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ABSTRACT

The objective of this contract is to develop and deliver prototype 8kW (input)
alkali vapor lamps that emit 2kW of output radiation in the major pumping bands
of Nd:YAG laser material. The lamps are to be 10 inches long and 18mm or less
in diameter; be readily recycled, and provide operational lifetimes of 100 hours
or more. lamps with transparent sapphire envelopes, 14.5mm in bore diameter,
were built and operatad successfully at input powers per unit length of 0.5kW/inch,
more than one-half the design goal. fI‘hese lamps were more efficient in pumping
Nd:YAG than krypton arc lamps of the same length and input power, in spite of the
fact that the alkali vapor pressure has not vet been adjusted to provide cptimal
spectral matching to the laser pumping bands. Also, tests on smaller bore lamps
indicate that adding excesses of argon or mercury to the standard K~Rb fill does
not produce significant improvements in spectral matching. Spectrophotometric

and calorimetric equipment developed for the program is described.
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FOREWARD

This work is being carried out by the Engineering Division of ILC, which
is under the direction of Dr. L. Reed. The Technical Monitor of the program

is Dr. Fred Quell, Office of Naval Research.

Mr. L. Noble is the principal investigator. He is assisted by Dr. C.B. Kretschmer.
Mr. B. Maynard performs the experimental measurements and data reduction.

Mr. J. Gaspar is responsible for alkali vapor lamp fabrication.
Work under this contract began on 5 March 1971. This report covers the work

accomplished through 31 October 1971, n 29 November 1971, ILC reguested

a three month extension of the contract, to 31 March 1972.
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SUMMARY

Alkali metal vapor lamps are being deve_loped that are 10 inches long and
18mm in diameter, that handle 8 kW of input power, and that sharld deliver

2 kW of output radiation in the major pumping bands of Nd:YAG laser material.
These lamps are intended to replace krypton arc lamps in a 10 inch long

segmented-disc laser being developed elsewhere for ONR.

Alkali metal lamps that pump Nd:YAG with high efficiencies have been made previously

in the 1 kW input power range. The lamp is limited by laser cavity considerations
to 10 inch length ana 18mm O.D.; construction considerations limit the bore
diameter to a maximum of 14.5mm. At 8 kW input, the lamp's physically

limiting parameter is thermal wall loading. A K-Rb mixture has been found to be
the optimal alkali metal plasma material. Efficiency for pumping Nd:YAG is
optimized by adjusting the opecrating vapor pressure of the alkali metal vapor to

obtain the correct amount of self-absorption of the alliali metal resonance lines.

Experimental lamps were constructed with 14,.5mm bore diameter, but only

3 inch arc length; since input power in these lamps is known to scale linearly

with length, ti'ese shorter lamps provide all the needed data at considerable savings
over 10 inch «.ng lamps. Lamps with smaller bores were constructed for determining
the effects of additions to the standard X-Rb filling, and for determining the effect
of bare diameter on arc diameter and efficiency. Krypton arc lamps were also
constructed f{or comparison with the alkali vapor lamps, and to test the measuring

equipment being uscd in the program.
The effective irradiance of the lamps was measured spectrophotometrically, using a

time-shared computer system to calculate, in absolute units, the amount of light

emitted by the lamp that is absorbed in the pumping bands of the laser material.
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In addition, the fluorescence excited by the lamp was measured in a sample of
the laser material under controlled conditions. A flow calorimeter was constructed

for measuring the total radiative efficiency of the lamps.

14.5mm bore K-Rb lamps were successfully operated at input levels of more

than one half the design goal (800W/inch). The spectra indicated that these
lamps were being operated at too high a vapor pressure to give an optimal
spectral match to the laser material. In spitc of this, these lamps gave
significantly greater output in the Nd:YAG pumping bands, at the same input
power, than a 10mm bore krypton arc lamp equivalent to the krypton arc lamp that

these K-Rb lamps are intended to replace.

The difficulty in obtaining the desired vapor pressure is believed to be

caused by the fact that liquid alkali metal creeps along the inside surface of
the tubulation to regions of higher temperature than that of the cold spot, which
is intended to control the vapor pressure. Future lamps will incorporate design

modifications intended to circumvent this difficulty.

The diameter of the arc, which nearly filled the bore in a 3mm envelope, was
found to increase only very slowly as the envelope diameter was increased, and
was only slightly greater than 4mm in the 14.5mm envelope, even though the input
power was much greater in the larger bore lamp. This means that the ability of
the lamp to absorb an increased input power is obtained mainly by increasing

the temperature (and therefore the conductivity) of the arc rather than by

increasing its diameter.

Measurements on smaller bore lamps indicated that the addition of excesses of

1 not increase the effoctive

v~

argon or mercury to the standard K-Rb filting i



irradiance, although the spectrum >f the lamp with excess mercury gave some
evidence of molecular band emission on the long wavelenath side of the alkali

resonance lines.

A lamp constructed with a BeO envelope was operated successfully. It eventually
failed by leakage through many pinholes in the ceramic after operating for 16 hours.
It is expected that this source of failure can be eliminated by improved manufacturing

metnods for the BeO envelope material.

Calorimetric measurements on krypton ~rc lanp s indicated that the radiative
efficiency increases with both bore cdiameter and iuput power, and approaches

S0% at full rated power.

