.440932I4E 09 0.148027716   09 

1U262352.9 73822142.2 36062983.5 49785056.0 81550190.0 53073125.0 16333133.7 

87866136.0 0.14510076E 09 0.21743488E 09 0.297431776 09 0.47Ü53540E 09 0.299l99e5E 09 0.10039743E   09 

23U286I8.7 39632761.0 60683741.5 84635609.0 0.14413324E 09 96265481.0 34348166.0 

28090053.7 47509212.5 72731431.0 0.1C142304E 09 0.172621806 09 0.115248176 09 41101437.0 

09 0.5C5i»ü259E   09 0.7242385IE 09 0.9559205JE 09 0.1I664672E 10 0.119555456 10 0.56920193E 09 0.133026306   09 

09 0.1018l905fc   10 0.14651603E 10 0.194I0934E 10 0.237660076 10 0.24671607E 10 0.1 18465156 10 0.279822136   09 

503539.090 791531.508 1 134928.75 1492050.53 2029851.61 1 167214.08 545388.820 

3989528.63 6283190.00 9024381.50 11882165.1 16259100.7 9385617.63 2790748.72 

77693.5889 127767.817 190747.920 260051.238 4C6180.941 256089.840 85022.3916 

620995.898 1022396.13 1527916.64 2084955.03 3267904.88 2065143.67 687624.453 

29868.731.4 50393.1431 76976.4375 107129.755 180964.311 120211.822 42602.9790 

2i.I578.830 407812.570 623258.250 867799.289 1468446.56 976599.383 346608.547 

13353.4973 22891.1558 35468.5908 49999.6724 88678.7002 60853.6304 22460.5510 

106163.595 182059.383 282186.781 397917.035 706559.516 485234.777 
_ 

179269.273 
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0 •*r Ref Cesium Line Intensities—(Cs + C8+)/H e=0.10    (P=l utm. 1 
X(A) for 

g An 1500'K |          160(rK |           1700"K |        1800oK {        ZOOO'K 
89115.50 0.H8C00O N 3S 0.53M26557E   09 0.977581566 09 0.165980816 10 0.261*825606 10 0.5e095073E 10 0 
8761.38 (1.300000 87961.8506 318587.812 968066.6/2 2693196.00 11*683606.1« i 
8531.10 1.300000 0.8767903UE   09 0.I660361IE 10 0.2905789UE 10 0.».7627870E 10 0.1C937592E 11 1 
8079.02 2.000000 669.6261*57 3152.06189 12319.3U51 1.121.2.5698 318918.91*9 1( 
8015.71 1.500000 5C6. 1861*97 2382.71823 9312.Uöi*62 31176.23<*6 21.1078.587 1. 
7609.01 O.UWCOOO 199U.32959 80C6.90U66 27195.1736 80363.371.0 502651.277 ?. 
6963.119 0.580000 5K2.726921 2UI7.69760 9000.57080 26856.9519 207350.565 M 
6973.29 .3.300000 301* 1*.96066 13577.5771 50589.561*0 162319.51.5 1 167732.59 V 
6723.28 3.200000 3110.2U5U5 13855.2791* 51580.2393 165572.676 1188163.50 V 
6586.51 0.600000 262.1U3337 1229.19551 1.787.71.933 15979.8150 122932.335 "■ 

63511.98 C.1.8CC00 217.355175 1019.18288 3969.7UI.5I 1521.9.6025 101928.868 i 
6217.27 0.190000 36.9702792 163.002199 71.7.688960 2603.81168 21531.0891 \i 
6212.87 2.900000 560.3306U3 2771*.96777 1 131.2.1*763 59511*.9560 326962.316 It 
603)1.C9 0.380000 1*7.8911*180 21*1*. 01*0581 1C22.92823 56». I*.52162 31525.7798 II 
6010.33 I.9CC000 582.U3I927 1893.03096 7'3i*.32U52 26931..6279 222721.. 199 1/ 
58tm.70 0.760000 Sb.88i*7375 309.9U0250 1 ,36.83136 ue85.2206«. 1.581.5.2617 ?t 
5663.60 0.880000 70.9C65U66 373.036816 1608.29231* 567...99927 52692.2217 ', 
"»593.16 0.650000 55839.3U72 192510.211 571622.937 11.98960.70 7652521.UU Zf 
M555.36 I.UOCOOO 1C2267.U0 356i*|i*.0t*3 1068285.70 2621*826.88 11.626991*. 1 b! 
3888.37 0.002900 RUSS 6.71*505275 29.1*1*32325 107.661*016 339.729218 2375.66190 1 i 
3876. 19 C.023700 SI. 1795030 221*.1*89628 821*.393372 2611.22318 16377.8989 B1 
3617.1*1 0.000938 0.37190206 I.821U2769 7.3722U7I0 25.1.603722 2C7.568157 i 1 
3611.52 0.0076U0 2.8961*1*700 11*.2268566 57.7309561 199.830578 1635.1.5268 K 
3t»80.13 0.000550 0.79755672t-0I 0.1.1696220 1.78772636 6.U963I.222 57. 7961.218 \k 
3<*76.88 0.001*1*90 0.63675208 3.33376935 U.31I8U8I* 52.0821*585 1.61.. 119621 ?! 
31*00.00 0.000320 0.21»797U66E-0I 0.1350151.6 0.60000323 2.25160021 21.11.03059 1 i 
3398.00 0.002560 0.I95U4853 1.06519391* U.73771858 I7.792U776 167.269382 10 

X(A) 
.m Ref 

for 

US: 
Cesium Line Intensities—(Cs - Cs*), He = 01.0  (P = 1 atm, T 

3000 K 3200 K         j 3400^         | 3600 K        j 3800 K 

1/ B9I.3.5C C.U6C000 NBS C.539505121:   11 0.667590706 11 0.8355Vi*let 11 0.9712075IE ii C.1C6150Ut 
6761.38 •(.300000 0.209336651    10 0.37536I02E 10 0.6I651082E 10 C.9365bl*66k IC 0.1325290IE I 1 :. 
6521.10 1.30C000 C.n65257i.t    12 0.151061666 12 C. 1861.01.136 \i 0.21959552E 1? C.21.7U9507E 12 0. 
6079.02 2.000000 0.12971855E   09 C.265167IIE 09 0.I.869I0I8E 09 0.825I396IE 09 Ü.I276959IF 10 '.. 
6015.71 1.500000 96057325.0 0.20Citit609E 09 Ü.36957879E 09 0.62^25087E 09 0.96528365E 09 0. 
7609.Cl c.uucooo C.1061959IE   09 0.20I.2590IE 09 0.351061i7E 09 0.55553676E 09 0.6 11.751*606 09 0. 
6963.1*9 C.58C000 676U2329.0 0.I3U51333E 09 C.2M2C5U07E C9 0.596811056 09 0.606835376 C9 .. 
6973.29 3.300000 0.382U53bÖE   09 0.7609IU53E 09 0.I36963U8E IC 0.22578165E 10 0.5U56677U6 10 
6723.28 3.200000 0.3876U29IE   09 0.77C66560E 09 C.13b71572E 10 C.22e55007E IC 0.5i.77656Ufc 10 0. 
6586.51 0.600000 1*9231*269.0 0.IC0UU867E 09 C.iei.869v3E C9 0.31C81279E CJ 0.U6151825E 09 0, 
635*4.98 c.uecooo UC822M1.0 83286807.0 0.153300606 C9 0.25770926k : v 0.5992I.9C5E 09 0. 
6217.27 C.190000 IC7C91I1.** 221.1.8727.2 1.2319159.') 72666605.0 0.1 11.75973E 09 c 
6212.67 2.90C00O 0.I6293905E   09 0.31.1639606 09 0.61*1.17861*6 09 Cl 1C6565UE IC 0.171*718666 10 c 
603U.C9 0.360000 171.97052.2 37213760.5 71057202.0 0.125U12i'jE c* 0.19685557E 09 0. 
6010.33 1.900000 0.11C77833E   09 0.23221653E 09 0.1*37762596 C9 0.75I70635E ■'.v Cl 18690306 IC 0. 
581(1*.70 0.760000 27676999.7 6C263077.0 0. 1 16721*926 09 0.2C532076E 09 0.351251926 09 0. 
5663.60 0.880000 33U1.1I09.7 72266637.0 0.1399i*eyOE 09 0.2U612536E 09 0.5970I617E 09 0. 
1.593.16 C.650000 0.89561271E   09 0.156679976 10 0.2517V923E 10 0.575I9769E 10 Ü.521801.51E IC 0. 
1*555.36 I.UOCCOO 0.17663367E    10 0.311.1711. UE 10 C.5072779UE 10 0.759058266 10 0.105957696 1 1 0. 
3888.37 0.002900 RUSS 71i.59l.773 li.06677.63 2506708.00 l*10Cb93.75 6195190.31 87 
3876.19 0.023700 5635981*.81 11121322.0 19876U35.7 3255C560.0 1*9261032.5 69 
3617.1*1 0.000938 96936.6779 206296.062 367061.227 661911.633 1Ci.1228.08 15 
3611.52 0.0076U0 768650.523 161*6607.30 3C93ö9b.65 5296606.81 831.0377.61 li 
3U80.I3 0.000550 35769.6372 77056.151»* 11*8810.5b9 26IC65.8Ü3 1.20188.215 6<' 
3U76.68 0.00UU90 268910.711 62261.8.91*5 1203582.33 2112706.38 31.02 151*.91* bC 
3U00.CC 0.000320 15391.7968 33838.7188 66529.11.S5 118569.506 193610.961* ?* 
3398.00 C.002560 122257.25U 2689 11. Mi* 526923.109 91*3173.516 15UC361.75 23 

