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This work was carried out by the Engineering Division of 
ILC Technology, Inc., which is under the direction of Dr. L. Reed, 
The Technical Monitor of the program was Dr. Fred Quell, Office 
of Naval Research. 

t 

The Principal Investigator was Mr. L. Noble.   He was assisted 
by Dr. C. E. Kretschmer.   Mr. R. Maynard performed the exper- 
imental measurements and data reduction.   Mr. J. Caspar was 
responsible for alkali vapor lamp fabrication. 

Work on this contract began on 5 March 1971 and ended on 
29 September 1972. 
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SUMMARY 

Alkali metal vapor lamps with a bore diameter of 14.5 mm and 
an arc length of 8 inches, operating at 6.4 kW input power, 
were developed to provide a design goal of 1.6 kW of output 
radiation in the major pumping bands of Nd:YAG laser material. 
These lamps were intended as possible replacements for krypton 
arc lamps in a segmented-disc laser being developed elsewhere 
for ONR.   Previous alkali metal lamps for pumping Nd:YAG with 
high efficiency operated with input powers up to 1 kW. 

The lamps constructed in this program were limited to an outside 
diameter of the quartz jacket of 18 mm in order to fit the laser 
cavity.   Constructional considerations then set the maximum bore 
diameter of the sapphire tube at 14.5 mm.   At 8 kW the limiting 
parameter of the lamp is thermal wall loading. 

A K-Rb mixture has been found to be the optimal alkali metal 
plasma material.   The efficiency is optimized by adjusting the 
vapor pressure to provide the correct amount of broadening and 
self-absorption of the alkali resonance lines to match the pump- 
ing bands of the laser material. 

Experimental lamps were constructed with a 14." mm bore dia- 
meter but only a 3 inch arc length.   With constant bore diameter, 
input power in these lamps is known to scale linearly with arc 
length at constant efficiency, so the shorter lamps provided the 
necessary developmental data at a considerable saving over full- 
length lamps.   Also, lamps with smaller bores and slighcly 
different fills were constructed to determine the effects of addi- 
tions to the standard K-Rb filling, and the effect of bore diameter 
on arc diameter and on efficiency.   Krypton arc lamps were con- 
structed for comparison with the alkali vapor lamps and for 
testing the measuring equipment used in the program. 

The effective irradiance of the lamps was measured spectro- 
photomotrically using a computer to calculate, in absolute 
units, the amount of radiation emitted by the lamp in the pumping 
bands of the laser material.   In addition, the fluorescence excited 

l^a      a  '      -  -    - - ^■^^nfllMrii 
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by the lamp in a sample of the laser material under controlled con- 
ditions was used to measure relative radiance and irradiance in the 
Nd:YAG pumping bands.   A flow calorimeter was constructed for 
measuring the total radiative efficiency of the lamps. 

Initially, difficulty was encountered in obtaining the correct alkali 
metal vapor pressure in the lamp for optimal spectral matching.   The 
pressure was considerably too high even when the assumed cold 
spot was cooled to 2093, indicating that the controlling liquid-vapor 
interface was at a considerably higher temperature than that of the 
intended cold spot.   This problem was solved by emarging the liquid 
metal reservoir and packing it with a wire bundle to hold the liquid 
metal in place by surface tension forces.   With these changes, it 
was possible to obtain the desired vapor pressure with the external 
cold spot temperature only slightly lower than that corresponding 
to equilibrium at the observed pressure. 

Lamps were operated successfully with near-optimal spectral match- 
ing up to the design level of 800 W per inch of arc length.   The 
irradiance in the Nd:YAG pumping band was higher than that of a 
10 mm bore krypton arc lamp operating at the same input power per 
unit length, by a factor ranging from 2 at 140 W/inch to 1.23 at 
800 W/inch.   The krypton arc lamp, however, had a higher radiance 
in the Nd:YAG pumping bands than the alkali vapor lamp by a factor 
of 2 at equal input powers per unit length.   This fact can be corre- 
lated with the fact that the krypton lamp had an arc diameter of 
4.6 mm while the alkali vapor lamp had an arc diameter of 7.4 mm. 
The experimental alkali lamps had an efficiency of 19% for pro- 
ducing radiation in the 0.7 - 0.9 ßm band.   This is smaller than 
the contract design goal of 25% for producing radiation in this band. 
Since the krypton arc lamps are intended to operate at twice as high 
an input power as the alkali lamps, they can produce a maximum 
useful radiance four times as large as the alkali lamps. 

Measurements on smaller bore lamps indicated that the addition of 
excesses of argon or mercury to the standard K-Rb filling did not 
increase the effective irradiance, although the spectrum of the lamp 
with excess mercury gave some evidence of molecular band emission 
on the long wavelength side of the alkali resonance lines. 

mämtm 



^^™ 

.-, .■.    ..   :■ 

13 

An alkall vapor filled lamp was constructed with a translucent BeO 
envelope and was operated successfully.   This was the first known 
alkali metal vapor lamp constructed with a BeO envelope.   It even- 
tually failed by leakage through many pinholes in the BeO envelope 
after operating for 16 hours.   It is expected that this source of 
failure could be eliminated by improved manufacturing methods of 
the BeO envelope material. 

A scaling relation was derived for optimized alkali vapor lamps.    It 
indicates that the efficiency increases with increasing bore dia- 
meter, both at constant axial temperature and at constant input 
power per unit length.   This result was found to hold experimentally, 

At the end of the program, four prototype 14.5 mm bore, 8 inch arc 
length sapphire envelope, K-Rb lamps in 18 mm outside diameter 
quartz outer jackets were delivered. 
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1. 0        INTRODUCTION AND OBTECTIVE 

The objective of this program was to develop high power alkali 
vapor arc lamps for pumping a high power, segmented disc, axial 
gradient Nd:YAG laser which is being developed by another organ- 
ization under ONR sponsorship. "'   The lamps to be developed had 
the following design goals: 

Input power per lamp 6.4 kW 

Output power in the 0.7 to 
0.9/um   spectral region 1.6 kW 

Dimensions 
Length 8 to 10 Inches 
Maximum outside diameter 1.8 cm 

Operating Life /     100 hours 

Previous work'2' had shown that smaller-bore alkali metal vapor 
arc lamps were more efficient than krypton arc lamps for pumping 
Nd:YAG lasers at input power levels up to 1 kW, and that an effi- 
ciency of 20% or higher in producing radiation in the 0.7 to 0.9 ]" m 
wavelength interval could reasonably be expected from this type of 
lamp.   These 8 kW alkali vapor lamps were intended to be possible 
replacements for 16 kW krypton arc lamps in a laser pumping appli- 
ca ion; the higher efficiency of the alkali vapor lamps would be ex- 
pected to result in a lower level of thermal dissipation in the Nd:YAG 
discs. 

2.0        BACKGROUND 

For the past five years arc lamps with sapphire envelopes and filled 
with alkali metal vapors have been investigated as efficient pumps 
for Nd:YAG lasers. (3,4,5, 6)   Sapphire lamps with Quartz jackets and 
with protected end seals have been developed^2) and are shown in 
Figure 1.   Laser output data show that K-Rb vapor lamps are more 
efficient than krypton lamps for pumping Nd:YAG, at least up to in- 
put powers of 1 kW.   This is illustrated in Figure 2, which gives 
results for 5.2 mm bore lamps. 