It is anticipated that satisfactory control osver the vapor pressure will be

obtained during the next reporting period, and that it will be possible to operate
large bore alkali lamps at the design goal input power of 800 W/inch. When this
has been accomplished, construction of the full-length 8 kW lamps will be started.
Extrapolaticon of the results obtained so far indicates that, at the full rated input
power, the effective irradiance of the alkali lamps will be significantly greater

than that of a 10mm bore krvpton arc at the same input power.
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1.0 INTRODUCTIO J WD OBJLCTIVES

B

This high power alliuli metz! vapor lamp program is a conseqguence of the
recent develon:mernt of lower power senphire envelope alkal: metal

- Vs
i

lamps that efficiaently pump MN4:¥YA\C lasers, and of a need f{or reducing

thermal dissization in a high power, seamented disc, axial gracient

~

Nd:YAGC las>r now uader development. The lacer work is being carried
out elsewhere under ONR sponsorshin. & The specific lamp being
developed on this program for that lascr has the DHllowing design ¢oals:
nput power td lamp 8 kW
Lamp output in the main Nd:YAG
pamp bands (0.7-0.95x, 2 EW
Source geometry (arc radiance) Colimized to maxinize
useful pump lamp sutput
Lamp geometry 8-10 inch length, 18mm meximum
outside diameter

Life 1Cv hours

Krypton arc lamps are also involved in this program: thev are usad ty aid
in the development of measurement equipment, and for efficiency com-

parisons with the alkali metal ilamps being developed.



2.0

BACKGROUIND

The excitation spectrum for \a- 'AG is shown in Figure 1. For the past
five vears sapphire «nvelope alkali metal vapor arc lanp s have been
investicated as potentially more efficient than noble gas arc lamps for

3,4,5
pumping Nd:YAG lasers.( )

Both quartz jacketed and "nude"” sapphire envelope lamps have been
developed(l) and are illustrated in Figure 2. Laser output data indicates
that K-Rb vapor lamps are more efficient than krypton lamps for pumping
Nd:YAG, at least ur to input powers of 1kW, Three inch length, 5mm and

6.2mm bore, lamps were used to provide tiie data shown in Figure 3.

The limitation of 18mm O.D. on the lamp being developed on this
contract imposes a 14.5mm meximum inside diameter on a sapphire
envelope because the minimum wall thickness avaiiable in this diameter
of sapphire is 0.75mm, and a 0.5mm vacuum c¢ap is required between

the sapphire (inner) envelope end the 0.5 mm thick quartz outer envelope.
Since this lamp handles 8xW input and is 10 inches long the 14.5mm
bore diameter gives rise to an inner wall loading of 70 W/cmz. It has
been found previouslv that 100 hour lamp life can be obtained when

a lamp is operated at this power level in a free radiating environment.

In orcder to achieve the desired pumping efficiency, the lamp radiation

must be optimally matched to the laser excitation pump bands. An optimally

- (1)

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

lasers is the reversed re-onance radiation. Reczonance radiation results

from a chanye in the energy level >f an encited atom between the lowest
excited state above the ground state to the ground state. Because the
ground state is well populated, the resonance radiation emitted can
easily excite another ground state atom td the first excited state. Thus
the radiation and energy levels can "resonate" many times before the
radiation is finally emitted from the plasma. This radiation will be
increasingly trapped at higher and hicher (pressure ¥ thickness) products
as is sequentially shown in the paotassium spectrum progression, rigure 5

-
e : . R L
(due to Schmidt in the pioneer study in this field '), reculting in a reversal
of the center line of the resonance radiation. The phenomenon of resonance
radiation reversal is used td obtain an optimum match td the Nd:YAC pump

bands by adjusting the pressure 1n a lamp asg a function of its bore diameter .

In arcs more than 1 inch long the emitted radiation sceles linearly with
power input td the arc. Thus, a 3 inch, 3 K\ arc enits as efficiently
as an 8 inch, 8 kW arc.

It has been found that an alkali vapor arc lamps' efficiency for laser
pumping depends upon:
1. The plasma material(s); ¥, Rb, Na. (Hg)
2, The vapor pressure of the alkali metal vapor, which
is contralled by the cold spot temperature of the lany.
3. The thickness >f al':ali metal vapor turough which the
radiation must wavel, which is a function 2f the hore
diameter of the lamp.

4. The power density in the lamp.



The success with which reversed radiation can be matched to the Nd:YAG
bands can be cemonstrated by interposing a slab of Nd:YAG materiai
between the lawmp and an emission sensor. A typical subtractive spectrum
dbtained by this technique, using an 0.25 inch thick Nd:YAG slab, is

shown in ti.e upper spectrum in Figure 4.