References: 

NBS        Corliss, C. H. and Bozman, W. R.,       _        
Probabilities for Spectral Lines of Seventy Elements, NBS Monograph 53 
(July 1962) 
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TABLE VI 

ine Intensities—(Cs + Cs+)/He = 0.10    (P = 1 atm, Te = Tg)                                                                                                        j 

1700'K         I 1800oK 200O'K          j 2200TC 2400'K 2600oK 280OTC 

1) . lt'j9«0«H 10 0.26U82560E 10 0.5e09S073E 10 0.1093561« 7E II 0. 1631168066 II 0.28142945E II 0.4CI6I5I0E 

bB066.6/2 2693196.00 |i«683606.<« Sd2l502U,5 0.161690416 09 0.471246426 09 0.105469406 10 

.290S7e9i»E 10 0.i«7627870E 10 0.109575926 11 0.2I37U376E II 0.369968586 11 0.562696466 1 1 0.650561206 1 1 

?5IV.iUSI Iil2>i2.5698 318916.9U9 1682698.50 6665523.1*1« 21149968.0 56275771,0 

il?.Utti«62 31176.23tt6 2^1078.387 1272IU2.83 5036627.00 15967761.4 42540166.0 

7I9!>. 1736 80363.371*0 502651.277 2229611«.00 761*21*36.63 21456445.0 51405673.0 

CO0.S7OU0 26856.9519 207330.363 IC3C2G2.25 3680911.63 1 1803007.6 30264368.7 

osev.b6i«o 162319.5113 1 167732.39 56081*61.25 2190C507.5 66655543.5 0.171135196 09 

IS80.2393 I6S372.676 1 166163.50 5903856.50 2221*0628.5 6764C372.0 0.173552996 09 

787.7U933 1597V.8130 122932.335 ft«i5967.852 25U9528.U7 8065717.00 21406564.2 

969.7iti4SI I32i«y.6025 101926.868 5356ÜI.81«!* 2113932.00 6687659.25 17749173.0 

U7.666980 2603.81168 21531.0891 120024.693 U97625.602 1641267.25 4514316.19 

I3U2.U763 39511«.9360 326962.316 1623607.63 756M051.Ö8 24957013.2 66666312.0 

022.92823 361« I«.32162 31323.7798 160229.195 767206.937 2567510.19 72541*24.66 

73lt.32<tb2 26931«.6279 222721«. 199 I2UI572.3I 5IU7592.13 16977772.5 46697474.0 

336.63136 U685.22061« U38U3.2617 261336.812 1 I>t5732. 11« 3961652.16 11346635.2 

608.?9?3it 5671».99927 52692.2217 313919.591* I3756U5.V7 4754667.00 13614393.6 

71622.937 IU98960.70 7652321.UU 267U9267.7 85792585.0 C.2I423370E 09 0.464220816 09 

06826^.70 2e2i«826.66 1M62699U.1 55591.136.5 0.167511* i*it6 09 0.421739606 09 0.920295956 09 

07.66U0I6 339.72V218 2375.66190 1 15U5.7UOI« U2696.6701* 127846.326 323667.121 

214.393372 2611.223)8 16377.8989 69789.2061 333523.078 1002340.52 2545716.38 

.3722U7I0 25.U603722 207.568157 1 IU3.73398 U696.31128 15363.1204 41960.9912 

7.7309S6I 199.830578 1635.««5268 90U0. 17766 37216.1118 122024.254 333920.676 

.78772636 6.U983M222 57.796««25e 3U1.975155 li«9C.05005 5I2S.45508 14614.7789 

M.3M6U6I« 52.0e2'«585 U6U.II962I 2750.U9i.(Jl 12000.2372 41324.3564 117945.489 

.60000323 2.25160021 21.1M03039 130.752399 59I.IM3997 2097.94966 6144.49731 

.73771858 17.792'«776 167.269382 1035.65016 •«686.39124 16644.2195 46776.6626 

Line Intensities—(Cs + Cs+)/He =01.0  (P = 1 atm, Te = Tg)                                                                                                             j 

3400 K 3600DK 3800K         | 40000K 5000 K 6000K 8000-K             | 

.eibSVM 181 II 0.9712073IE II 0.IC6I50I1.E 12 0.1 I5U9637E 12 0.696995516 1 1 0.369013616 1 1 0.56386092E 10 

.6l6S1082fc 10 C.93658U66E 10 0.IJ252901E 1 1 0.I7558855E 1 1 0.3C9U318UE 1 1 0.2198I045E 1 1 0.664639826 10 

.ie6U0UI3E \i 0.21959352E 1? C.2U7U9507E 1? 0.267le776E 12 0.216237616 12 0.91435009E 1 1 0.144594946 11 

.l4e89IOI8t ov 0.823I396IE 09 Ü.127695V1F 10 0.163763996 IC 0.4U35772I6 IC 0.366610426 10 0.152760266 10 

.36957879fc oy 0.622230b7E 09 0.96528365E 09 0.I3692666E IC 0.335310516 10 0.293759626 10 C.M5475I16 10 

.3äl06l37t 09 0.55533676E 09 0.61U73U60E 09 0.ni5l35IE IC C. 222369776 IC 0.171532116 10 0.575IC477E 09 

.2U20bUG7t 09 0.39b8llö5E 09 0.6C6b3537E 09 0.85830382E ov 0.19389775E 10 0.162541666 IC 0.604671116 09 

.l3e963i«6E IC 0.22578163E 10 0.3U36677UE 10 C.i*8622965E IC 0.1C997079E 11 0.922582666 10 0.343542036 10 

.136715726 10 0.22855007E 10 0.3U77636UE 10 O.U9ie7it5i«6 IC 0.1111I8U2E II 0.931469666 10 0.346523376 IC 

.161*669936 09 0.3IÜ8I279E 09 Ü.'«ei5lb<r5t 09 U.6V^ 1 fÜUt tv f.i66?37CC£ IC 0. I4S23I03E IC C.56c68967E 05 

.)5330060E 09 0.25770926E ov 0.3992U905E 09 0.573910296 09 0.13767625E 10 0.1204I777E IC 0.471526926 09 

2319159.5 72666603.0 C.l 1U73973E 09 0.167760626 09 0.i«301i«3ie6 09 0.3923lie2E 09 0.162169366 09 

.6UI« l786Ut 09 0.11C6365UE 10 0.17W7I866E 10 0.255525106 10 0.6551*76076 10 0.59805765E 10 0.24733766E 10 

1057202.0 0.123U1255E 09 0.19685557E 09 0.2905ü5ö3fc 09 C.77116U676 C9 0.719856776 09 0.30632630E 09 

.U3776239t C9 0.75170635E ov 0.1 I869030E 10 0.173557U2E 10 0.UUU95332E 10 0.4C58I94CE IC 0.167752966 10 

. 1 1672i»V2e 09 0.2C532076E 09 0.33I25I92E 09 0.i«9386562E 09 0.136296996 10 0.I305695ÖE 10 0.5739I970E CV 

.1399i»8VOt 09 0.2I«612536E 09 0.3970I6I7E 09 0.591823686 09 0.163236696 10 0.1563167JE IC 0.686759376 09 

.251799236 10 0.37519769E 10 0.52I80U5IE 10 0.66065711*6 10 C.1I305545E 11 0.77203646E IC 0.222272I7E 10 

.5072779I4E 10 0.75903626fc 10 0.1C595769E 1 1 0.136679H3E 11 0.23330260E 11 0. 16C66C09E 11 C.46755172E 10 

506706.00 U10C593.75 6195190.31 87C6UI5.38 1919U925.5 15831495.9 5771063.63 

V876U35.7 32550560.0 U9261032.5 6933U826.0 0.15375125E 09 0. 12730172E 09 46630311.5 

67061.227 661911.633 10U122e.06 1517U5I.31« 3640976.66 3473471.88 1420629.75 

093695.63 5296606.81 63U0377.ÖI 12166132.5 30902353.5 26010554.7 1 1469441.0 

^8810.559 261065.803 U20186.215 625123.687 1711256.39 1630491.78 71164Ö.469 

203562.33 2112706.36 3U0215i*.9i« 5063733.56 13666100.0 13246095.5 5791443.94 

6529.1U55 118569.506 193610.981« 291756.152 838574.146 825367.594 375290.859 

28923.109 9U3173.516 15UC36I.75 2321926.00 6661452.75 6581476.94 
_ 

2995390.50 

lental Transition 
ements, NBS Monograph 53 

RUSS Kvater, G. S. and Meister, T. G,, Absolute Values of Transition 
Probabilities for Members of the Principal Series of Cesium 
Leningrad Universltet, Vestnik, No. 9, p.  137-158 U9ÖZ) 
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A (A) 