The limitation of 18 mm maximum outside diameter on the lamp 

*-mäm^m* 
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imposes a 14.5 mm maximum inside diameter limit on the sapphire 
envelope because the minimum wall thickness available in this dia- 
meter of sapphire is 0.75 mm, and a 0.5 mm vacuum gap is required 
between the sapphire (inner) envelope and the 0.5 mm thick quartz 
outer envelope.   Since this lamp handles 8 kW input, the 8 inch arc 
length and 14.5 mm bore diameter give rise to an inner wall loading 
of 88 W/cirr based on input power.    It has been found previously 
that 100 hour lamp life can be obtained at thlr power level when 
operating in a free radiating environment. 

In order to achieve the high pumping efficiency, the lamp radiation 
must be optimally matched to the laser excitation pump bands, as 
shown in Figure 3.   An optimally matched K-Rb vapor lamp spectrum 
obtained on a prior program^' is shown in the lower part of Figure 4. 

The radiation emitted from alkali metal vapor that is useful for 
pumping Nd:YAG io reversed resonance radiation.   Resonance 
radiation results from transitions between the lowest excited state 
and the ground state.   Because the ground state is well populated, 
the resonance radiation emitted can easily excite another ground 
state atom to the first excited state.   Thus the radiation and energy 
levels can "resonate" many times before the radiation is finally 
emitted from the plasma.   The radiation will be increasingly trapped 
at higher (pressure x thickness) products as is sequentially shown 
in the potassium spectrum progression, Figure 5 (due to Schmidt in 
the pioneer study in this field(7b.   The trapping results in a reversal 
of the center lines of the resonance radiation where the absorption 
coefficient is largest.   The light that escapes from the plasma is in 
the wings of the broadened resonance lines.   This phenomenon of 
resonance radiation reversal is used to obtain an optimal match to 
the Nd:YAG pump bands by adjusting the pressure in a lamp. 

In arcs more than 1 inch long the emitted radiation scales linearly 
with power input to the arc.   Thus/ a 3 inch, 3 kW arc emits as 
efficiently as an 8 inch, 8 kW arc. 

The success with which reversed radiation can be matched to the 
Nd:YAG bands can be demonstrated by interposing a slab of Nd:YAG 
material between the lamp and an emission sensor.   A typical sub- 
tractive spectrum obtained by this technique, using an 0.25 inch 
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thick Nd:YAG slab, is shown in the upper spectrum in Figure 4.   The 
upper trace in Figure 4 is the spectrum of the radiation emitted by 
this lamp that is not absorbed in a single pass through a 6 mm slab 
of Nd:YAG.   The difference between the two curves represents the 
radiation absorbed by the laser material. 

The wavelengths of the resonance radiation emitted by the alkali 
metal vapors are as lollows: 

Lithium 

Sodium 

Potassium 

Rubidium 

Cesium 

610.3 nm 

589.0 nm 

766.5 nm 

78Ü.0 nm 

852.1 nm 

670.7 nm 

589.6 nm 

769.9 nm 

794.8 nm 

894.3 nm 

Mixtures of vapors, such as a mixture of K-Rb, will display an over- 
lap of the resonance radiation lines, and the selection of the correct 
alkali metal or mixture of metals will basically determine the coup- 
ling efficiency of the radiation from the arc to the Nd:YAG rod.   At 
low vapor pressures and/or vapor thicknesses the radiation will be 
emitted at the resonance wavelengths, but, as discussed above, 
at higher pressures and/or increased vapor thicknesses it will re- 
verse and at some point pass through the stage at which the wings 
of the reversed resonance radiation will match the excitation spectra 
of Nd:YAG.   Obviously, the larger the lamp diameter the lower the 
pressure at which this will occur.   Thus the large bore lamps used 
on this program should display an optimum match at a lower pressure 
than the 5 mm bore lamps previously investigated. "' 

As the input power per unit length of arc increases, with bore dia- 
meter held constant, the axial temperature increases.   With increas- 
ing temperature, the fraction of the input power going into non-re- 
sonance lines originating from higher excited states above the re- 
sonance level increases.   Since these non-resonance lines do not 
in general contribute to pumping the laser material, it is desirable 
to keep the plasma temperature as low as possible.   Larger bore 
lamps are advantageous from this standpoint since, for a given in- 
put power per unit length, the axial temperature decreases with 
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increasing bore diameter. 

From this brief review we can see that the lamp parameters pertinent 
to this work are: 

1. the plasma material 

2. the alkali metal vapor pressure 

3. within certain limits, the bore diameter 

4. within certain limits, the length of the lamp 

5. the input power per unit length 

6. also, active or inactive additions to the 
alkali metal vapor, such as mercury and 
argon, which may affect the performance 
of the lamp. 

3.0        EXPERIMENTAL APPROACH 

Development of an efficient 8 kW lamp represents a significant 
advance in alkali metal laser pump technology, as the most ad- 
vanced lamp previously developed has an 8 mm outside diameter, 
a 3 inch arc length, and a 1 kW power limitation. 

At the start of this program it was not known whether the effects on 
spectral output of increasing the bore diameter could be compensated 
for by adjusting the other allowable lamp parameters to maintain the 
necessary line reversal.   Therefore, alternatives were considered for 
reducing bore diameter by increasing the wall loading capability of 
the lamp.   These were the use of thinner wall sapphire lamps, and 
the use of beryllium oxide envelopes.   Jn both cases the thermal 
stress resistance of the lamps could be increased.   Sapphire tubing 
in the required bore diameter with walls thinner than 0.76 mm were 
not available at the start of this work, but beryllium oxide in trans- 
lucent polycrystalline form could be obtained and one small bore 
lamp was constructed of this material for evaluation. 

In addition, 5 mm and 6.3 mm bore, 3 inch arc lamps (identical with 
those used on a prior alkali metal program(2)) were used (a) to de- 
termine whether the addition of mercury or argon would increase the 
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laser pumping efficiency of K-Rb lamps; and (b) to compare their 
arc sizes with those of larger lamps, as part of power density and 
radiance studies.   Since both input power and radiative output scale 
linearly with arc length for lengths greater than about 1 inch, lamps 
with 14.5 mm bore and 3 inch arc length were used during the initial 
development in order to lower lamp fabrication costs and allow the 
use of lower-power test equipment.    (The final delivered lamps had 
an arc length of 8 inches.) 

Krypton arc lamps of several designs and bore diameters were also 
constructed for comparison with the alkali vapor lamps. 

4.0        EXPERIMENTAL PROCEDURE 

4.1       Lamp Construction 

4.1.1   Alkali Metal Vapor Lamps 

All but one* of the alkali vapor lamps were made of 
drawn sapphire envelopes (from Tyco) and niobium 
+ 1% zirconium end caps, tantalum tubulations, and 
tungsten electrodes.   The construction followed the 
fabrication processes previously developed.^ '   The 
5 mm and 6.3 mm bore by 3 inch arc length lamp 
structures are shown in Figure 1.   The cross-section 
diagram of the 14.5 mm bore, 3 inch arc length lamp 

* with the final reservoir configuration is shown in 
Figure 6, together with a drawing of this type of 
lamp enclosed in a quartz envelope.   The 8 inch arc 
langth lamps delivered at the end of the program also 
followed the design shown in Figure 6.   The end caps 

' are sealed to the sapphire using an active alloy at 
1350oC.   The alkali metal is introduced into the lamp 
via one of the tantalum tubulations, which is then 
pinched off and electron-beam welded.   During oper- 
ation, the end of one of the tubulations becomes the 

• cold spot of the lamp and the reservoir for the un- 
vaporized alkali metal.   The cold spot normally con- 

1 trols the vapor pressure of the alkali metal within the 
i 

*One lamp was made with a BeO envelope. 