The wavelengths of the resonance radiatizn emitted by the alkali metal
vapors are as follows:

Lithium 61034 67074

Sodium 58901 58964

Potassium 76654 7699 %
Rubidian 7800} 7948 .
Cesium 857214 89431

Mixtures of vapors, such as a mixture 9f X-Rb, will display an overlap of
the resonance radiation lines, and the selection of the carrect alzali metal
or mixture of metals will basically deter:nine the coupling efficiency of the
radiation from the arc to the Nd:YAG rod. At low vapar pressures and/or

he radiation will be emitted at the resonarnce wavelengths,

-t

vapor thickaesses
but, as discussed above, at higher pressures and/or increased vapor
thicknes<es it will reverse and at some paint pass through the stage at
which the win3s of the reversed resonance radiation will match the
excitation spacira 2f Wd:YAG. Obridusly, the larger the lamp diameter the
lower the pressure at which this will occur, Thus the large hore lamps
used o this program should display an optimum match at a [o>wer pressure

(1)

than the Smm zore lamps previously inwvestigated,

As the power deasity of a plasma increases, the eneryy avallable for

exciting the alzali metal atoms to higher energy levels increases. This
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occurs at the expense of the lower level transitions giving rise to
resonance rachation; thus it is desirakle to operate at @s low a power
density as possibic. If the plasma is wall confined, then obviously

the bore diameter of the lamp contrals the power density. However,

it has been f:)und(l) in Loth alkali metal vapor and krypton CW arc
lamps that, althouch the arc is wall-stabilized, it is not wall confined
as it is in high power density pulsed lamps. Consequently some control
aver power density other than controlling the power 1nts the lamp must
be achieved by using indirect technigues such as pressure contral and

secondary arc iooants,

The measurement of arc diameter is an important diacnostic too] that
is used to determire the effect >f varying parameters or arc expansion

and hence 2n pswer donsity in the arc,

From this brief review we can see that the lamp parameters | ertinent

to this program are:

1 the plasma material.

O the alkali metal vapor pressure

g, within certd o limits, the bore diameter

4, active or inactive additions to the alkali metal vapor, such

as mercury and aruon

5. vithin certain limits, the length of the lamp.

EXPERIMDNTAL APPRONC:I

The successful development of an efficicnt » =W lamp will represent o
significant advance in alkali metal laser pump technology, as the

+

maximum diameter lamp previosusly develoned has an 83mm outzide diane

f

v
s



and a 1 kW power limitation .

At the start of this nrogram it was unknown whether the effects of
increased bore diameter 2f the 8 KW lamp could be compensated for
by adjusting tne other allowable lamp parameters to> maintain the

necessary line reversal.

Two early possibilities were considered for increasing the wall loading
capability of the lamp and hence raducing its bore diametar. These
involved the use of thinner wall sapphire lamps and the use of beryllium
oxide envelopes. [n bath cases the thermal siress resistance of the lamps

could be increased.

Thin wall sepphnire tubing in the required oore diameter was not available
at the start of this work, but beryliium axide in translucent polycrystaline
form could be obtained and one small bore lamp was constructed of this

material.

The efficiency >f lamps is generally independent of arc length for arcs longer
than 1 inch, a3 long as the input power per unit length of the lamp is
constant. Lamps with 1-.2»m bare and 3 inch arc length were used on

this program 1n 2rder to lower lamyp fabrication costs and to allow the we

of lower~power test equipment.

In addition to the 11.5mm hore lamps, 5mm and 6.3mm bore, three inch arc
lamps (identical with those used on a prior alkali metal programm) were used
12 (@) determine whether the acdition of mercury or

argon would increase the laser pumping efficiency of K=Rb lamps; and (b)

to compare their arc sizes with those of larger lamps as part of the power

-0 -



density and radiance studies. Lrypton arc iamps were also constructied.

4.0  E¥PLRIMENTAL PRGCLDURE

4.1 Lamp Construciion

4.1.1 Alkali M :t:l Vapor Lamps

All but one* of the alkali vapor larps had sapphire

envelopes (from Tyco) and Niobium + 1% Zr end caps,

a tantalum tubulation, and tungsten electrodes. The
construction followed the fabrication processes previous. v
dGVGIOPCd-( ) The 5 and 6.3mm Lore by 3 inch arc lennth
lamp structures are snown in Figure 2. The croscg-saction
diagram of the l4.5mm bore, 3 inch arc length lamp is
shown in Figure o, and a lamp enclosed in a guarte envelone
is shown in Figure 7, The end caps are sealed to the
sapphire using 20 active alloy at 1350 C. The alkali metzl
is introduced into the lamp via the tantalum tubulation, vwhich
1s then pinched off and electron~-beam welded, Luring
operation, the end of the tunulation hecomes the cold spot
of the lamp and the reservair for the unvaporized alkali
metal. The cold spot normally controls the vapor pressure
of the alkali ne tal within the lamp. Tre cold spot can te
either heated or cooled in order to achieve the correct

pressure in the lamp.

For bare lamps operated in a wvacuurm bell jar, heating is
accomplished by a nichrome heater 1n contact with the

COILA a“0i~
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Cooling in the 5 and 6.3mm bore lamps is accomplished

by atiaching radiation fins to the cold spot tubulation and,
for the large lamps, by a forced-convection water-cooled
arrangement that c221s a copper block that, in turn, is in
intizlate contact with the ¢old spot of the lamp. For quartz
envelope lamps, split carbon blocks provide the thermal
path from the lamp cold spot to the outside world. The
quartz outer envelope is shrunk daown over the carbon to
provide a continuous coaduction path. Ti.e shrunk-down
quartz recion can be heated with a spiral nichrome heater

or cooled by a forced air convection flow.