«mi. so 
876 I.J8 
8S2I.I0 
8079.0? 
80IS.7I 
7609.01 
6983.119 
697.'   29 
6723.28 
6S86.SI 
63Sit.98 
6217.27 
6212.87 
6051«.OV 
6010.33 
S8<»ii.70 
S663.80 
ilS93.l8 
ilSSS.36 
3888.37 
3876. 19 
3617.«i 
3611.S2 
ilbO. 13 
3il76.88 
3*100.00 
3398.00 

gA m 
n 

X(A) 

ll9ii3.S0 
»76 1.38 
HS2I.I0 
8079.02 
80IS.7I 
7609.01 
6983.119 
6973.29 
67?3.28 
6586.51 
635%.98 
6217.27 
6212.87 
603ti.09 
6010.33 
58«*.70 
5663.80 
«1593.18 
U555.36 
3888.37 
3876.19 
3617.HI 
36)1.52 
3*80.13 
3U76.88 
3*00.00 
3398.00 

O.WHOOOO 
M.300000 
1.300000 
2.000000 
1.500000 
O.ttOOOO 
0.580000 
3.300000 
3.200000 
0.600000 
O.fcBOOOO 
0.190000 
2.900000 
0.380000 
1.900000 
0.760000 
0.880000 
0.650000 
l.tOOOOO 
0.002900 
0.023700 
0.000938 
0.0076*0 
0.000550 
0.00**90 
0.000320 
0.002560 

Ref 

B Am 

NBS 

«An 

O.*80000 
*.300000 
1.300000 
2.000000 
1.500000 
O.**0000 
0.580000 
3.300000 
3.200000 
0.600000 
0.*80000 
0.190000 
2.900000 
0.380000 
1.900000 
0.760000 
0.880000 
0.650000 
l.*00000 
0.002900 
0.023700 
0.000938 
0.0076*0 
0.000550 
0.00**90 
0.000320 
0.002560 

ISOO'K 

RUSS 

Ref 
for 

NBS 

RUSS 

0.5876930IE 
967581.7V7 
0.96*1« 708 IE 
7365.90210 
5568.05981 
2 1937.6580 
5970.00500 
33*9*.6167 
3*212.7515 
2883.58105 
2390.91052 
*06.673676 
6163.6*630 
526.806389 
*206.75739 
6*7.733078 
779.973183 
6J*233.73* 
I 125160.22 
7*. 19569 1 I 
562.975380 
*.09092879 
31.86096*5 
ü.87731371 
7.00*283*3 
0.2727725* 
2. 1*993712 

10 

leoo^K 
0.I0753*60E 
350**86.66 
0.I826*08lt 
3*672.8857 
26210.0557 
88076.*7U7 
2659*.831 I 
1*935*.230 
152*08.975 
13521.23ü5 
I 121 1.0779 
2013.03607 
3052*.8259 
268*.*6225 
20823.*636 
3*09.36288 
*I03.*292Ü 
211762*.8* 
3920577.69 
323.877*68 
2*69.*00*5 
20.0358229 
I56.*963*6 
*.58661133 
36.6716800 
I.*85l788l 
I 1.7172027 

II 

Cesium Line Intensities—100% Cesium (P = latm, 

1700 K 

0.18258183t 
10868909.0 
0.3I96*20IE 
13551*.986 
102*36.986 
299151.7*6 
99007.87V9 
556*9*.IV5 
567391.805 
52666.09*7 
*3667.6955 
822*.71167 
12*769.278 
I 1252.3923 
85078.9*3* 
1*705.3827 
17691.5015 
6287953.V* 
1 1751332.5 
1 18*.32333 
9068.«.73^5 
81.096027* 
635.050769 
19.6653080 
I57.*J2877 
6.6001*212 
52.1157*70 

II 

IBOO'K 

0.2913I9I0E 
29626268.7 
0.5239262*E 
*53685.30l 
3*2951.*6I 
88*030.320 
317*38.387 
I 785582.CO 
1819167.77 
1757b*.5*3 
1*5751.100 
286*3.0037 
*3*6e0.6l7 
*0089.0*35 
2V62V2.027 
5373V.***8 
6*627.*185 
16*69186.6 
3107*262.2 
3737.1617* 
2872*.533* 
280.07*608 
2196.21690 
7I.*8***75 
572.928551 
2*. 7685323 
195.72*60* 

2000 K 

0.639U370E 
0.I6l5***0t 
0.I2033I9*E 
35086*5.78 
2652268.*I 
5530010.V* 
2280963.31 
128*7023.7 
13071600.5 
1352*62.81 
1 121389.*8 
2366/6.256 
3597136.3* 
5**61*.352 
2*503*1.** 
*823*9.7*2 
579703.211 
8*188*29.0 
0.I6092I58E 
26136.283* 
202187.852 
2283.599*6 
17992.7371 
635.658055 
5106.0978* 
2 32.578960 
16*0.2*50* 

II 
09 
12 

09 

Cesium Line Intensities—100 % Cesium (P = 1 atm, 

3000 K 

0.599955*0E 
0.2327V233t 
0.I29582I7E 
0.1**25320E 
0. 1090*** IE 
0.I203I900E 
0.7522l*y0E 
O.*2530693E 
0.*3I07737E 
0.5*7508SIF 
0.*5396*6*E 
0.II9090*2E 
0.I8II9598E 
O.I9*57555E 
0.I23I9078E 
0.3I002775E 
0.37I88I06E 
0.99596396E 
0. I966*9I*E 
79*6600.81 
6267*83*.0 
1 1002*7.** 
8770169.25 
397775.395 
321282*.69 
17116*.105 
1359558.88 

3200 K 

0.77069I85E 
0.*2072657E 
0.1693*1I6E 
0.2972U60E 
0.22*67I70E 
0.2289*5*3E 
O.I50770*IE 
0.652677*8E 
0.66*03I2IE 
O.I I256R96F 
0.93352722E 
0.25I6I8*6E 
0.38292986E 
0.*I7I1359E 
0.26028I86E 
0.675*6379E 
0.8I0029I3E 
0.1756I606E 
0.352UI71E 
15766865.1 
O.I2*65*27E 
2312309.28 
16*56378.5 
863712.805 
698125*.»* 
37928*.1*1 
301*116.59 

References: 

3400 K 

0.9*756636E 
0.699I2515E 

2I138285E 
55**256*E 
*19l03*7k 
398I2735E 

0.27**9005E 
0.I5533968E 
O.I5730*05E 
0.2Ü966575E 
Ü.1738*357E 
0.*7990056E 
0.73050077E 
0.605790b3E 
0.*96*2386t 
0.I32366*2E 
0. 158702*8E 
0.2855*1096 
0.57525*75E 
28**8825.2 
0.22539939E 
*3695I2.9* 
3506*671.0 
1667516.28 
136*6660.I 
75***2.539 
599600*. 19 

3600 K 

O.III9520*E 
O.I0796I06E 
0.253I2766E 
0.9*8e*l58E 
0.7I725I8IE 
0.6*0I*230E 
0.*597I***E 
0.26026a76E 
0.263*5I97E 
A      »C uT TTAbC 

0.29706*07E 
0.8376583*E 
0.I2753I86E 
O.I*225690E 
0.866*9950E 
0.23667531E 
0.283711191 
0.*32*9*I6E 
0.87*95I06E 
*7267959.0 
0.3752 I362E 
7629922.38 
6105*522.5 
3009331.88 
2*353360.2 
1366993.22 
10872056.5 

15 
12 
15 
10 
10 
IU 
10 
11 
11 
■ n 
t w 

10 
09 
I I 
10 
10 
10 
10 
II 
11 

09 

3800 K 

0.127*329IE 
0.156I58**E 
0.29I62252E 
C. 150*63616 
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TABLE VII 