L ^m^m^^mk W—ti 
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I lamp.   In the 5 mm and 6.3 mm bore lamps the vapor 
pressure is controlled by heating or cooling the cold 
spot tubulation.   In the large lamps the vapor pressure 
is controlled by a forced-convection water-cooled 
arrangement that cools a copper block which, in turn, 

| is in intimate contact with the cold spot of the lamp, 
as shown in Figure 7.   For lamps p-otected by quartz 
jackets, split carbon blocks provide the thermal path 
from the lamp cold spot to the outside world.   The 
quartz outer envelope is shrunk down over the carbon 
to provide a continuous conduction path.   The shrunk- 
down quartz region can be heated with a spiral ni- 
chrome heater or cooled by forced air convection. 

I 

The lamps are started with a high voltage low current 
1 pulse of 20,000 volts.   A low pressure (50 Torr) argon 

fill assists in arc initiation.   The lamps are the:-« 
gradually brought up to power over a several-minute 
period in order to allow the alkali metal to vaporize 
and to form a stable arc, and to minimize transient 
thermal stresses on the sapphire envelope.   A dc 

* power supply is normally used for this operaaon.   An 
alkali metal lamp requires "seasoning" for the first 
hour of its operation, after which the measurements 
described in the next section may be performed. 

I Small bore alkali metal lamps were constructed with 
the standard fill found to be optimum on a prior pro- 
gram, (2) i.e., a 50:50 mix of K-Rb with a 50 Torr 
addition of argon starter gas.   Two lamps were also 
constructed with a variation of this fill.   3000 Torr 
of argon was added to the K-Rb fill in one lamp, and 
mercury was added to the K-Rb fill in the other lamp. 

One lamp was also constructed with a translucent 
polycrystalline beryllium oxide envelope.   It had a 
5 mm bore diameter, a 3 inch arc length and was 
filled with the standard K-Rb-argon. mixture.   The 
potential usefulness of beryllium oxide as an en- 
velope material for high power alkali vapor lamps 
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is based upon its high thermal conductivity, high 
melting point, and superior resistance to chemical 
attack by hot alkali metals.   The thermal conduc- 
tivity allows a BeO envelope to operate at higher 
wall loadings and greater rates of temperature change 
(i.e. , shorter startup and shutdown cycle times) than 
an alumina envelope, without cracking because of 
thermal stresses.   In addition, the greater chemical 
stability of BeO should result in an increased life, 
as compared with alumina, when both materials are 
operated at. the r.ame temperature. 

At the beginning of this program translucent BeO 
was not available in the form of tubes suitable for 
lamp envelopes so the envelope was fabricated from 
a solid slab of the material by core drilling and 
polishing, and the metallizing technique for the 
brazing operation was developed using the residual 
pieces.   The lamp was successfully fabricated and 
was operated for 16 hours at 500 W input power.   This 
was the first reported instance of the successful con- 
struction and operation of an alkali metal lamp with a 
beryllium oxide envelope. 

4.1.2    Krypton Lamps 

Standard ILC externally-water-cooled lamps of 4, 6, 
and 10 mm bore diameter and 3 inch arc length were 
constructed and filled to 3 atmospheres.   A new type 
of krypton lamp with electrodes internally cooled by 
water, but still capable of being processed at high 
temperatures, was constructed with 10 mm bore dia- 
meter.   This lamp was designed to maintain lower 
electrode temperatures than the standard (externally 
water cooled) lamps.   It was tested initially at 3 at- 
mospheres fill, and later filled to 7 atmospheres. 
These krypton lamps are illustrated in Figuies 8,9, 
and 10. 

The krypton lamp with internally water-cooled 

I 



: 

i 

^1 

f electrodes was life tested and was found to have an 
operating lifetime of 500 hours, which is 6 to 12 times 
greater than the lifetime of externally cooled krypton 
arc lamps. 

I 4.2        Spectral Measurements 

4.2.1   Absolute Spectral Irradiance Measurements 

The absolute spectral irradiance measurements on 
§ the alkali vapor and krypton lamps were made with 

the procedures recommended by the N. B. S. (8)   The 
spectral irradiance measurements together with the 
calorimetric measurements, specify the electro- 
optical conversion efficiency of the lamps in the 
0.7 to 0.9 Mm wavelength interval band.   An alkali 
vapor lamp is mounted in a Py/ex vacuum bell jar 
for making spectral irradiance measurements.   The 
mounting is keyed to an optical bench so that the 
lamp is precisely and reproducibly aligned to the 
detector system, which is mounted at 50 cm dis- 
tance from the lamp. 

Emission spectra were taken at 10A intervals with a 
Jarrell Ash 1/4 meter monochromator, using a photo- 
multiplier detector with an extended-range S-l 
phosphor.   The system response was initially de- 
termined using an Eppley standard irradiance lamp 
(traceable to NBS) as a reference, mounted in the 
pyrex vacuum bell jar used for alkali vapor lamps. 

All output data were digitized and punched onto paper 
tape for input to a computer program.   The system 
transfer functions are also stored in the computer 
program.   Execution of the program resulted in cor- 
rected data plotted on an XY recorder, over the range 
of 0.4 Mm to 1.6 Mm.   Time-shared computer pro- 
cessing allows a rapid (approximately 3-minute time 
lag) determination of the spectral irradiance in this 
0.4 Um to 1.6 Mm band. 

.  / 
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4.2.2   Relative "Effectivo" Irradiance Measurements 

In addition to the measurement of spectral irradiance 
several relative measurement techniques were de- 
veloped for use with lamps for pumping lasers.   The 
first technique involves a computerized integration 
of the spectral irradiance curve multiplied by the 
absorption coefficient, at each v.avelength, of 
NdtYAG, which has been previously digitized and 
entered into the computer program.   The quantity 
that is obtained is the effective spectral inadiance 
of the lamp, and is measured in terms of watts per 
cm^ per nanometer per unit thickness of laser 
material for a single pass of lamp radiation.   A 
block diagram of the equipment used in this opera- 
tion is shown in Figure 11. 

A second special technique involves measurement 
of the effective irradiance emitted from a lamp by 
using a differential Nd:YAG fluorescence analysis 
method.   This method was first devised for use in 
a cylindrical integrating cavity arrangement for low 
power lamp measurements, and has previously been 
described in detail. W   A schematic diagram of this 
arrangement is in Figure 12.   The integrating cavity 
technique was used to take measurements on the 

• small bore lamps evaluated on this program. 

The fluorescence analysis technique was adapted 
to enable measurements to be carried out to the 
8 kW level.   This modified arrangement is shown in 

I    , Figure 13.   The integrating cavity arrangement is 
replaced with a direct irradiance measurement of the 
lamp as it is operated in the vacuum bell jar.   A pre- 
cision holder was fabricated so that the two radiation 
sensing units could be positioned at a precise dis- 

I tance from the lamp.   The sensors are mounted ex- 
ternal to the bell jar. They consist of 0.25 inch 
thick undoped YAG and doped Nd:YAG rectangular 
slabs of material, behind each of which is placed 

ft 
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a 1.06 /um transmission filter and a PIN diode. 
The PIN diodes convert any radiation impinging 
on thom to a millivoltage.   The scattered light 
signal from the diode behind the undoped YAG 
is electrically subtracted from the fluorescence 
plus scattered light signal produced by the other 
diode.   A relative measure of the amount of lamp 
radiation that is converted to 1.06 ^ m fluorescence 
radiation is thus obtained in terms of a fluorescent 
output voltage (FOV). 