The lamps are started with a high voltag> low current pulse
of several thousand volts., A low pressure argon (50 Torr)
fill assists in arc initiation. The lamps are then gradually
brought up to power over a several-minute period in order to
allow the alxali metal to vaporize and to form a stabie arc, and
to minimize transient thermal stresses on the sapphire

envelope.

A de power supply is normally used for this operation. The
alxali metal lamp reguires “seasoning" for the first hour
of its operation, after winich the measurements described

in the next section may be performed.

Smati bore alxali metal lamps vwere constructed with the

(1)

standard {ill found to he optimum on a prior program ', j.e,,

a 50:50 mix of K-Rbh 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 me rcury was added to the K-Rb fill in

another lamp.

A BeO envelope, Smm bore x 3 inch arc length, was also
constructed with a new metalizing procedure. The lamp
was filled with K~Rb as the active alkali vapor material

and 50 Torr of argon for the starting gas.

An 8 kW alkali metal lamp of 14.5mm bore diameter has
a wall loading,for an 8 inch length, of 90 W ’c<n12, and

for a 10 inch length, of 70 W, cm2. A lamp life of 100 hours
can be routinely expected at tie 70 W 'crnz figure(l) if in

a free radiation condition.

In order to conserve on material expenditures and

test facilities, the cevelopment lamps are

being constructed with the 14.5mm bore diameter but with
a reduced arc length 2f 3 inches; power is known to

scale linearly with length, while the scalinu parameters
are not known for the radial direction. The 8-10 inch
length lamps will be constructed when the efficiency ¢oals

have been reached on the shorter test lamps.

Kryoton Lamn Construction

Standard 1LC externally waier < ooled lamps of 4, 6 and

10mm bore diameter and 3 inch arc length were constructed



and filled to 3 atmospheres. A krypton lamp with
electrodes internally cooled by water was constructed
with 10 mm bdore diameter, and filled with 3 atmospheres
of krypton. The lamp was designed to be superior to the
presently used (externally water cooled) lamp. It was
tested and later filled to 7 atmospheres of krypton. The

xrypton lamps are illustrated in Figures 8 and 9,

4.2 Svectral Maasuroments

-3

4.2.1 Absolute Specual Irradiance and Radiance NMeasurements

The measurements taken 2n this program utilize the

procedures recommended bv the N.B.S.

Spectral irradiance measurements were made which,
together with calorimeiric measurements,

describe the lamps' electro-optical

conversion efficiency in the 0.7-0.95, band. Below
0.5u the calipration of the standard lamp is by extra-
polation, so that cata in this region must be treated

with reserve.

Radiance measurements were made to provide a measure
of the ability to focus the radiation from the lamp onto

the laser rod within a focusing cavity.

The lamp is mounted in a Pyrex vacuum bell jar for making
spectral irradiance measurements. The mounting is keved
to an optical bench so that the lamp is precisely and

reprocucibly aligned to the detector svstem, which is

- & -~ 2 1

. P
2w s - i .
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4.2.2

The lamp emission spectra were taken with a Jatrell Asn
1/4 moter monocnaromatar, using a phatormaluglior
detoctor wilh Ln extended-rance £-1 phocpnor. The
system response was initially determined using an
Eppley s*andard irradiance lamn (traceable to NB3)

as a reference.,

All output data were digitized onto punched paper tape
for input to a computer memory, The svsiem response
curve is alsd stored in the computer memory. The spectiral
curves are carrected {or the system response and plotted
on an XY recorder ovaer the range 2£ 0.4 5 1.5n, Time-
shared computer processing allows a rapid (approximataly

2 ninute uime lag) determination 2: the specura! liradiance

in the 0.4 to 1.6¢ band.

Spectral radiance measurements are made by comparison

with an Lgpley standard radiance lamp.

Relative "Liicctive" Irradiance Measurements

In addition t> these two standard measurements, several
relalive mcasurement technigues have been develope:d for

use with lamps for pumping lasers.

The first technigue involves a computerized integration

of the spectiral irradiance curve multiplied by the absorntion

- 11 -



coefficient of Nd:YAG, which has been previously

digitized and entered into the computer. The quarntity

that is ot.tained is the effective spectiral irradiance of

2

the lamp and is measured in terms of watts ger cm™ per

rr

nanameter per unit thickness of laser material for a sincle
pass of lamp radiation, A black diagram of the equipment
used in this operation is shown in Figure 10. Figure 4
gives a subtractive spgectrum of the alkali metal radiation
absorbed in the Nd:YAG in a single pass by using an actual
0.25 thick slab of Ncd:YAC rather than by using the Nd:YAG

curve entered into the comnuter.

A second special techrique involves measurement df the
effective irradiance emitted {rom a lamp by using a
differential NA:¥AG fludrescence analysis method.

This method was {irst devised for use in a cylindrical

integrating cavity arrangement for low poswer lamp measure-
(1)

ments, and has previously been described in detail. A

schematic diagram of this arcancement is in Figure 1. The

integrating cavity technigue was used to take measuremoents

on the small bore lamps evaluated sn this program.