Cesium Line Intensities—100% Cesium (P = latm, Te = Tg)                                                                                                            | 

!          1700 K 1        1800^K 2000oK 2200',K 2400,K 2600'K 2800 K 

7 0.)825eiöit 11 0.29I3I9I0E II 0.639U370E 11 0.12035028E 12 0.202070826 12 0.3I0«*6635E   12 0.i*«i*3 7i*756   12 
I086HVÜ9.0 29626268.7 Ü.16l5l.Ui.0t 09 0.6H0671.866 09 0.200112926 10 0.51986794E   IC 0.116720776   II 

i 0.3I96U20IE II 0.5239262ii6 1 1 0.12033191.6 12 0.235231626 12 0.1*071*61596 12 0.61*2619206   12 0.91.111.1936   12 
l355IU.9d6 «53685.301 350861.5.76 16520833.7 731*13750.0 0.23332U5E   09 0.622671.09C   09 
l02U58.9b6 3U295I.U61 2652266.1*1 IM000336.9 551.95191.5 0.1763732IE   09 O.i*7069i*09t   09 
2991bl.?U6 88<t030.320 5530010.91* 2U539813.2 8i.l73«*23.0 0.236702436   09 0.566790176   09 
99007.Ö7V9 3171« 38.367 2280983.31 11337703.7 1*271*1*171.0 0.130207996   09 0.3350671*36   09 
5S6i»9i4. IVb 1785582.00 1281*7023.7 63923966.0 0.2**12I112£ 09 0.735328236   09 0.189355626   10 
S67J9I.805 1619167.77 13071800.5 6M97382I.5 0.2HM957196 09 0.71*6192636   09 U.I9203I04E   10 
S2666.09i«7 1 75781«.5U3 1352U62.6I 7109081.61 28080382.0 66979090.0 0.2368570KE   09 
i«i667.e9S5 U575I.I00 1 12I369.46 5691*1*68.75 2326271*1*.5 73776681.0 0.196369136   09 
822it.71167 2661*3.0037 236878.256 1320909.95 5H8062lt. 19 16106073.2 "♦99U9520.0 
I2I«769.27B "«31.680.617 3597136.31* 20069361*.5 83310098.0 0.275319686   09 0.759771626   09 
11252.3921 '«0089.0i«35 3i*l*6li*. 352 19831*79.69 81*1*9979.75 2851*1*802.2 80267979.0 
8b078.9U3i4 296292.027 21*5031*1.1*1* 13663898.6 56695329.0 0.I6729U766   09 0.516693166   09 
|i«70t>.3827 53739.itUi«6 1*6231*9.71*2 2876116.61* 12619037.9 i*370i»012.5 O.I255i«9^ue   09 
17691.bOlb 6U627.i«ie5 579703.211 3«*5i*785.06 15151297.2 52U5H572.5 0.150639076   09 
6287953.VM 16U69I66.6 61*1881*29.0 0.3l639lt6i*E 09 0.91*1*915326 09 0.236337566   10 0.5136i*6ui*6   10 
11751332.5 3107U262.2 0.16092158E 09 0.61183II7E 09 0.I84H99566 10 0.465253186   IC 0.I0I62791E    11 
1 181«.32333 3737.16171. 26136.2831* 127061*.550 i* 70281.070 11.10370.55 3581277.06 
9068.W3f5 2672U.53311 202167.H52 968156.805 3673**06.61 1 1057581*.H 26167590.2 
81.0960271« 2e0.07i«608 2283.599H6 12587.1567 51721*.91* 38 1691*62.320 1*61*265.1*61 
635.050769 2198.21890 17992.7371 99U90.036I U099I6.U69 131*6 U2.61 569U729.^0 
I9.66530b0 7I.1.8U1.I.75 635.858055 3763.5i.5U7 161*11.3366 5651*2.6125 161708.031 
157.1» 32877 572.926551 5106.09761* 30270.0715 132170.027 1*55860.562 1305030.55 
6.600U2I2 2i«. 7665323 232.576960 11*38.97160 6510.63099 2311* i*.0661 67986.9717 
52.1157U70 195.721.601. 161*0.21*501* 11397.6596 51615.68U6 163615.105 539723.102 

Cesium Line Intensities—100 % Cesium (P = 1 atm, Te = Tg) 1 
3400 K          ! 3600K GBOO'K 4000 K 5000K 6000K 8000 K 

0.9W56636E 12 0.HI952Ü1.E 13 0.1271*32916 13 0.1 3999 31« Ut 13 0.I3772136E 13" 0.7U6066396   12 0.153O6i*b5E   12 
0.69912515k 1 1 0.10796106t 12 0.156I58MKE 12 0.212831316 12 0.••75090236 12 0.i*i*5600936   12 0.I8OU76H36   12 
0.2ll382B5t 13 0.25312766t 13 0.291622526 13 0.323658956 13 0.332003566 13 0.1853575U6   13 0.392515296   12 
0.55Ui«256Ufc IC 0.9i.68itl58E 10 0.150U636IE 1 1 0.222765026 1 1 0.681052106 1 1 0.787793IU6   11 0.UU660616   11 
0.U19l0347t 10 0.717251616 10 0.11373901E 11 0.166393356 1 1 0.51i*623<*l6 11 0.5955IU96   II 0.3131*67036   11 
0.398127356 10 0.61.0 I1.230E 10 0.95999875E 10 0.135165606 11 0.31*11*18366 1 1 0.3«*77306l£   11 0.156117096   11 
0.27UU9005E 10 0.1.597 |i«i«i«E 10 0.715031Ö5E 10 0.101.0352IE II 0.297703U56 1 1 0.329505376   II 0.16itU3l26   11 
0.155339686 II 0.260260766 11 0.U0U9U2U26 II 0.5693601.16 1 1 0.16681*5106 12 0.1870261*96   12 0.93257U126   11 
0.15730i»O5t 11 0.263U5I97E 11 0.1*09768616 1 1 0.59620231.6 1 1 0.I70607I3E 12 0.166632096   12 0.91*0667226    11 
0.209665756 10 0.3562 77GHC 10 0.567571156 10 G.83ä9ii!UE iC 0.2553109« i 1 0.29HH!3i36    11 0.i5<t37566c   ii 
0.1738t»357fc 10 0.297061.076 10 0.1*701.336 76 10 0.695638066 10 0.211690116 1 1 0.21*1*111556   11 0.126000006   11 
O.U7990056t 09 0.8376583i«6 09 0.1351971*06 10 0.203367306 10 0.660H25976 10 0.795296636   10 0.i«i*02225'*6   10 
0.730500776 10 0.127531666 II 0.205870356 1 i 0.309722606 II 0.100639376 12 0.121238606   12 0.6711.19736    11 
0.805790636 09 0.11.2258906 10 0.23I95UI96 10 0.352122626 10 0.II6U0I776 1 1 0.1H5929756   11 0.63151.8666   10 
0.l«96^23ö86 10 0.6661.99506 10 0.13985231*6 11 0.210369366 11 0.663161*926 1 1 0.822679276    11 0.1.55379726   11 
0.I32366U2E 10 0.23667531E 10 0.390312906 10 0.596615976 10 0.209265396 11 0.26U69136E   11 0.155795*06    11 
0.15e702i»06 10 0.283711I9E 10 0.U6780267E 10 0.717351166 10 0.250627606 1 1 0.316666126   11 0.ie6i«26666   11 
0.2855»« 1096 II 0.1.321.91.16E 11 0.611*61*0326 11 0.82502621E 11 0.173581 166 12 0.1565076UE   12 0.603376766    11 
0.57525U75E 11 0.87t.95l06E 11 0.12U8U9556 12 0.166093686 12 0.35820U226 12 0.3257315U6   12 0.12692069E   12 
28i«it6825.2 U7267959.0 72997698.0 0.10553067E 09 0.29U71I616 09 0.320936936   09 0.156660H1.6   09 

> 0.22539939E 09 0.3752 I362E 09 0.5801*1*0906 09 0.81*01.09136 09 0.236064006 10 0.25606671*6   10 0.126561956    10 
•♦389512.91« 7629922.38 12268751.7 18393065.2 5e9729i*3.0 701* 1 •* 1*08.0 36561.205.5 
3508U871.0 61051.522.5 98271*360.0 0.I1.7U6599E 09 0.i*7i*i*633i»E 09 0.5676311*76   09 0.311890666   09 
1687516.28 3009331.86 1.951062.13 7577139.69 26271*000.0 330531*17.5 19323753.5 
1361*8660.1 21.353380.2 1*00671*65.5 613782U6.0 0.213202066 09 0.266525566   09 0.157213686   09 
75UI4U2.539 1366993.22 2281311.03 3536U07.61 12875158.U 16732301.7 10187590.1* 
5998001«. 19 10872056.5 18150025.2 2611*1*122.7 0.10258U56E 09 0.I33M20056   09 81312«28.0 

nental Transition 
lements, NBS Monograph 53 

RUSS      Kvater, G. S. and Meister, T. G., Absolute Values of Transition 
Probabilities for Members of the Principal Series of Cesium! 
Leningrad Universitet, Vestnik, No. 9, p.  137-158 (1952) 

57 



I 
I 
I 
I 
! 