The use of this. FOV technique provides a rapid 
iterative technique for optimizing a lamp at a 
given power level by progressively adjusting the 
cold spot temperature, and thus the pressure and 
voltage gradient in the lamp, and plotting the FOV 
reading against input power at constant current. 
The FOV maximum on this curve corresponds to an 
optimum match of the alkali metal lamp to the 
Nd:YAG material.   This procedure can be carried 
out from the ignition point of the lamp up to the 
highest operating point at which the lamp can be 
safely operated.   A curve is obtained somewhat 
similar to a laser slope efficiency curve.   Plots 
of FOV versus lamp input power can be compared 
for different lamps, and their relative effective 
irradiances can be determined. 

This device has previously proven itself as a means 
of providing a rapid lamp selection technique to the 
point where now, at ILC, it is used before other 
photometric tests are performed.   Spectra are then 
taken at the lamp operating conditions corresponding 
to the maximum FOV reading, and occassionally also 
at operating points on each side of this condition in 
order to confirm the FOV data by examining die under- 
reversed and over-reversed operating conditions. 

Kf 
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4.2.3   Relative "Effective" Radiance Measurements 

Useful radiance measurements were made in the 
same manner.   An image of the arc was formed by 
means of a quartz lens and a slit mounted in front 
of the sensing Nd:YAG crystal.   The resulting FOV 
signal is a relative measure of the amount of use- 
ful radiation per crrr of projected area and per 
steradian, emitted by the arc along a ray inter- 
secting the arc axis and at a right angle to the 
axis.   The concept of radiance is not strictly 

. applicable to the arcs studied in the present work, 
since these arcs are not optically thick over most 
of the wavelength range of the emitted light.   How- 
ever, an effective radiance can be defined in the 
manner just indicated. 

ft 

4.3        Calorimetric Measurements 

Calorimetric measurements were made to determine the total, 
and the 0.3 to 1.3 Urn, radiative efficiency of the krypton 
and the alkali vapor arc lamps.   In conjunction with a rela- 
tive irradiance measurement over the 0.3 to 1.3 urn region, 

|, these measurements can then be used to obtain the lamp 
radiation efficiency in any band within this range, such as 
the 0.7 to 0.95 ßm band. 

If 
A diagram of the experimental arrangement for making calori- 
metric measurements on a water cooled krypton lamp is shown 
in Figure 14.   The lamp is centered in a quartz water jacket 
of 1 mm wall thickness, with a gap of about 1 mm between 
the outside of the lamp and the inside of the water jacket. 
Cooling water flows through the gap at a rate of 1.0 gal/min. 
The cooling water temperature is 15° to 20° C.   The flow 
rate is mointored by flowmeter 1 and the increase in temper- 
ature of the cooling water is given by the difference in the 
readings of thermometers 1 and 2.   This allows calculation 
of the envelope and electrode heat dissipation, P^.   The 
radiative output is measured by absorption in a calorimeter 
constructed from two concentric lengths of quartz tubing 

11 
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with a 6 mm annular spacing.   Water, either clear or made 
opaque by the addition of India ink, is circulated through 
the calorimeter, flowmeter 2, and a heat exchanger.   The 
rise in temperature due to absorption of radiation by the 
6 mm layer of water is given by the difference in the read- 
ings of thermometers 3 and 4.   The flow rate, which is 
maintained at about 0.6 gallons per minute, is monitored 
by flowmeter 2.   This allows calculation, with the use of 
opaque water, of the total radiated power,. Pr, and with 
clear water the amount of power outside the 0.3 - 1.3 pm 
region.   According to the curve of water absorption plotted 
against wavelength, which is shown in Figure 15,^ the 
radiation outside of the 0.3 - 1.3 Mm region will essenti- 
ally all be absorbed by a 6 mm thick water layer.   The in- 
put power to the lamp is calculated from lamp voltage and 
current measurements (Vxl).   The efficiency is given by 
Pr/(Pr+Ph)' an^ a check on the accuracy of the measure- 
ments is possible through the fact that the Vxl product 
should be equal to Pr + Ph.   For each lamp, a series of 
readings is taken at different input power levels. 

4.4 Arc Diameter Measurements 

The arc image was projected directly onto a screen and the 
diameter of the plasma was measured as a fraction of the 
cross section of the sapphire envelope.   Then, knowing 
the diameter of the envelope, the arc diameter is deter- 
mined.   The alkali metal lamps used for this test, as for 
the calorimetric test, were enclosed in quartz jackets as 
shown in Figure 1 and Figure 6. 

5.0 EXPERIMENTAL RESULTS* 

5.1       Results For 5 mm and 6.3-mm Bore, 3 Inch Arc Length 
Alkali Metal Vapor Lamps 

The small bore alkali metal lamps were operated in evacu- 
ated quartz envelopes.   Cooling of the inner sapphire 

*ihe lamp numbers cited in this section refer to a recorded, chronological, 
sequential numbering of all developmental alkali metal lamps constnicfced 
at ILC. 
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envelope was by radiation; cooling of the outer quartz 
envelope was by free air convection.   The cold spot 
temperature was regulated as discussed in the previous 
section.   Details of the operation of lamps of these sizes 
have been discussed previously. (2)   Their construction 
details are shown in Figure 1. 

The beryllium oxide envelope lamp, as described in Section 
4.1.1, was operated successfully for 16 hours at 500 W 
input power.   It failed after 16 hours by multiple pinhole 
leaks appearing in the center (highest temperature) portion 
of the envelope.   This mode of failure has often been noted 
in polycrystalline alumina envelope lamps(2) and apparently 
can be overcome by improved ceramic manufacturing tech- 
niques.   About this time work under another contract was 
started to evaluate large diameter BeO lamps for pulsed 
applications (10), so work on BeO lamps in the present pro- 
gram was not carried further. 

It should be noted that, since the BeO envelopes are trans- 
lucent, the effective radiating surface is the exterior of the 
envelope.   Thus the radiance (brightness) of the lamp for 
laser pumping will be lower than when transparent sapphire 
envelopes of the same O.D. tire used.   However, because 
of the greater thermal shock resistance, smaller lamps can 
be fabricated and operated. 

I 

Transparent sapphire envelope lamps were constructed with 
5 mm bore and 3 inch arc lengths.   These lamps were filled 
with K-Rb + 50 Torr of argon (No. 138), K-Rb + 3000 Torr of 
argon (No. 78), and K-Rb (5 mg) + Hg (50 mg) +50 Torr 
argon (No. 131).   Spectral data for these lamps is presented 
in Figures 16, 17, and 18.   The integrated area of the spec- 
trum that matches the pump bands of Nd:YAG was measured, 
and the areas were found to be equivalent for all three lamps. 

I FOV data were taken on the K-Rb and the K-Rb + Hg lamps. 
These comparative data are shown in Figure 19 and the 
FOV results are shown to be similar.   FOV data was not 
taken on the 3000 Torr argon lamp. No. 138 as the primary 
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point being explored with this lamp was the shift of the 
reversed resonance lines of the alkali metal species.   No 
shift was noted. 