This fluorescence analysis technique has now heen adapied
to enable measurements 2 be rarried out to the 8 x3W level.
This modilied arrangement is shown in Figure 12, The
integrating cavity arrangement is replaced with a direct

irradiance measurement of the lamp as it is operated in the

-12 -



vacuum bell jar. A precis.on halder was tabricated
so that the two radiation sensing unils coula he positionad
3 ThE L3208 ar

I TR T Y 7
al 2 precise addic e rom e e

mounted external to the hell jar. They consist of 0.25 inch
thick undoped v.C and doapee NILYAC reciangular slabs of
material, behing each of wiich ig placed a 1.06p trans-
mission {ilter and a PIN diode., The PIN diodes convert
any radiation impinging on them 5 a millivoltage., The
scatterced light zignal rom tne disde hehind the undoped
YAG is electrically subtractad irom the fluaescence vlus
scattered light signal produced by the other didde. A
relative measure of the amaurt of lamp radiation that is
converted to 1.0o0u {lusrescence radiation is thus obtzired

in terms of a Jluorescent outpus voliage (F0OV).

The use af this FOV technigue provides a rapid iterative
technique for optimizing a lanp at a ¢ 'ven power level by

progressively azijusting the cdald spot temperature, and thus

the pressure in the lamp, and platting this guantity acainst
the FOY reading. The FOV maximuem an this curve
corresponds to an optimum match of the alkali metal lamp

to the Nd:YAG material. This racedure can be carried out
from the ignitian point of the lamp up 12 the highest aporating
psint at which the lamp can be safely operated. A curve
is obtained somowinat similar 12 a laser pawer sioue

fficiency curve. Plois 2 'O vorsus lamp input gower
can be compared for different lamos, and their relative

effective irradiances can be determined.



4.3

This device nas previously proven itself as a means

of providing a rapid lamp sel ection technigue to th:

point where now, at ILC, it is carried out before other
photometric tests are performed. Spectra are then taken
at the lamp operating conditions corresponding to the
maximum FOV readinag, and occasionally also at operating
points on each zide of this condition in orcer to confirm
the FOV data by examining the under-reversed and over-

reversed operating condition,

Calorimetric Measurements

The calorimetric measurements are used to determine the

total, and the 0.3 to 1.3u, radiation efficiency of the

krypton and the alixali vavor arc lamps. In conjunction vsitn

either a relative or an absolute lamp irradiance measurerient

over the 0.3 to 1.3t region, these measurements can then pe

used to obtain the lamp radiation efficiency in any band w

this range, such as the 0.7 to0 0.9514 band.

A diagram of the experimental arrangement for making
calorimetric measurements on a water cooled krypton lamp
is shown in Figure 13, The lamp is centered in a quartz
water jacket lIram wall thickness, with a gap of about
lmm between the cuatside of the lamp and the inside of the
water jacxet. Coaling water flows through the gap at a
rate of 1.0 gal/min., The cooling water temperature is
150 o L!LOC. Tie flow rate is monitored by flowmeter 1

and the increase in temperature of the cooling water is

- 14 -
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given by the difference in the readings of thermomet.rs
1 and 2. Thnis allows calculation of the ey elope and
electrode heat dissipation, P, . Tne radiative suthul is

h
measured by absorption in a caiorimetler constructed from
tvro concentric lenagths of quartz Whing with a G annular
spacing, Water, either clear or made spaque by the
addition of India irk, is circulated through the calorimeter,
flowmeter 2, and a heat exchanger. The rise in temperiture
due to absorption of radiatisn bv the 6mm laver of water 1s
given by the differcnce in the readinags of thermometar
3 and 4. The {low rate, which is maintained at ahout
0.6 gallons per minute, is monitored by {iyemeter 2. Thisg
allows calculation, with the use 2 opague water, 2
total radiated power, Pr' and witn clear water the amount
of power outside the 0.3-1.3# region. According to the
curve of water absorption plotted against wavelenath, whnich
is shown in Figure 14, the radiation sutsicde of the 0,3-1,2u
region will essentially all be absorhed by a omm thick
water layer. The input power to the lamp is calculated
from lamp voltage and current measurements (Vi«I). The
efficiency is given by Pr,’(Pr-‘-P,n), and a chech on the
accuracy of the measurements is possible through the fact
that the VI product should be cqual to Plr + Ph. Fsr cach
fferent

lamp, a secries of readings is taken at ¢i

input poverr

levels.

Arc Diameter Noasurements

The arc image was prajected directly antd a screen and the



diameter of tire plasma was nteasured as a fraction 3¢ the
cross=-saciion of the sapphiure envelope. Then, hnowing
the diametoer of the envelope, the arc diameter is
determined. The alkali metal lamps used for this test,
as {or the calorimetric test, were enclosed in quartz

jacrets as shown in FPigure 2 and Figure 7.

5.0 EXPERIMENTAL RESULTS#*

5.1 Results for Smm and 6.3mm Rore, 3 [ach Mrc Length Alka

s

Metal Vanor Lamns

The small tore atiali metal lamps were operated in evacuated
quartz eavelopes. Cooling of the inner sanphire enveiope was
by radiation; caoling oI 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. (1) Their

construction details are shown in Tigure 2.