I 
I 
D 
I 

. 

A Spectroscopic Method Allowing Spatial Resolution* 

The thermionic energy converter has a plasma between the two electrodes which are only some 

50 microns apart.   In addition,  there is an electrode sheath on both electrodes.   Coneequently, 

changes in the properties of the plasma occur within a very short distance.   It is highly desirable 

to investigate these changes. 

Even if the plasma is not confined in an extremely narrow space, changes in properties still 

may happen within short distances.   An example is the electrode sheaths on an MPD-power 

generator. 

To spectroscopically observe these changes in properties, a stigmatic line spectrum is com- 

monly used.   An image of the device under investigation is formed in the plane of the entrance 

slit of the spectrograph.   The length of the lines obtained corresponds to the diameter of the 

discharge; the intensity distribution along the lines is related to the intensity distribution 

across the diameter.    The true radial intensity-density distribution i(r) can be found from 

the intensity distribution along a line,  which may be called I(x), by solution of Abel's integral 
17,1«, IS 

equation: 

I(x) . 2   
Rf        4^    dr (30, 
/ V^ rr? 

r * x 

where R = radius of the discharge. 

If a drastic change in intensity takes place within a short distance,  it is necessary to enlarge 

the picture of the device.   However,  enlargement is limited by the height of the entrance slit 

of the spectrograph,  even if the intensity of the discharge would allow a greater enlargement. 

This,  in turn,  usually causes the electrode sheaths to appear as tiny knots in the stigmatic 

line spectrum.   The diffusion effects of the photographic emulsion,  due to the large density 

gradient,  then tend to falsify the measurement.    To transform the axial intensity distribution 

into radial distribution, the height or the width of the densitometer slit must be made ex- 

tremely small to resolve the sheath structure. 

This paper describes a method to avoid these difficulties. 

♦The material covered in this subsection was presented by R.  T. Schneider as a paper at the 
VI International Conference on lonization Phenomena in Gases,  Paris,  France,   1963. 
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EXPERIMENTAL SETUP 

As stated previously,  it is Important that the axis of the cylindrical discharge be parallel,  not 

perpendicular, to the entrance slit of the spectrograph.    The limitation of the enlargement by 
the height of the entrance slit can thus be avoided. 

The experimental setup is shown in Figure 20.   Axes of the device and entrance slit are parallel 

(or,  in the illustration, perpendicular to the paper plane).   A lens forms an enlarged image of 

the device in the plane of the entrance slit.    A slowly rotating mirror is located in the light path. 

The rotation of this mirror causes slow motion of the image of the device across the entrance 

slit.   An exit slit in the focal plane of the spectrograph is located where a spectrum line of in- 

terest appears.    Also in the focal plane of the spectrograph is a photographic plate which can 

be moved slowly in the direction of the dispersion.    When the mirror is rotated while the plate 

is moved, a photographic picture of the device is obtained in the light of one specific spectrum 
line. 

D»vic» 

* 
Slowly Routing 

Mirror S:;r 

Spectrograph 

Camera- 

V/////////A 
"Q 

Exit Silt 

.Film 

Figure 20.   Schematic Diagram of Optical Arrangement 
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A film instead of a photographic plate proved to be more advantageous.    The required low film 

speed of approximately 1 cm/minute caused problems of jerking.   Experience showed that 70-mm 

film was better than 35-mm film in this respect; therefore,  a 70-mm camera was modified to 

incorporate a continuous drive mechanism. 

The exit slit is variable, and the mount rotates to bring the exit slit parallel to the entrance 

slit.   The exit slit mount is attached directly to the film window of the camera case,  reducing 

the distance between the film and exit slit to 1/10 mm. 

If the camera is used in connection with a high dispersion spectrograph, the spectrum lines 

are sufficiently separated so that the exit slit serves only as an aperture and the image of the 

entrance slit is used as an exit slit.    The exit slit must then be chosen wider than the line 

width.    The curvature and the titlt of the focal plane can be neglected over this short distance. 

A 7102 photomultiplier was used to check spectrum line adjustment with respect to the exit 

slit.   A slot was machined into the plate which presses the film against the ducts.    The photo- 

multiplier tube was mounted behind this slot so that it looked directly into the exit slit.   To per- 

mit this alignment,  a hole is punched in the film and the hole is then located in front of the slot. 

The grating is rotated until the spectrum line is in the exit slit, as indicated by obtaining the 

maximum signal output of the photomultiplier.    Movement of the film can then be started to 

obtain the spectrum picture.   Because the photomultiplier also provides information concerning 

intensity, the proper film speed can be selected for obtaining a correct exposure. 

The rotating mirror mechanism was designed so that two hours are required for one revolution. 

Use of a 24-v d-c motor with a high gear reduction permits fine speed adjustments with a vari- 

able resistor, and coarse speed adjustments by varying the focal length of the lens.   To avoid 

distortion,  mirror rotational speed is ratioed to film drive speed in accordance with the dif- 

ferent enlargement factors of the optical system.    This can be checked easily with two marks 

placed a defined distance on the discharge tube. 

APPLICATION 

This method was developed for use with thermionic energy converters and MPD-power genera- 

tors.   Investigations on both types will be reported in the near future.    This paper,  however, 

reports the application to a Cs diode which served as a checkout. 

61 



1/50*. 

The result for the 8521 A cesium line is shown in Figure 21,   The cathode with an electrode 

sheath and the anode are visible. Also shown in Figure 21 is the density distribution of 

atoms which have a single energy—for this case,   1.45 ev.   As long as the radiation is from 
an optically thin layer, the intensity is given by: 

I = A}?1 h  i. n* i (31) 

where 

An = transition probability 

h = Planck's constant 

P ■frequency 

n* ■ number of radiating particles 

i ■ geometrical sheat thickness 

Figure 21.   Density Distribution of Atoms 

Having a Single Energy 
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Even if the temperature or temperature gradient which may exist across the diode is not known, 

the number of particles in the excited state can be measured with this relationship if (1) the 

film has been calibrated with the aid of a standard lamp and (2) the transition probability is 

known. 

The length of the geometrical sheath can be obtained by using Abel's transformation equation — 

Equation (30). 

Figure 22 is a comparison of electrode sheaths with the stigmatic line spectrum.    The improve- 

ment in accuracy can be readily noted.    The sheath appears in the line spectrum only as two 

little knots.    In order to find the intensity of the sheaths,  the microdensitometer slit has to be 
appropriately small—whether it is parallel or perpendicular to the line.   In the case of Figure 

22, however,  the microdensitometer slit can be chosen parallel to the sheath so that a con- 

venient slit height can be applied. 

For both the electrode sheath and stigmatic line methods, the diode is assumed not to change 

the intensity with time.   However,  if deviations occur, the error introduced in the analysis is 

much more severe for the stigmatic line spectrum. 

Figure 23 indicates the variations which accompany a sudden increase (top of illustration) or 

decrease (bottom) in intensity.    Using the picture method,  the variation shows up as a bright 

or dark strip across the diode.    The striations in Figure 23 do not represent a real geometrical 

structure.    The device could have increased its intensity for a short moment,  during which time 

the slit was passing across the diode and happened to be at the geometrical location where the 

bright strip now appears.    If .his were the case,  the stigmatic line spectrum would have caught 

all these sudden intensity increases which appear in the picture as bright strips and would have 

added them together.    These strips in the picture,  of course,  make these parts of the picture 

unusable for the analysis.    However, they do reveal what happens to the device with respect 

to time. 

Using the intensity ratio method,  the electron temperature was determined.    The result was 

3000°K ± 20 percent.    Nine different intensity ratios were used, and the results agreed within 
the experimental error.    The results obtained using line intensities of the stigmatic line were 

higher but did not agree with each other.    It can be assumed that the fluctuations observed in 

Figure 23 are responsible for this. 
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Figure 22.    Luminous Electrode Sheath as a Spectrum (Upper Part) and as a 

Stigmatic Line Spectrum (Lower Part) 
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Figure 23.   Striations Caused by Short-Time Increase and Decrease of Intensity 
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The difficulty of measuring line profiles is a disadvantage of the picture method.   But the 
transition from the picture method to the stigmatic line spectrum is easily accomplished by 

stopping the motion of the rotating mirror and,  a short time later,  the film.    Of course,  the 

exit slit has to be larger than the line width.    In Figure 22, the location where the line profile 

was taken can be determined exactly.    This profile also should be treated with Abel's transforma- 

tion.  Equation (30), as further described in Reference 20. 