Lamp No.  131, with Hg in addition to the standard K-Rb 
fill material, was operated with square-wave alternating 
current at 0.5 to 20 kHz in order to prevent separation of 
the fill components by electrophoresis.   The data in 
Figure 19 show that the lamp with mercury, added is superior 
Lo a lamp with the standard filling when both are operated 
on square-wave alternating current.   However, the K-Rb 
lamp operated dc has slightly higher pumping efficiency 
than the ac-operated K-Rb-Hg lamp and, in addition, does 
not require a special square-wave ac power supply.   There- 
fore the development of the mercury additive lamps was not 
pursued further. 

The calorimetric equipment described in Section 4.3 was 
used to measure the total radiative efficiency of a quartz- 
jacketed 5 mm bore, 1.9 inch arc length, K-Rb lamp.   Jt 
was found that 87% of the input electrical power was radi- 
ated, the remaining 13% being lost by conduction through 
the electrical leads and by conduction and convection from 
the quartz jacket to the surrounding air.   A measurement 
with water only (no black dye) in the calorimeter gave the 
result that 51% of the input power was absorbed by the 
water under these conditions.   This represents radiated 
power at wavelengths smaller than 0.3 Mm and greater than 
1.3 ßm.   Spectral irradiance measurements on the same 
lamp, carried out as described in Section 4.2.1, indicated 
that 25% of the input power was radiated between 0.7 and 
0.9 Atm   the wavelength range that includes the major 
pumping bands of Nd;YAG, and that an additional 11% of 
the input power was radiated in infrared lines between 
0.9 and 1.3 ßm.   The power distribution in this lamp, 
operating at 54 W per cm of arc length, is thdofore as 
shown in Table I. 
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TABLE I 

POWER DISTRIBUTION IN LAMP 

Dissipation Mechanism 

Conduction through leads (estimated) 

Conduction and convection from 
envelope (estimated) 

Radiated: 

0.7-0.9 ßm (from spectral irradiance) 
0.9-1.3 ßm (from spectral irradiance) 
0-0.3 and 1.3-10 Mm (from water 

absorption) 

Total 

Percent of 
Input Power 

5% 

8% 

25% 
11% 

51% 

100% 

5.2 

The results of the measurements of the arc diameters of the 
alkali metal plasmas, plotted against input power to the 
lamp, are presented in Figure 19. 

Results for 14.5 mm Bore, 3 Inch Arc length, K-Rb 50 Torr 
Argon Filled Alkali Metal Vapor Lamps 

Lamps with an arc length of 3 inches and a bore diameter of 
14.5 mm were constructed of Tyco drawn sapphire tubing 
according to the general design shown in Figure 6.   In the 
first lamp constructed, communication between the tubulation 
and the interior of the lamp was by means of a hole drilled 
through the side of the electrode body near the sapphire wall. 
During initial startup a locally high concentration of alkali 
metal liquid and vapor was present at the exit of this hole 
and on the surface of the sapphire, resulting in formation of 
an arc which terminated on the sapphire wall.   The resulting 
local heating of the sapphire wall near the seal caused a 
crack to develop at this point, and the lamp failed. 

15 

.  / 

_. — - 



'W^ 

w 

The second lamp had the pumping and filling hole drilled 
axially through the electrode instead of through the side. 
This lamp was operated successfully up to 1 kW input 
power, but the spectrum shown in Figure 21 indicated that 
the lamp was being operating at considerably too high a 
pressure of alkali metal vapor to produce optimal matching 
of the reversed resonance lines to the Nd:YAG absorption 
bands, even when the external surface of the tubulation 
was cooled to 0oC.   It was suspected that the pressure of 
alkali vapor inside the lamp was unable to reach equilibrium 
with the liquid at the cold-spot temperature because the 
communicating hole through the electrode had inadequate 
conductance for vapor flow.   It was further theorized that 
liquid alkali metal was being transported by surface tension 
forces along the inside surface of the reservoir to regions of 
considerably higher temperature than the intended cold spot 
temperature, thus effectively increasing the cold spot tem- 
perature. 

Accordingly, subsequent lamps were modified by increasing 
the diameter of the reservoir to 0.2 inches.   The reservoir 
was tightly packed with a bundle of 0.010 inch diameter 
titanium wires   in the cooler end.   The diameter of the 
reservoir was increased to provide adequate vapor conduc- 
tance, and the wire bundle was intended to act as a wick 
and retain the liquid metal. 

The lamp with this modified reservoir was mounted into a 
copper block for thermal control.   The copper block could 
be heated electrically or cooled by forced air convection 
as required to maintain the desired cold spot temperature. 
The lamp was ordinarily operated with this reservoir electrode 
serving as the cathode.   The other end of the lamp was cooled 
by radiation, and was intended to reach a higher temperature 
than the reservoir. 

Lamps of the modified design were operated successfully at 
input levels up to the design goal of 2.4 kW for a 3 inch arc 
length, corresponding to 6.4 kW for an 8 Inch arc length. 
Satisfactory control of the cold spot temperature was obtained 
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with forced air cooling of the copper mounting block.   The 
spectrum, of a lamp operating at an input power of 1.5 kW 
is shown in Figure 22.   Comparison with Figure 4 indicates 
that the pressure was slightly too high, i.e., the lines were 
slightly over-reversed, at the time the spectrum in Figure 22 
was taken.   The cold spot temperature, measured with a 
thermocouple in contact with the outer surface of the elec- 
trode stem at the level of the end of the wire bundle, was 
5180C.   At this temperature the vapor pressures of potassium 
and rubidium are 40 Torr  ind 100 Torr, respectively.   The 
displacement of the peak of the reversal wing in Figure 22 
from the center of the potassium resonance line on the short 
wavelength side is 15 nm.   This displacement can be cor- 
related with the pressure of alkali metal by a method de- 
scribed by Jen, Hoyaux, and Frost, d1) and corresponds to 
an alkali metal vapor pressure of about 100 Torr.   This im- 
plies that the pressure of alkali metal vapor in the lamp was 
in equilibrium with liquid alkali metal at a temperature only 
slightly greater than the measured cold spot temperature. 

The spectral irradiance of a 14.5 mm bore diameter, 3 inch 
arc length K-Rb lamp was measured at an input power of 
870 W, or 114 W per cm of arc length.   Determination of 
the area under the spectral irradiance curve over the wave- 
length interval 0.7-0.9 Mm indicated that a 19% of the input 
power was radiated in this wavelength interval, which in- 
cludes the principal pump bands of Nd:YAG.   An additional 
11.5% of the input power was radiated in the wavelength 
region between 0.9 and 1.4 /*m.   Thus, the 14.5 mm bore 
lamp is less efficient in producing radiation in the 0.7-0.9 Mm 
interval than the 5 mm bore lamp, which radiated 25% of the 
Input power in this interval, as reported in Section 5.1. 

The theoretical scaling relation presented in Section 6.1, 
below, suggests that, at constant input power per unit 
length, both the total radiative efficiency and the efficiency 
for producing resonance radiation should increase w'th in- 
creasing bore diameter.   Consequently it should be noted 
here that the comparison just made was between a 14.5 mm 
lamp operating at 114 W/cm and a 5 mm lamp operating at 
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54 W/cm.   The larger value of power per unit length in the 
14.5 mm .lamp results in a higher plasma temperature, and 
this causes a larger fraction of the radiated power to be 
emitted in non-resonance lines outside of the 0.7-0 9 urn 
region. 