The beryllium oxide envelope lamp was operated successfully

for sixteen hours at 500 watts. Failure was by multipie pin-hole
leaks appearing in the center (highest temperature) portion

of the ceramic., This mode of failure has often been oted in
polyerystaline aluniina eavelope alkali metal lam ps,(l) and
wnarently can be overcome by improving ceramic tube manufacturing
techiniques. About this time work under another contract was started
to evaluatle larde diameter BeQ eavelone cesium lamps for pulsed

10
applicatians( ) so further work on BeO lamps was

i ! s scclion rofer Lo a recorded, chronoslogical,
wyrential numovering of all develonmental alkali metal lamps constiructed at ILC.

- 106 -



(10)
deferred until results are Generated on this other program,

It should he noted that, since the 2¢O cnvels: wre transl Bt
the cffective radiating surface is the exterior of the envzelope.
Thus the radiance (brichtness) of the lamp for lascr pumpin g wll
be lower than when transuarent sapphire envelopes of the same

O.D, arc used,

Lamps were constructed with Smm borc and 3 inch arc lengths,
These lamps were filled with K-Rb + 50 Torr of argon (MNo. 138),
K-Rb + 3000 Torr of arcon (No. 78), and K-Rb + 50 Torr argon

+ Hg, (No. 131). Spectra were tarxen on these lamps. The speciral
data on tne lanips «with the {ill variations is nresented in Ficures

15, 16, and 17. The intecratecd area of the spectrum that

matches the pump bands of Nd:YAG was mcasured, and tnhe arcas

were found to be equivalent.

FOV data were taken on the K-Rb and the K-Rb + Hg lamns. These
comparative data are shown in ligure 18 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 point being exolored with
this lamp was the shift of the reversed resonance lines of the

alkali metal species. No shift was noted.

The lamy, No. 131, with Hg in addition to the E-Rb {fill material
was operated ac at J.5 to 20 kHz. Since the k=Rb lamps can Le
operated from standarc Krypton arc lamp dc gower supglics, the
development of tihe mercury additive lamps was net pursued

further.

NEE
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The results of the measurements of the arc dian.c*ers of the
alkali metal plasmasg plotted acainst input power to the lamp,
are presented in Yicure 19.

Results for 14.5mm Bore, 3 Inch Arc Leaath ¥-Rb, 50 Torr Argon

—

Fill Al=zali Liotal Vanor Lamns

Four K-Rb lamps were made according t5 the general design
shown in Ticure 6. The first lamp, No. 126, had a hole drilled

into the side of the tantalum tubing that was positioned to be

(o]

on the inside of the lamp. The hole aliowed the lamp to be
evacuated and then {illed with the K-8bh/argcon mixture. The

lamp was operated with the cathode and cold spot "up” in the

bell jar. During irnitial start up a lorally high eoncentration of
alkali metal liquid and vapor was nresent near the wall and caused
an arc to form near the rear of the cathode. This created a hot spot
on the sapphire wall near the seal area. The excessive thermal

tress causcd a cracxk to initlate at the hot spct, vhich catastraphical

U

propagated the entire length of the lamp.

The second lamp, N2, 157, was designed with the pump and fill
exit hole drilled throuch the center of the arndde in order to rectify
the problem experienced with the first lamp. The lamp was first
perated in the bell jar over the range of 400 W to 1000 W input
with radiation cooling of the cold spot, as this technique had
previously proved succassful for smaller lamps. b Preliminary
relative nradiance neasurements employing both the differential

fluorescence (FOV) analysis technique and spectral irradiance

1
Ly



determinations indicated that the lamp was being operated at

tad high a pressurz, i.e., the spectrum was dwur-reversed,

The ¢old spot temparature was reduceoa by ncrensing the area

of the muliiple-{inned radatsor surface to the greatest possinle
extent, but still the over-reversed cordition persisted. Al this
point, it was decided to increase the heat remosal from the cold
spat via a water ¢ooled copper elock, * wnich was arranged to he in
intimate contact with the tantalum tubing, Even with the cold spot
near room temperaturg the specium was still too widely reversed,
This coaling technigue ewventually resulted n the lamp crackinu

in the sapphire-metal s2al area due to 120 steep a temncrature
gradient hetwesn the seal areca and the c¢old spot.

A tnird lamp, 5o. 130, was {abricate ! with 3 longer tantalum
tubulation in order t3 prevent a recurrence 3f the envelope
cracking. This lamp was successiully operataed to 14001V of

input power, and relative spcctral irradiance and fluorescernce
power measurements (FOV) were taken. The FOV versus power
input for this lamp, No. 130, is shown in Figure 20. The spectrum
was still over-reversed despite a ~1ODC cold gpot temperature being
maintained. The spectrum is shown in Figure 21. This lamp
subsequently failed by an arc-over 1o the ceramic-to-metal seal
area when it was restarted with a supply that delivered a minimum
of 6 amps rather than the 3 amp (minimum) supply cusiomarily
used. (The three amp supply was being used on a cancurrent lamp

experiment being carried out on this program.)

*At first an indium melt bath was used to control the coid spot temperature, following

: . {7) L : . : .
the procecdure of Schmidt, The indiun bath technijue was ¢ woned in favar of
L tirect conauction o 1. : . . o i ! s
resonance line radiation was still over-revers s toe Ingiun hath techuigue.



A fourth lamp, No. 137, was constructed and operated with an

-

oJuter quartz envelape, Figure 7, in order td be able to carry out
arc diameter measurements. The arc diameter measurements are
shown in Figure 19. This lamp was operated up to 1300W using
forced convection cooling. The lamp was operated cathode and
cold spot “down". The lamp was still in operation at the end of

this reporting period.