If line radiation of the nonvisible range is under consideration,  it is advisable to take a spectrum 

picture before taking line profiles.    This is a good way to determine if the image of the device 

is sharp in the entrance slit plane.    It is very difficult to make this judgment from the appear- 

ance of the line alone.    The picture of the device in the plane of the entrance slit must be sharp 

because a homogeneous illumination of the slit would give only an average profile. 

A compilation of the pictures taken by the described method is shown in Figure 24.    The pictures 

were taken with the Ebert-Grating spectrograph.   Although only the stronger cesium lines 

were used, a considerable change in the parameters can be seen.   As the excitation energy 

rises, the electrode sheath density first increases and then decreases.    This detail can be seen 

better in Figure 25.    The transitions shown are: 

52F7/2 - 52D5/2; 7^ P3/2 - 62 Sl/2: and 62P3/2 - 62S1/2 

Figure 24 also shows that radiation from higher excitation levels come more from the center 

of the tube due to the temperature profile of the discharge.    The tube is filled with cesium metal. 

As can be seen in Figure 21, part of the cesium metal is evaporated; the rest is molten and 

sticks to the walls of the tube.    The anode,  illuminated by the ambient radiation,  can be seen 
clearly.    Because the cathode is surrounded by a sheath which is nearly optically thick,  no 

details of the cathode structure can be seen. 

Figure 26 shows the change of the cathode sheath due to variation of voltage and current for one 
spectrum line.    Table VIII lists the points on the iv-characteristic (arc mode) where the pictures 

in Figure 26 were taken.    A considerable increase in the sheath thickness with increasing volt- 

age is visible in Figure 26. 

The described method has these features:   (1) it has a considerable advantage over the stigmatic 

line spectrum if details of the discharge are of interest; (2) it serves as an adjustment aid for 

line broadening investigations; and (3) it gives the exact location where the line profile was 

taken. 
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SO. 1 NO. 2 

NO. 3 

NO. 5 

NO. 4 

NO. R 

Figure 26,   Change in the Electrode Sheath Caused by Variation of the 

Voltage Across the Tube 
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TABLE VIII 

Position on the iv-Characteristic Mode 

Point No.* Volts Amperes 

1 
2 

3 

4 

5 

6 

8.1 
8.2 

8.3 

8.5 

9.0 

10.0 

1.5 

1.5 

1.1 
0.8 

0.5 

0.4 

♦Point numbers correspond to photo numbers in Figure 26. 

In conclusion,  the described method is advantageous for several reasons: 

1. A single component of a mixed gas can be photographed. 

2. In the case of nonequilibrium investigations,  the population density vs excitation energy- 

can be determined more precisely.   This is true because a suitable location can be 

selected,  avoiding inhomogeneities like sheaths and dark spaces. 

3. The composition of the sheath can be determined more precisely. 

4. Occasional sudden changes in intensity can be detected. 

5. The summation of the undesired intensities can be avoided. 
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Magnetohydrodynamic In3tability of Viscous Plasma Flow 

As is well known from ordinary hydrodynamics, the laminar viscous velocity profile of a fluid 
becomes instable when in the perturbed state of the flow the inertia force density is large com- 
pared to the viscous force density.    This condition becomes: 

I''o (v0 • v ) v   »     MV2 v (32) 

where  P - density field, 7 = velocity field, and /x . viscosity,  where quantities referring 
to the unperturbed flow are designated by zero index and perturbations by tilde.   As a result 

of this instability, an anomalous fluctuating or turbulent flow is observed.   According to 

Equation (32),  the onset of turbulence can be expressed in terms of a critical Reynolds number, 
Recr,  its numerical value being of order of magnitude21 

Recr=(-^^)      =2500 
\    ^     /cr 

(33) 

In Equation (33),  D - the characteristic dimension of the channel; spatial mean values over this 
length are marked by a bar.   The actual range of Recr varies up to s 50. 000 due to the de- 

pendence on the conditions prevailing in the channel,  in particular,  on the magnitude of the 

initial perturbations (Recr increases strongly for decreasing perturbation amplitudes). 

In the case of an ionized gas, it is to be expected that the viscous flow iaatabUlty is remarkably 

influenced by a strong magnetic field.   With regard to MPD energy converters, plasma flows   " 

with constant magnetic fields B0 applied perpendicular to the velocity field 70 (B0 1 v0) are of 

interest.   In the equilibrium state of the flow,  the magnetic field lines are pulled out in the flow 

direction in a proportion corresponding to the local strength of the velocity field—i.e., a 
magneto-viscous boundary layer is formed near the channel wall.   Its thickness,  DB, can be 

calculated approximately by equating the viscous force density to the magnetic induction drag: 

[^2v0]^[.(v0XB0)XB0] (34) 

i.e. 

DB B„   I1      » Bft f     » (35) 
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From Equation (35) it follows that Dg-»0 for viscosity /i — 0 {n 

USON, 

In Equations (34) and (35),  the assumption is included that the induced magnetic field B1 is 

small compared to the exterior magnetic field B0,  which is valid for low conductivity plasmas 

now denotes the effective viscosity depending on the magnetic field in the plasma)" or electrical 
conductivity <y-. «o ,  which is self-explanatory. 

From Equation (35),  it is recognized that the effect of the magnetic field on the instability con- 

sidered can be estimated from the influence of the magnetic field on the boundary layer.    Re- 

placing D in Equation (33) by Dg gives the critical Reynolds number, Re^r,  for a plasma 
flow perpendicular to a magnetic field: 

■MA) ^ VBO     ^'/er 
^"l-t-^Vf^J     =2500 (36) 

For illustration,  compare the critical Reynolds numbers for a plasma flow with (Re B) and with- 
out (Recr) magnetic field.    From Equations (33) and (36) follows: 

=\^k^lr - it (36a) 

where the Hartmann number    M = D B0y=-has been introduced.   It is obvious that a mag- 
netic field has a stabilizing effect for large Hartmann numbers Mcr x> l(ReB «Re    ).   In 

this case, the thickness.  Dg,  of the magneto-viscous boundary layer is small (gradient of 
the velocity profile only near the wall) compared to the thickness of the boundary layer of 

the corresponding nonmagnetoactive plasma flow.    For small magnetic fields, B   —0,  the 
presumption upon which Equation (34) is based is no longer valid.    Hence,  in this region, 
the analysis presented does not apply. 

A detailed analysis of new kinds of magnetoactive plasma flow instabilities,  associated with 

the inhomogeneities of the plasma fields,  is presented in the following subsection.    There, 
viscous effects are neglected. 
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Convective Instability of Plasma Flow Across a Magnetic Field* 

In analogy to general convective processes,  instabilities associated with the inhomogeneities 

of the plasma are termed convective.   Well known are the gravitational convecüve instability24 

(growth rate  <u~g; "g = gravitational acceleration) and the magnetic convective instability" 
(growth rate   u~B/R; R » radius of curvature of the magnetic field B).   In the first case, the 

instability is due to a transposition of the perturbed plasma by the gravitational field, and,  in 

the second case, the instability is due to a transposition of the perturbed plasma by the tension 

of the magnetic field lines,  which tend to contract towards its center of curvature.   As a 

general feature, the growth rates of convective instabilities are proportional to the gradients 
of the equilibrium fields. 

In various experimental devices—e. g., plasmadynamic accelerators"  and energy converters" 

the plasma is in a state of inhomogeneous motion.   Under this condition, an additional force 

density, f = p 7 • 7 v", acts on the plasma due to the inertia of the mean mass flow.   This force 

density is proportional to the gradient of the mean mass velocity, v', and, therefore, of the con- 

vective type.   In the presence of an exterior magnetic field,  the mean flow induces an electric 
field which,  together with exterior electric fields,  gives rise to electron and ion streams in 

the plasma—the difference of the stream velocities being proportional to the curl of the self- 

magnetic field.   The convective instabilities conditioned by the inertia force of the mean mass 
flow and by the induced particle streams were investigated as follows. 

INSTABILITY OF THE MEAN PLASMA FLOW 

Equilibrium State 

The equilibrium configuration to be considered consists of a laminar,  nonviscous plasma flow, 

moving with a nonuniform velocity, 70,  parallel to the x-axis.    (x, y,  z are cartesian coordinates.) 
Perpendicular to the flow and parallel to the y-axis, a constant magnetic field,  B0J_,  is applied. 