A comparison of useful radiance (for pumning Nd:YAG) was 
made between a 14.5 mm bore K-Rb lamp and a 10 mm bore 
krypton arc lamp (the size used in the Nd:YAG slab laser), 
using the FOV technique described in Section 4.2.3. 

The comparison of useful effective radiance between the 
two lamps is shown in Figure 23.   Since both lamps had the 
same arc length, the comparison is made by plotting the FOV 
reading against input power instead of against input power 
per unit length, which would be the appropriate independent 
variable if lamps with different arc lengths were being com- 
pared.   It is apparent that the useful effective radiance of 
the krypton arc is nearly twice as lorge as that of the alkali 
metal arc at input powers near 2 kW.   This difference can be 
correlated with the fact that the arc diameter, measured 
visually as described in Section 4.4, was 4.6 mm for the 
krypton arc and 7.4 mm for the K-Rb arc. 

The useful irradiance, (i.e., the amount oi useful light 
falling on a receiver at a specified distance from the source, 
per unit area of receiver surface normal to the direction of 
the light), of the two lamps was also compared by means of 
the FOV technique described in Section 4.2.2.   The results 
of the comparison are given in Figure 24.   Here the total 
input power is the appropriate independent variable even If 
the lamps being compared have different arc lengths or dia- 
meters.   The alkali vapor lamp has a larger useful irradiance 
than the krypton lamp, by a factor ranging from 2 at 140 W/inch 
to 1.23 at 800 W/inch.   In making the radiance and irradiance 
comparisons, both the alkali lamp and the krypton lamp were 
operated inside a Pyrex bell jar, so that the optical path be- 
tween the lamp and the measuring device was the same for 
both lamps. 
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5.3        Results for 4, 6, and 10 mm Bore. 3 Inch Arc Length, 
3 Atmosphere Filled Krypton Arc Lamps 

The useful radiance and irradiance of the 10 mm bore krypton 
arc lamp (for pumping Nd:YAG) were compared with the useful 
radiance and irradiance of the 14.5 mm bore K-Rb lamp as 
described in Section 5.2, and the results of the comparison 
are shown in Figures 23 and 24, 

Krypton arc lamps with electrodes externally cooled by water 
were used to test the water calorimeter equipment constructed 
during this program.   Krypton arc lamps were used because 
another efficiency measuring system, not compatible with 
alkali metal lamp operation, was available for check ng the 
results.   The cross check of the results gave an agreement 
of the total radiative efficiency to within 1%. 

The total radiative efficiency of the krypton lamps as a 
function of input power, up to a mar.imum of 4 kW, is given 
in Figure 25.   The results of the calorimetric tests conlirm 
the data reported in the literature,^2' i.e., the radiative 
efficiency increases with both lamp bore diameter and lamp 
input power.   The percentage of radiation from the 4 mm bore 
lamp that is absorbed in the 6 mm water thickness of the 
calorimeter is plotted against lamp output power in Figure 26. 
At the 4 kW lamp input power level, 46% of the input power 
is radiated; 7% of the input power is absorbed in the 6 mm 
water layer of the calorimeter. 

The power balance of the lamp is therefore as follows: 

Heating of envelope and electrodes 54% 

Radiated 0.3 to 1.3/im 39% 

Radiated at wavelengths beyond 1.3 /im        7% 

Total Input Power 100% 
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6.0        DISCUSSION 

6.1       Performance of Large-Bore Alkali Vapor Arc Lamps in 
Pumping Nd:YAG Laser Material 

Potassium-rubidium arc lamps with sapphire envelopes of 
14.5 mm bore diameter and arc lengths of up to 8 inches 
were successfully constructed and operated at input power 
levels up to 800 W per inch of arc length, with optimal 
spectral matching to the pump bands of Nd:YAG.    (As far 
as is known, these are the largest alkali vapor arc lamps 
ever constructed.)   Thus, the contract design goals for 
the size and input power capability of the lamps were 
achieved.   However, the contract design goal of 25% 
efficiency in producing radiation in the 0.7 - 0.9 urn 
wavelength interval was not realized; the measured 
efficiency in producing jadiation in the 0.7 - 0.9 A'm 
interval was only 19%. 

These lamps had a larger useful irradiance for pumping 
Nd:YAG than the 10 mm bore krypton arc lamps which they 
were intended to replace, when both lamps were operated 
at the same input power.   However, the useful radiance of 
the alkali lamps was smaller than that of the krypton arc 
lamps when both lamps were operated at the same input 
power per unit length, because the diameter of the arc was 
larger in the alkali arc than in the krypton arc.   Because of 
this fact, the use of large alkali vapor lamps in the originally 
intended laser pumping applicat' T is not presently being 
pursued.   However, four full-size 8 inch arc length lamps 
were constructed and delivered for testing in a laser cavity 
at some future date. 

6.2        Scaling Relations for Resonance Radiation-Dominated Arcs 

The data plotted in Figure 24 show that a 14.5 mm diameter 
K-Rb lamp produces a considerably higher useful irradiance 
(for pumping NdrYAG) than a 5 mm bore lamp at the i ..me in- 
put power.   In order to understand this result and determine 
whether it can be explained thjoretically, an efficiency 
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scaling relation ior alkali vapor arcs was derived and is 
presented in this section.   The scaling relation indicates 
that, at constant input power per unit arc length, the 
efficiency increases with bore diameter, in agreement with 
the experimental observation. 

Let R be the radius of the plasma boundary (the inside sur- 
face of the lamp envelope) and let r be the radius at any 
point in the interior of the plasma.   Then the temperature 
distribution, 

T   =   T(r) (1) 

can be expressed in the form 

T(r)   =   T (r/R) (2) 

It is shown in Aopendix A that the radiative energy flux, 
Fr inW/cm2 at the plasma boundary is proportional to R1'2 

If R is changed while keeping the temperature distribution, 
T (r/R) unchanged 

F    = 
r alR 

1/2 (3) 

where aj is a constant. 

This result is true for both resonance and non-resonance 
lines as long as the lines are isolated, so that radiation 
in the wings of one line is not significantly absorbed by 
neighboring lines.   (Close multiplets such as the alkali 
resonance doublets can be treated as single lines with 
suitable averaging of the transition probabilities.) 

The energy flux due to heat conduction at the plasma 
boundary, Fc is equal to 

p     _   „dl    .   K       dT 
^c   ~   Kdr        R  d (r/R) 

(4) 
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where K is the heat conductivity.   Thus, Fc is proportional 
to 1/R if R is changed while keeping the temperature distri- 
bution unchanged; 

=  a/R (5) 

where 32 is a constant. 

Under these circumstances, the ratio of radiated to con- 
ducted energy flux, which is equal to TJ/(1-??)» where n 
is the radiative efficiency, is given by 

v 
1-r? 

1  R3/2 (6) 

> It has been shown(H) that the displacement from the line 
center of the intensity maxima of the wings of the reversed 
resonance lines is proportional to pRl/2; where p is the 
pressure.   Th; ; displacement must remain constant if the 
bore diameter of the lamp is changed and the pressure is 
readjusted to maintain the optimal match of the lamp 
spectrum to the absorption bands of the laser material. 
Thus, for optimized lamps, p is proportional to R~v2 and 

v 
1-rj 

Is proportional to R. 

The constant ai in Equation (3) is approximately proportional 
to pT03/2 for resonance lines, where T0 is the temperature 
at the axis of the arc, as is seen from Equation (23) of 
Appendix A.   In this equation the quantity k0 (0)w(0) is pro- 
portional to pVT0   , and the quantity B (0) is proportional 
to T0 at high temperatures. 