A maximumn of f{ive more 3 inch lamp starts are planned far the
second semi-annual work period, Eignt 10 inch lamp starts are
also planned. Tull power operation of the 3 inch lamp, i.c.,
approximately 2.4 rW, will require a redesign of the existing
vacuum bell jar system; at the 1400 W level the bell jar is
approachning the allowable thermal loading limit for Pyrex glass
jar operation. (A mectal bell jar system with a sapphire window is

being fabricated.)

Results for 4, 6 and 10mm Bore, 3 Inch Arc Lenath, 3 Atmosphere

Fill Kryoton Arc lamos

The krypton arc lamps with electrodes externally coosled 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 checking the results. The cross check
of the results gave an agreement of the total radiative efficiency to

within 1%.

— 20 =



The total radiative efficiency results for the krvpton lamps as
a function of input power t3 the lamp, up to a maximum of 4 kW

is given in Figure 22,

Tke results of the calorimetric tests confirm the data reported
. (12) — .
in the literature i.e., the radiative eificiency incrcases with

both lamp bore diamzter and lamp input power.

The percentage of radiation from tho 4mm bore lamp that is
absorbed in the omm water thichness of the calorimeater is

plotted acgainst lamp output power in Figure 23. At the 4 kW

lamp input power leval, 46% of the input sower is radiated eand
15% of the radiated power or 7% >f the input power is absorbed

in the omm wat.r layer of the calorimeter. This leaves 39% of the

total input power to be radiated between 0.3 and 1.3pu.

Krypton lamp irradiance measurements were not made during this
period., However, FOV measurements ware made, using the bell jar
arrangement shown in Figwe 12. The results are reported in

Figure 20 and may be compared with the 14.5mm pore K-Rb results

also reported in this Tigure,
No systematic measurements of xrypton arc diameter were made:

however, it was noted that the 10mm lamp operated at 3 kKW input

power was not wall confined.

- 21



—

L‘ h’

6.0

DISCUSSION

An optimal match of lamp radiation to the Nd:YAG excitation

bands was not obtained with the K-Rb 14.5mm bore lamp, even

with a cold spot temperature as low as 4OOC. (The vapor pressure

of the K-Rb mixture at 4500 is less than 1 Torr.) Therefore, it
appears that an equilibrium vapor pressure situation was not obtained
in the lamp. The reason for this may be: 1) the vapor conductance
of the tubulation 1s t32 smali; 2) the arc plasma tends to block the
passaga of vapor throush the ovening in the center of the electrodz;
3) physical movement of the liquid alkali metal urnder surface

tension forces from the cold znot toward the lamp envelope is

occuring, that is, the tubulation is acting as a heat pipz.

The small bore lamp data obtained on a previous program & weore
reviewed. Rb-K lamps Nos. 22B and 26-1 gave optimal spectral
matches at ¢old spot temperatures below ZCOOC. ) This
temperature alsd corresponds to a pressure Of less than 1 Torr,
Next, a calculation of the vapor pressure in these optimally matched
lamps was performed based upan the wavelength spacing of the
peaks of the reversed resonance lines. \ ¥-Rb vapor pressure

of 10-100 Torr was computed as being presented in the lamps.
This figurre agrees with the pressuras assumed by Schmidt and
reported in Figure 5. (7) Schmidt used an indium kath to meintain
the cold spot of his lamps at a given temperature. He too assumed
thermal equilibrium between the cold spaot and the alkall metal,
His cold spot temperatures were in the A'IOOOC = GFlOOC range and

were measured on pure alkali metal filled lamps {no Hg addition).

- 22 -
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,4) ) .
Liberman, et al., also recorded cold spot tenmperatures of

- 3 1 v 9 T .
approxirutely 500 C; however, Hg was c-ded to nis lam; s as a

- .Y . - et . . 1 5
vapor press  cjenressant., 115 incicates tnatl lacs 20 vaepor

i

pressure eguilibrium also occurred in the lamps studied in the
. (v .. . . .

previous prodgram. ir il not represent a serious groblerr for

these smaller bore lamps, which require a hicher pressure {or

optimal matching,

Ba:nc d on the forecoing, a majar effort in the nemt worrn perioa
miust be the develogment of a techrague to establish a contralliable

alkali metal vapor pressurz in the 14,5mm bore alzali metal lamps

The 14.5mm hore II=Rb lamp, even in its over~reversed state,
gave a slightly nigher ciftective irradiance measurement
reading) than the 10mm bore <rynton arc lamp that this 1~-Rb lamo
is intended to supersede. An optimally matched K=Rb lamp should
give an even higher effective irradiance measurement, (at least
up to the 1400W lamp input power level t3 which the present (i-Rb

lamp has so far been tested).