In the planes z = t L,  the flow is bounded by electrodes, which are connected by an exterior 

circuit containing (1) a load,  R,  or (2) an electric power supply,  P.   By means of this circuit, 
a constant electric field E0 is impressed to the plasma. 

The modifications (1) and (2) can,  for example, be imagined to be associated with plasma flow 

production by (1) thermal expansion ('V X B — converter") and (2) magnetic acceleration 
nXB accelerator"). 

*The material covered in this subsection was presented as a paper by H. E.  Wilhelm at the 
Vlth International Conference on lonization Phenomena in Gases,   Paris,   1963. 
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According to Ohm's law, a current density is developed in the z-direction of the plasma,  which 

can be expressed in terms of the conductivity, <T , the electric field,  E* " 70 X B0, induced 

by the flow across the total magnetic field, B0 
= Box  + BJ,, and the exterior electric field,  E0 

(Hall and electron pressure gradient E-fields being neglected).    The self-magnetic field,  BQ, 

of this current is given by 

7XB*.  Mo<r[E0+7oX   (Box  fB*)] (37) 

with V • BQ = 0.    In the absence of viscosity,  the velocity field is a function of x alone, v^ = 

v'ofx).    From Equation (37) and V • ßj, = 0,  it follows that the self-magnetic field is a function 

of x,  B^ = B'  (X),  and is parallel to the exterior magnetic field Box .    From the equation of 

momentum balance. 

^o- Vvo = " vPo     M 
o 

+  (VXB^XfB       +B*) (38) 
jl O OXO 

o 

it follows that all force densities are parallel to the flow direction. 

Summarizing, the general solution of the equilibrium state reads: 

Po -   Po <x)'  Po = Po <x>. "o ^o <">.  Bo = Bo W. (39) 

E0 * constant 

c = constant 

BOJ.   
= constant 

If the total electric field is positive,  E0 ♦ v0 X B0 > 0,  the magnetic body force is negative, 

 (VXBo)XBC)<  0—i.e.,  there exist solutions with decreasing velocitv field,   ävo/äx<0. 
^o 

If the total electric field is negative,  E0 + v^ X B0 < 0,  the magnetic body force is positive, 

 ( 7 X BJ.) X Bn   >0—i.e.,  there exist solutions with increasing velocity field,   dvo/ax>0. 
'o 

The last discussion refers to the condition of Figure 27—case 1 (upper sign),  case 2 (lower 

sign). 
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Figure 27.   Nonuniform Plasma Flow Configuration 

Perturbation State 

In the perturbed state of the plasma every physical variable q (r,  t) is composed by its 

equilibrium value q0 (?) and a small perturbation q (?,  t)«q0 (r).    The perturbations are 

Fourier analyzed in the usual way: 

q (?,  t) J qn exp |i Kn (?) + o-n t (40) 

( f stand for integration of the continuous and summation of the discrete components.)   The 

spatial phase,  Kn (r),  and the wave vector,  kn (r),  of the elementary perturbations,  n,  are re- 

lated by: 

Kn (?) =yrn (?) •  dr, kn (?) =   V Kn (?) (41) 
o 

i 

I 
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For a plasma not too strongly inhomogeneous with respect to the spatial dimension of the per- 

turbation.  Equation (40) may be rewritten in the "quasiclassical" form 

q(r,  t) =/qnexp|^ikn-7t „„tj (42) 

Another conclusion which can be made for a perturbation of small spatial extension (1=2» /Ikl-K)) 

is that in Equation (40) the amplitude q|k|^0 of the elementary long wavelength U-«) per- 
turbations is small compared to the amplitude ^k|^ eo of the elementary short wavelength (X -0) 

perturbations.    For this reason, the following inequality can be derived between the spatial 

derivatives V of equilibrium fields, q0 (?), and perturbations,  cin(?, t): 

o[qn^q0)]    ~   .o[q0(rqn)].   ««1 (43) 

where 0 [x]   = order of magnitude of x. 

For study of a macroscopic instability, the macroscopic approach is used.   Dissipation and 

space charges are neglected throughout.29    The field equations are the linearized equation of 

momentum conservation: 

^ [It + 7o ' Vl   ^ +   Po ^ ' V 7o +   ^0'  V 7o 
(44) 

Ä 1  Ä 
= -   vlP +-" )+   — Bo"    ^B+— B-   TB0 

Mo 

and the linearized equations of conservation of mass,  energy, and magnetic flux density: 

(4 5) r|. + 70 . v 1    ^   = - (?•   V  Po +   ''o  V •  v) 

[i+Vvl p«-^- vpo + rpov?) (46) 

[•|.+7o.  vl   §--(7.   VB0+BoV.7-B0.V   % (47) 

In deriving Equations (45),   (46),  and (47),  the unimportant terms-«. 

_ll -*!    I -»II -I 
IP v • v0|«|/>0 v • v|, jrpv v0|«|yp0 v • v|, 

Iß V  •  v0 - B. V ?0|«|30r   . v - B0 -V'' 
(4 8) 
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have been suppressed.    Elimination of  P,  p,  and B from Equation (44) by means of Equations 

(45),   (46),  and (47) gives the characteristic equation for the velocity perturbation v: 

Po lit + ^0 ' V1    ^ +   po I |-t 
+ 7o • V1 7 • v v0 - (v •   v ''o +   ^o V • v) v0 • v v0 

(v • V P0 +  rp0 V  • 7) + (v • V B0 ^ B0 T   . 7 - B0 • V 7) • -2 ■ V 

— B0- V(-B0-V 7+B0r • 7) 
Mo 

1  ^        -*      - 2       -» 
— (v •  T B0 t B0 V  • v) • V B0 

^o 

(49) 

The last magnetic convective expression vanishes as the B0-lines are straight-lined. 

The general solution of Equation (49) is rather complicated.    It is suitable to specify instabilities 

propagating in the three distinguished directions of the system. 

Perturbations Propagating Parallel to the Flow 

For k = kx,  it follows from the components of Equation (49) by consideration of the equilibrium 

condition.  Equation (38): Vy = 0,  vz = 0,  and 

= (rPo^)^2vx. 

(50) 

From Equation (50),  the dispersion equation is derived as condition for a nontrivial solution: 

1   äv 
x    0 2     öx 

I ±   1 + 4 
a*" PQ   J; CS

2 t cB
2 

Lälnv0     ^(äv0/ax)2 ]} (51) 

[2 9*11 /2 2 22 Cs + CB I       '  where Cs = yPo'/o and CB =  Bo/ MQ f0.   is the wave velocity for magneto- 
acoustic perturbations propagating perpendicular to B0. 
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The conditions for instability (Re <o >0) are obtained as: 

I.      ^<0 (52) 

11.     -r2- > 0 and 
äln Pn 

äx öln vr 
>0. (53) 

Against the perturbations regarded,  according to Equation (52), a decreasing flow field is 

always unstable; according to Equation (53),  an increasing flow field is unstable only when the 

condition  din   P0I öln v0 > 0 is satisfied.   In the last case only long wavelength instabilities, 
2 

9       h\n P       (dv0ld x) 
for which k'   < —  .    ,  are excited. 

bin v0      c2 + c2 

Perturbations Propagating Parallel to the Magnetic Field 

For k - ky,  it follows from the components of Equation (49) by consideration of the equilibrium 

condition.  Equation (3 8): 

y    2 B^. Ih'° * and 

52 ävo  a. „  ^o a po. „2 Bo 
Po dt2+ Pojr dt Vo dx   ar   y 

2 

^o. 'v'x = Po Vo ä? vy 7y 
ä2 

Poi72 Vy  y P0 

avr 
-     ^ O   V0    T- Vy   VX dx        ' 

(54) 

(55) 

The determinant of Equations (54) and (55) set to zero leads to the dispersion equation: 

(56) 

♦Solution:    u = ± iky CB (Alfven-wave propagating parallel to B0). 
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The convective solutions of Equation (56) read,  in the limiting case of: 

• Short wavelengths 

^ - '-iiih1^] (37) 

• Long wavelengths 

lc      =00 Ky 

lim   o 

|ky|-0 
2  dx    (        yj bin v0   ) 

(58) 

By applying the Routh-Hurwitz criterion to the polynomial of Equation (56), the same instability 

conditions are obtained as for perturbations propagating parallel to the flow. 

Perturbations Propagating Parallel to the Current 

Forlc =1*2,  it follows from the components of Equation (49) by consideration of the equilibrium 

condition.  Equation (38):Vy = 0 and 

0 öt2     0 äT at    0 dx ax 'x = ''o vo T^ vz vz ox 

S-'H^) Po'J 

7z ^ovo-^^zv. 