For non-resonance lines the constant a^ is approximately 
proportional to p and to an exponential function of T0. 
Therefore optimized lamps obey the relation 

Fr  =  a,   (T 3/2 + f(T )) 
r 3      o o (7) 

where a? is a constant. 
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The heat conduction flux at the wall is independent of 
pressure and is proportional to T0/R.   For optimized lamps 
the total power, P, obtained by adding the radiative and 
heat conduction fluxes and multiplying by the surface area 
of the plasma, which is proportional to RL, where L is the 
arc length, is therefore of the form 

P   = 
^ 

a4(To
3/2 + f(To))R + a5To}L (8) 

where 34 and 35 are constants. 

Equation (8) is the scaling relation for optimized alkali 
vapor lamps.   It indicates that, at constant axial temper- 
ature and arc length, the radiated power is proportional 
to R while the conducted power is independent of R.   There- 
fore, under these circumstances, the radiative efficiency 
and the total power both increase as R increases. 

If, instead, the total power and the arc length are held 
constant while increasing R, the axial temperature de- 
creases.   The radiative efficiency is equal to 

P/L 
r?  = 

a_ T 5   o 
P/L 

= 1 - 
ar T   L 

5    o (9) 

This indicates that at constant P/L also, the radiative 
efficiency increases with increasing R, because of the 
decrease in T0 resulting from increasing R.   The efficiency 
for producing resonance radiation increases even more, 
because the term in Equation (8) corresponding to non- 
resonance radiation decreases more rapidly than the reson- 
ance radiation term with decreasing temperature. 

The predictions of this analysis are borne out by the data 
plottod in Figure 24.   Similar results have been obtained 
by Lowke^' from numerical solutions of the equations of 
radiative transfer and power balance in sodium vapor lamps. 
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6.3       Control of Vapor Pressure 

In the early part of this program difficulty was encountered 
in obtaining the correct pressure of alkali metal vapor for 
optimal spectral matching in the 14.5 mm bore lamps.   The 
pressure was considerably too high even when the external 
surface of the intended cold spot was maintained at 40oC. 
It was hypothesized that liquid metal was being transported 
along the inside surface of the tubulation by surface tension 
forces, so that equilibrium between liquid and vapor was 
reached at a point where the temperature was much greater 
than the intended cold spot temperature.   In other words, 
the tubulation was acting as a heat pipe.   Design modifi- 
cations suggested by this hypothesis, i.e., enlarging 
the diameter of the reservoir and packing its end with a 
wire bundle to retain the liquid metal in place, proved 
successful in making it possible to obtain the pressure 
required for spectral matching, with the external cold spot 
temperature only slightly lower than the temperature corres- 
ponding to liquid-vapor equilibrium at the observed pressure 
(as calculated from the degree of broadening of the resonance 
lines). 

A review of data obtained earlier on smaller lamps(2) in- 
dicated that the same problem had occured there also. 
Measured external cold spot temperatures were several 
hundred degrees lower than those corresponding to equili- 
brium at the pressure inferred from line broadening.   In these 
smaller-bore lamps this did not represent a serious problem, 
however, because a higher pressure was required for optimal 
spectral matching. 

6.4       Effect of Increased Argon Pressure 

Increasing the argon pressure from 50 Torr to 3000 Torr did 
not affect the position of the reversed radiation wings of 
the optimally matched K-Rb, 6.3 mm bore lamps.   If the 
radiation had been due to excited K2, Rb2, or K-Rb mole- 
cules, a shift of the radiative peaks would have occurred 
due to a higher concentration of excited molecular vibrational 
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states.   We conclude that the resonance radiation is due to 
excited a.toms.    (In contradistinction the radiation emitted 
from high pressure, 1000 Torr pulsed lamps is due to a 
mixture of excited atoms and molecules.) 

6.5        Effect of Adding Mercury 

The addition of mercury to a K-Rb lamp does not increase 
the effective irradiance.   It does raise the general level 
of background radiation and also seems to broaden out the 
long wavelength wing of the reversed resonance radiation. 
(This latter phenomenon had been noted previously. '3^)   This 
broadening may be due to the appearance of KHg and RbHg 
molecules, as the pressure of Hg at 500oC is several atmos- 
pheres.   In addition, the arc diameter appears to be smaller 
in the lamp with added mercury. 

6.6 Beryllium Oxide Envelope Lamps 

The use of BeO as an envelope material offers the long 
range possibility of reducing the bore size of the present 
14.5 mm bore K-Rb sapphire envelope lamp by increasing 
the maximum permissible thermal wall loading.   A reduced 
bore size means a physically thinner alkali metal vapor 
layer through which the resonance radiation must pass, thus 
enabling an irradiance match to the laser rod to be made at 
a higher lamp vapor pressure.   A thinner walled sapphire 
envelope would serve a similar purpose as it, too, could 
handle high thermal wall loadings. 

6.7 Radiative Efficiency of Krypton Arc Lamps 

At high power levels, the total radiative efficiency of 
krypton lamps approaches 50%, and the radiation in the 
0.3 - 1.3 Aim band is of the order of 39% of the input power. 
The power density of the lamps can be computed from arc 
diameter measurements.   This information can provide basic 
information to further understanding of krypton arc radiative 
processes. 
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7.0 CONCLUSIONS 

The following major conclusions can be drawn from the work per- 
formance under this contract: 

» 

h 

1. Potassium-rubidium arc lamps with sapphire e velopes 
of 14.5 mm bore diameter were constructed anc success- 
fully operated at input power levels up to 800 W/inch of 
arc length, the original contract design goal, with optimal 
spectral matching to the pump bands of Nd:YAG. 

2. The efficiency of these lamps for producing radiation 
in the 0.7 - 0.9 Mm wavelength interval was 19%.   This 
is smaller than the contract design goal of 25% efficiency 
for producing 0.7 - 0.9 Mm radiation. 

3. These lamps had a larger useful irradiance for pumping 
Nd:YAG than the 10 mm bore krypton arc lamps which 
the 14.5 mm alkali vapor lamps were intended to replace, 
when both lamps were operated at the same input power 
per unit length. 

4. The useful radiance of the 14.5 mm K-Rb lamps for pumping 
Nd:YAG was smaller than that of the 10 mm krypton lamps 
when operated at the same input power per unit length, be- 
cause the krypton arc had a smaller diameter than the alkali 
vapor arc. 

5. The addition of excesses of argon or mercury to the standard 
K-Rb fill does not improve the spectral matching or the 
efficiency of pumping Nd:YAG laser material. 

6. BeO was successfully tested as an alternative to sapphire 
for use as an envelope material in constructing alkali vapor 
arc lamps.   Because of its higher thermal stress resistance 
the use of BeO should permit a reduction in bore diameter 
at a given input power per unit length. 
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RADIATIVE TRANSFER IN RESONANCE RADIATION DOMINATED PLASMAS 

The intensity of a beam of light travelling in the positive x direction is 
given by the equation(^ 

* 

x 
I + (x,aj)       JV^  W, w) B(x', co)e"(t"t,)dx1 (1) 

where I+(x,co) is the intensity in terms of power per unit area, per unit 
angular frequency interval, and per steradian; k(x,to) is the absorption 
coefficient, B (x,co) is the Planck function, 8Tr2a;2 h/Ce^hco/kT-i) and 
t (x,a;) is the optical thickness at x, defined by 

t (x,co)   =   J^R  k{x". w)dx,, (2) 

In Equations (1) and (2) the lower limit of the integral, -R, is the co- 
ordinate of the boundary of the plasma in the negative x direction.   The 
intensity is assumed to be zero at -R. 