Arc diameter measurements on the K-Rb lamps show that the arcs
are not wall confined up to the maximum, 1100W, input power
achieved 10 date., At 1400W input, the arc diameter in the 14.5mm
bore lamp is only about 4mm, and the shape of the arc diameter
versus input power curve indicates that even at the ull rated pove

-

of 2.4 KW it will be only about 5mm in diameter. S5 shown in

r

Figure 19, at 700 W input {iie maximum power of the small, 5 ar
6.3mm, bore lamps), the arc diameters 1n the 14.5mm bore lamp ans

the small bore lamps weore ahout the same, about Imm. Thus at



higher power (1.4 kW), the arc within the 14.5mm bore lamp

opecrates at more than 3 times the power and current density of the
2

,

: 3., 3 .
smaller bore lamps, f.e., at 1.13 2 107 W/cm and 108 amn/cs
T 3 . 2 )
as compared td 400 W/cm and 33 amp/cm for the 6.3mm bore

lamp.

Since higher power densities excite nigher energy levels in the
alkali < ~tal atoms at the expense of resonance radiation transitionsg,
this increase in power density exerts an adverse effect on the
effective irradiance of tro lamp. Thus, means of expanding the

4
.(1 ) Also, the higher

.

arc should eventually be investizate
gxcitation leve! transitions of the alkali metal atoms might be used
to pump Nd:YAG; the 0.814 line of Na is an appropriate higher level

-

nonrasonance radiation line that would pump Nd:VAG.

The small arc diameter within the 14,.5mm bore lamp, while
probably resulting in a decreased lamp effective frradiance,
will give a brighter arc., The increased radiance of the arc might
well offset the decrease effective irradiance in an imaging cavity,

in which this lamp is intended to be used.

Increasing tho argon vapor pressure from 50 Torr to 3000 Torr cid
not affect the poasition of the reversed radiation wings af the
optimally matched ¥-Rb, 6.2mm bore lamps. If the radiation had
been due to excited K, Rb7 or =Rb molecules, a shift of the
radiative pecans would have occurred due to a switch of the excited
moalecular vibratisnal statez. We conclude that the resonance

radiation is due to excited atoms. (In contradistinction the



o
.

radiation emitted irom hiGh pressure, 1060 Torr pulseed |

is due to a naxtare 21 =Me.tnd etoms wd molecuales,)

The mercury aZdition 10 -Xb did not increase the cficcuve
irradiance of the lamwmps. The addition of morcury 1o the ¥V-Ri-

(50 Torr argon) nmixture does raize the geoneral level of bacharound

radiation and aiso seems Lo kroaden out the long wavelength wina

of the reversed resonance radiation. (This latter phenomenon had

L= Tk o

been noted previsusly. 7 This Lr2adening may be due L9 the

ppeam wce of NHg on i RbHe molecules, as the pressure of 17¢

o

at 500 C is several atmospheres.,

The use of 5320 as an envelona materiel oifers the long rance
possibilite of reducing the bore size 24
K=-Rb sapphire envelape lamp by increasing the maximum

14e t .
permissible thermal wall 1oazing. A reduced bore size means a
prysically tninner alkali metal vapor laver through which the

enanling 2n irradiznce maich

&}

resonance radiation must rass, th
to the laser rod to he mace at 2 higher lamp vapor pressure, A
thinner walled sapphire eaveiope would ve a cimilar purpose

as it too, could also handle high thermal wall lozdings.,

At high power levels, the total radiative efficiency of kryaton
=) 7 G
lamps appeoaches 364, and the radiation in the 0.3-1.3% band
is of the order 2f 337 o2f the input power. The nower donsity of
the lamps can be computed from arc diametor meacsurements, This
(4 ! +

information can vrovide hasgic informaticn <o futhor understanding

of krypton arc radiative processcs,



7.0 CONCLUSIONS

1. An 8 KW (input) alkeli metal vavor arc lamp, 10 inches lonc,
witih @ 14.5mm bore, can be constructed that should pump a
Nd:vAG laser more efficiently than an equivalent 8 X\W rrypton arc
lamp. It is not vet known whether the design ¢oal of this
contract, 2 KW outvut in the pumping hands of Nd:YAG, with

8 kW input, can be achieved.

2. A 14,5 mm bore K-Rb lamp produces greater irradiance and total output
in the pumping band of Nd:¥AG than the equivalent (10mm bore) krypton
lamp wihien both are operated at input powers 2f 500 W per inch
of arc lengtn. The K-Rb lainp was not optimized for pumping
NelevwAG hoe apn £ 1yt F -y e he v - €
Nd:YAG because of lack of control over the vapor pressure of
the K-Rb fill. Ontimization will srobably further increase the
superiority of the X-Rb lamp over a krypton arc lamp for pumping

Nd:YAG.

3. The power density in the arc of the nigh power 14.5mm bore N-Ri
lamp is a factor of about 3 higher than in the smaller bore lower
power K-=Rb lamps previously investigated. This may result in
somewhnat less efficient pumping of Nd:YAC by optimized high
power X~Ro lamps than achieved by ontimized lower power K-Rb

lamps.

4, Additions to the standard K-Rp fill did not improve the lamp's

eificiency in pumping NJA:YAG.

-0 -



BeO was successfully tested as an alternative muaterial to
sapphire as an alzali metal lamp enveloue riaterial. Because
of its greater thermal stress canabilitics the of BeQ ¢an
lead to reduction in lamp bore diameter and thereby improvement

in the elficiency in pumping Nd:YAC.
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FIGURE 10. SCHEMATIC DIAGRAM OF EQUIPMENT FOR RECORDING LAMP SPLCTRA
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