(59) 

(60) 

The determinant of Equations (59) and (60) set to zero leads to the dispersion equation: 

2       2-2        2.12 ävo       2  <*ln vo   äln ^oA 

2      / 2   ^ln vo\ 2 

The convective solutions of Equation (61) read in the limiting case of: 

(61) 

I 

• Short wavelengths 

Urn   oi    " ' T 

|kzl-« iH-f1 äln  p0 

^In v0 c| + C^ 
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• Long wavelengths 

äln p0 
Um w    = --_2;i ±^i +4 --^2J (63) 

By applying the Routh-Hurwitz criterion to the polynomial of Equation (61),  the same instability 

rnnHitrons »re obtained as for perturbations propagating parallel to the flow. 

The convective instability considered is conditioned by the inertia forces of the flow and vanishes 

when the latter becomes uniform.    It is due to fluctuations of the pressure,  density,  magnetic, 

and velocity fields.    Remarkable is the fact that a flow slowing down always becomes convectively 

unstable. 

CONVECTIVE INSTABILITY OF THE PARTICLE STREAMS 

Equilibrium State 

In this section special regard is given to a convective process connected with the electron and 

ion streams,  which could not be comprehended by the previously discussed one-fluid approach. 

In order to study the effect in pure form,  the inertia forces of the mean mass flow are elimin- 

ated by appropriate modification of the plasma model (Figure 27).    Suppose the channel is 

bounded by additional nonconducting walls perpendicular to the flow,  and that the current is 

produced by means of the exterior power supply.    Then,   in the equilibrium state,  the mean 

mass velocity,  v0,  is zero, and the magnetic body force is balanced by the pressure gradient 

alone: 

(64) 
''o 

0 = - V p0 +  ( 7 X B^) X (B0 ^  t BJ,) 

''o 

The difference between the ion and electron drift velocities in the quasineutral plasma, 

X    nos es = 0 <65) 
s^e, i 

(e,   i = index for the electron and ion component,   respectively) is given from Maxwell's equation 

by: 

V    /\   I3 

'x i     vic = 
-                7  X Bo v.i-v,      =  2_ (66) 

^o noi ei 
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The drift velocities are constant.    The total momentum of the streams vanishes: 

s=e, i 
os "'s v AS (67) 

Finally, the condition that all forces acting on the plasma components s = e,  i are in equilibrium 

reads; 

0 = - V pos + nos es |£0 + v x3 X (B0l   +B|)J - 

J]    nos nor f sr <v ^ " V ^ 
(68) 

r=e, i 

where fsr is the friction coefficient of the s-component (fei ■ fie). 

Perturbation State 

In the nondissipative two-fluid approximation the following linearized field equations describing 

the perturbed state are obtained (s = e, i). 

Equations of Momentum,  Mass, and Energy Density Convervation: 

"   =-V?s + nsesp0 + v xsXB0J + 

E+vsXB0+vasXBj 

ns = - (vs . v nso + nog V ■ vs) 

Ps = - (vs . 7 pgo + y3 ps0 V  • vg) 

Maxwell's Equations: 

'os "'s — + v  ,q • V 

is •  V 

VXB=^0    2   K eg^'j.g +n03 eg Vg) 

s=e, i 

a?         ^B 
V X E =  

at 

(69) 

(70) 

(71) 

(72) 

(73) 

1 
. 
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7 • B = 0 

7- E = • -1 E * ses 

(74) 

(75) 

s= e, i 

To obtain the convective solution («>~7q0) of Equations (69) through (75), any equation terms 

being relatively small of order  < [(Equation (43)] are neglected. 

Multiplication of Equation (69) by (v) gives,  after neglecting terms ~«2 anc ~< -  (v*   c,~«1,   Eri~tl) 

[E t ?g X B0 j ~ 0 -7pg + noseg 

In the same approximation 

Vx5~Mo   2   noses?a 

s=e, i 

is obtained from Equation (72), 

From Equations (77) and (76) (s = e,  i) results 

,2 

(76) 

(77) 

-       B 

Mo 
- V (pe + p^ X B0 + -2- V X B - — (BQ ' V  X B) B0 

*       1    .— 

Mo 
(78) 

By means of Equations (76) and (78),  it can be shown from Equation (75) that the plasma behaves 

neutral against perturbations with wavelengths X»d,  where d = ^/«0 kT0/noee| is the Debye 
shipldinff distanrp* " shielding distance:" 

E "se 
s   s (79) 

s=e, i 

Summation of Equations (69) (s ■ e,  i) and multiplication by V X gives,  because of Equations (79) 

and (72),  terms~«2 being neglected: 

S     "c -2- + 7     • v 
at    -Ls V X vc 

~     1   ^                           Xf        1               =?          _              1 _ X 
=  (B0 -V)  VXB+  VX(B-VB0)+ V (B0 • V ) X B 

(80) 

Mo   > 1 
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With exception of (B0 . V ) V  X S*-«0,  the remaining terms in Equation (80) are-"«1.    In apply- 

ing the € -approximation further.  Equation (80) predicts that the convective solution is associated 

with perturbations propagating perpendicular to B0.    Now,  multiplying Equation (80) by 7 X gives 

E    nosms[-^+*X8-v]    ?a = _B.vB0 (81) 

s=e, i 

In deriving Equation (81) it has been considered that k X B0,  and V . ?g" 0,  the latter following 

from Equation (70) or (71): 

[i^-] P9 
+ 7s • ^ Pso = 'Ts Pso V • Vg = 0 is • V    Pg TVs • V P8o " -7S 

(82) 

Eliminating from Equation (81) ve by means of Equation (77),  then 7x5 by means of Equation 

(78) gives (p =p. +?f ) 
i      e 

B .   7 B0 + (E    "os-sf^-^.vjU^-i 
(s=e,i L ' 

"oe^e    /BoN'1  [fl +rie • 7j . [7P X B0 + ^ mo • 7  X B) B0] 

'1onoiei ^0/ 

and,  further, after multiplication with 7 p0'   (7P0 -L B0, 7 p0i.S • 7 B0) and by consideration 

of Equations (64) and (66), 

(84) 

'•^[(^■'-)-][itV"-']5 

Equation (84) becomes,  with Equation (82),  setting there s = i,  a characteristics equation for 

the ion pressure perturbation p^ 

[^•']{[^i^[äv--' h 
(85) 
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From Equation (85) one derives the dispersion equation: 

\      n0i mi I \ n0i m^ / 

(k • v..)2 -    oe     e (k • v .J2 « 0 
noi mi J-6 

Taking into account the relation in Equation (67),  this expression reduces to: 

(86) 

w a ± /
noeme-Z . - (87) 

V "oi «»i 

According to Equation (87),  the particle streams are unstable.    The instability is caused by the 

inertia forces of the perturbed electron and ion streams,  which are in interaction with each 

other through the magnetic field.   Both instabilities propagating in an opposite to the electron 

me 
drift direction are excited.    The effect vanishes for—S.  —•> 0. 

CONCLUSION 

Even beyond the critical Reynolds number above which the ordinary viscous flow instability 

sets in,  magnetoactive plasma flows can become unstable due to convective processes.    As a 

result of these instabilities,  the directed kinetic energy of the plasma flow is partially trans- 

formed into irregular kinetic and potential energy of nonequilibrium fluctuations.    From the 

large-scale fluctuations,  this kinetic energy is transferred by nonlinear interactions to the 

small-scale fluctuations and by the latter into heat (the dissipation mechanisms in the plasma 

are proportional to the square of the wave number). 

With respect to experimentation,  the problem becomes that of determining the onset and 

existence of turbulence in the plasma flow.    This can be done,  for example, by measuring the 

intensity variation of electromagnetic waves scattered by the turbulence elements.    Another 

method which can be proposed is to add strongly radiating test atoms to the plasma at one side 

of the channel.    Assume that the transverse diffusion time of the test atoms is large with re- 

spect to the time interval within which the test atoms are carried by the longitudinal mass flow 

through the channel.    Then,  in laminar plasma flow the test radiation centers cannot be ob- 

served at the other side of the channel.    In the case of turbulent plasma flow,  however,  transverse 
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mass motions also take place. In the latter case, part of the test radiation centers will there- 

fore reach the other side of the channel. Their concentration can then be determined there by 

measuring the intensity of the characteristic spectral lines of the test atoms. 

In the state of developed instability,  the plasma shows anomalous transport properties.    It is 

of particular interest—if we extend the results to partially ionized gases—how the coefficients 

of recombination, ionization, and the ionization potential are changed by the nonequilibrium 

fluctuations.    The investigation of the latter effects, which are presumably changing the 

ionization degree, will be investigated later. 
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