For a Lorentzian shaped line. 

k(x,  to)   = 
k  (x) W(x) 

o 

TT(W(x)2 + Aw2) 
(3) 

where k0(x) is the integrated absorption coefficient. Aw is the frequency 
interval measured from the line center, and W(x) is the frequency interval 
at which the absorption coefficient has dropped to one half of its value at 
the line center. 

The total intensity of the line is obtained by integrating Equation (1) over 
frequency.   We can take the limits of integration to be A i0= -=> and +» , 
since k(x) vanishes at large values of Aco, and we can take B(x, to) to be 
independent of Aco without introducing significant error, since B(x,6o) is 
a slowly varying function of frequency. 

■ >*tlm,frt,**Jmtit 
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The integral over frequency of the factors in Equation (1) that depend on 
A to is then 

poo k   W dco I  =   J       _o_ 

Tr(w2 + Aa?) 

exp "fx. 
kow^     Lm 

TfCAA2 + Aco2) 

Making the substitution 

y2   =  ~r    {*   k   Wdx" 
' _, A    2     J x'     O 

TT A co 
(5) 

and recognizing thatW^ is negligible in comparison with Aco    over nearly 
all of the range of values of Aco that contribute significantly to the integral, 
we obtain 

-y 
(.0°    k   W e dy 

I =   r      o 
k   W 

o (6) 
1/2 .      ,.1/2 ,       ,,1/2 

TT        (u-u') (u-u') 

where we have introduced an effective optical thickness \x{x), defined by 

u(x)   =   f*;   k   (x") W (x")dx" 
d-R       O 

(7) 

i 

Equation (1), integrated over frequency, now becomes 

x 
I  (x)   =    f"    k (x1) W (x1) B (x1)       dx' 

+ J-R      o Y/T 
(8) 

i 

Subtracting the similar expression for I_(x), the intensity of a beam travell- 
ing in the negative x direction, gives the following expression for the net 
flux in the x direction,   I    (x). 

■   ^i ■ ^^-—^_—fc ^M 
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1/2   r (x)   =   J.R
R    B(x')  ^ 

u -u 1/2 

dx' 
dx' (9) 

where R is the boundary of the plasma In the positive x direction. 

In order to perform the integration in Equation (9) it is necessary that 
B(x) and u(x) be known functions of x.   For a plasma in local thermo- 
dynamic equilibrium, this requires that the temperature be a known 
function of x.   If we set 

y   =  x/R (10) 

and 

V(y)   =   ry k   (y")  W(y")dy" 
0 o      o 

(11) 

C 

then 

and 

u(x)   =  Rv(y) 

1/2 

Hx)   =   -2R1/2   i\   B(y) ^4- dy' 

(12) 

(13) 

This means that the radiative flux is proportional to R1/
2
 if R is varied 

while keeping the temperature distribution (as a function of the normalized 
distance   y) unchanged. 

We now have to calculate v(y) from Equation (11).   The integrated absorption 
coefficient, k0, is equal to 

2TI2e2n    f 
k     = 

o 
m  nm (14) 

mc 

1 

where e is the electron charge, m is the electron mass, nm is the concen- 
tration of atoms in the lower level of the line under consideration, fmn is 
the absorption oscillator strength, and c is the velocity of light.   For re- 
sonance lines under conditions where resonance broadening is the dominant 

-  -  1—~^- 
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factor determining line width, 

W   = 
3ne2n    f      9   1/2 

m  mn   m 

moo g 
1/2 

(15) 

n 

where gm and gn are the statistical weights of the lower and upper states 
and a. is the angular frequency at the line center.   Thus kow is Proportional 
to nm

2, or approximately proportional to pW if the temperature is not too 

high.   Then 

v(y) = a Jo
y *L 

(T(y)]: 
(16) 

where a is a constant of proportionality incorporating the pressure and the 
atomic constants in Equations (14) and (15). 

We now assume that the temperature distribution is parabolic, i.e., 

T (y)   =  To (1 - by ) (17) 

This form of distribution has been found to represent the actual temperature 
distribution reasonably well for arcs dominated by resonance radiation^ W. 
With this distribution, v(y) is given approximately by 

i 

gy   /X .    I v(y)   =   2 T       T    +  T(y) 

o   I   o 

(18) 

A numerical calculation using Equations (17) and (18), with T0 = 4000Oc, 
T(l)   =   lOOQOC (typical values for a potassium arc) indicates that B(y) for 
resonance lines in a plasma with a parabolic temperature distribution can 
be represented quite closely by the equation 

B(y)   =   B(0)e 
-a|v(y)| (19) 

where a is a constant. 

.fe^^a 
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except for a small region near the origin where e-a |v | has a discontinuous 
Sderivative, while B(y) cannot have such a discontinue    This is of 
little importance for the subsequent calculations, however.   Using Equat on 
m. ihe integration in Equation (13) can be carried out to give, for the flux 

at the wall, y2 .   2 

m^/2{^o)^]l/2[i*^)     ^       {20) 

to a good approximation. 

Equation (20) must be integrated over solid angle to obtain the total flux in 
the line under consideration at the plasma boundary. In slab geometry this 
introduces a factor equal to 

2TT  J^2    cosl/2esinede  = I  TT (21) 

while in a c ylindrically symmetrical plasma the additional factor is approximately 

4jo
TT/2    sin3/2ede   J^72 cos9/2 H   =   1.95 (22) 

C 

and the total flux at the boundary of a cylindrical plasma is approximately 

1/2 
i      1 

1/2 
F(R)   =   1.95R 

C 
k  (0)W(0) )  1/2 /,, JJL. 1 '     tol 2 (23) 

O    •      • J L   rT(l) j B(l) 

For non-resonance lines, the theory presented here is apphcable as far as 
Equation (14).   The width of non-resonance lines in arc plasma Is usually 
dete mmed ly Stark broadening, and is proportional to ne, the electron con- 
cenS.   The quantity k0W is therefore proportional to ^ne, or approxxmately 
proportional to exp   (  -(Em + Ei)] where Em is the excitation potential for the 

I kT       ) 

•   —  1 k«MMM ■CM 

/ 

Mi 



" ' ■ 

I 

I 

c 

75 

Therefore k0w lower state of the line and Ei is the ionization potential, 
effectively vanishes at some value y^ of the normalized radius.   We can 
obtain a rough approximation for the flux in the non-resonance line at yi 
by assuming a linear variation of k0W between the origin and yj, and inte- 
grating Equation (13) with a constant value of B{y') equal to its axial value, 
since B(yi) is not much smaller than B(0 ).   This is equivalent to saying 
that the emission in the line is confined to a region of nearly constant 
temperature near the axis.   These approximations give 

Ffr^   =   3.9 (Ry^ 
1/2 

B(0) 
( 

ko(0)w(0) 
1/2 (24) 

for the flux at q.   The flux in the non-resonance line at the plasma boundary 
is smaller than this by the factor yi (=r]/R) in cylindrical geometry, and is 

F(R)   =   3.9 R1/2y1
3/2B(0) k  (0)w(0) o 

1/2 (25) 

It should be noted that, for non-resonance lines as well as for resonance 
lines, the flux at the wall is proportional to R1/2 if R is changed while keeping 
the temperature distribution unchanged. 
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