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ABSTRACT 

j 

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 operated successfully at input powers per unit length of O.SkW/inch, 

more than one-half the design goal.   These lamps were more efficient in pumping 

NdrYAG than krypton arc lamps of the same length and input power,  in spite of the 

fact that the alkali vapor pressure has not yet been adjusted to provide optimal 

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. Caspar 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. Or. 29 November 1971, ILC requested 

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

1 
Alkali metal vapor lamps are being developed that are 10 inches long and 

18mm in diameter,  that handle 8 kW of input power, and that shcu Id 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 

gmented-disc laser being developed elsewhere for ONR. 

I 

j 

i 

i 

sec 

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 and 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 operating vapor pressure of the alkali metal vapor to 

obtain the correct amount of self-absorption of the alkali 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, t^eso shorter lamps provide all the needed data at considerable savings 

over 10 inch wng lamps.   Lamps with smaller bores were constructed for determining 

the effects of additions to the standard K-Rb filling, and for determining the effect 

of bore diameter on arc diameter and efficiency.    Krypton arc lamps were also 

constructed for comparison With the alkali vapor lamps, and to test the measuring 

equipment being used in the program. 

The effective UradiancQ 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. 

iv 



In addition, the fluorascence 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 (800\V/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 spite of this, these lamps gave 

significantly greater output in the NdtYAG 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 insice 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 

argon or mercury to the standard K-Rb filling did not increase the effective 



1 
i 

irrad.lance, although the spectrum jf the lamp with excess mercury gave some 

evidence of molecular band emission on the long wavelength 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 manufacturin' 

metnods for the BeO envelope material. 

Calorimetric measurements on krypton arc lanp s indicated that the radiative 

efficiency Increases with both bore diameter and Input power, and approaches 

50% at full rated power. 

It is anticipated that satisfactory control over 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. 

Extrapolation of the results obtained so far Indicate! that, at the full rated input 

power, the effective irradiance of the alkali lamps will be significantly greater 

than that of a 10mm bore krypton arc at the same input power. 
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1.0       INTRODUCTION A!    ' OBJECTIVES 

This hi'ja power alkali metal   . ip»  .        program is a consequen e of the 

recent development of lowei i w .     ipphire envelope alkali metal 

lamps that efficiently pump Nd:YAG lasers,      -.r.l af u need foi redu in; 

thermal ^:3s:: atian ii\ a ni^h pov; ■ nte I   Use,   ixi .!  jra llent, 

Nd:YAC las.r now under development«   The laser work is being carrie I 
(2) 

out elsewhere under OXR sponsorship.        The specific lamp being 

developed on this program for th  I r has the following  iesign   loals: 

Input power to la- p 

Lamp output in ths  aaln N l:YAG 

pump bunds (G. 7-0. 3 5;'; 

Source geometry (arc radianc , 

Lamp geometry 

Life 

8 kW 

_ kW 

Optimize I to m ixirr.iz 

useful pump lamp output 

8- lü inch 1- :. jth ,   I         .:;;':  ; 

outs;:: J di m   ster 

lOu hoiurs 

Krypton arc lamps are also involved in this program; they are used to aic 

in the development uf measurement equipment, and for effici" ncy com- 

parisons with the alkali metal lamps beinQ developed. 

- 1 - 



2.0        BACKGROUND 

The excitation spectrum for Nd:YÄG is shown in Figure 1.   For the past 

five years sapphire « nvelope alkali metal vapor arc lanp s have been 

Investigated as potentially more efficient than noble gas arc lamps for 
(3,4,5) 

pumping Md:iACJ   lasers. 

Both quartz jacketed and "nude" sapphire envelope lamps have been 

developed       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 up to input powers of IkW.   Three inch length, 5mm anc 

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

The limitation of 13mm O.D.  on the lamp being developed on this 

contract imposes a 14.5mm maximum  inside diameter on a sapphire- 

envelope because the minimum wall thickness available in this diameter 

of sapphire is 0.75mm, and a 0.5mm vacuum gap is required between 

the sapphire (inner) envelope end the 0.5 mm thick quartz outer envelope, 

Since this lamp handles 8kW input and is 10 inches long, the 14.5mm 

bore diameter gives rise to an inner wall loading of 70 W/cm   .    It has 

been found previously that     100 hour lamp life can be obtained when 

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

i 
In order to achieve the desired pumping efficiency, the lamp radiation 

must be optimally matched to the laser excitation Dump bands.    An optimally 
,     ,   .  r, , (I) . matched K-Rb vapor lamp spectrum obtained on a prior program      is shown 

in t'ue lower part of Figure 4. 

- 2 - 
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The radiation emitted from alkali metal vapor chat is ase^l for pumping 

lasers is the rovofjüd re..oiiärice [adiation_.    Resonance radiation results 

i'rom a change in the energy level Df an excited atom between the lowest 

excited stale above the Ground state to the ground state.    Because the 

ground state is well populated, the resonance radiation emitted ran 

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.   Tiiis radiation will be 

increasingly trapped at higher and higher (pressure x thickness) products 

as is sequentially shown in the potassium spectrum progression, Figure 5 
(7) (due to Schmidt in the pioneer study in this field ' ), re ulting in a rev rs tl 

of the center line of the resonance radiation.   The phenomenon of re.-;on mce 

radiation reversal is use-a to obtain an optimum match to the Nd:YAG pump 

bands by adjusting the pressure in a lamp as a function of its bore diametei 

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. 

It has been found that an alkali vapor arc lamps' efficiency for laser 

pumping depends upon: 

1. The plasma material(s); K, Rb, Na,   (Hg) 

2. The vapor pressure of the alkali metal vapor, which 

is controlled by the cold spot temperature of the lamp. 

3. The thickness of alkali metal vapoi '.ufou ,h which the 

radiation must travel, which is a function of the bore 

diameter of the lamp. 

4. The power density In the lamp. 

- 3 - 



The guccesa with which reversed radiation can bo matched to the Nd:VAG 

bands can bo demonstrated by interposing ^ ^b of MdnYAG :.;ateriai 

totween the lami   ... I in amlssion sensar.   A typical subtractive .:;'-.:-rum 

»btained by this te hnique, usin ; an 0.25 inch thick NdtVAC 3lab, is 

shown in the upp T spectrum In Ficrura -3. 

The wavelengths J: the ressnance radiation emitted by the alkali metal 

vapors arc as rolljws: 

Lithium 5103.'. 6707Ä 

Sodium 5890'■ 5896;. 

Potassium 7( I ' 7699Ä 

Rubidium 7800Ä 7948^ 

Cesium *SMl. 3943; 

Mixtures af vapors,  such as a mixture of K-Rb, will display an overlap of 

the resor.ar. ■■ .-. 11 ition lines ,  ind the selection of the correct alkali met tl 

or nixture J:' metals will basic illy detmrnine the coupling efficiency of the 

radiation fro::; the ire to th • '; hYAG ro I.   At low vapor pressures and/ or 

vapor thicknesses the radiation will be emitted at the resonance wavelengths, 

but, as discussed above, at hijher pressures and/or increased vapor 

thicknes es it will reverse and at some point pass through the stage at 

which th i win 11 J: the reversed iesor.ar.ee radiation will match the 

excitation    ;   ctra 3£ Nd:YAG.   Obviously, the larger the lamp diameter the 

Ixv. : th ■  ■.: •  it which this Will occur.   Thus the large bore tamps 

. 

used on this pro it •■■  shoul I lispl .y in optimum match at a lower pressure 
tl) than th i bore I imj s previously investigated. 

I ,-..■  ;   .  ..   .'.   -■:   I pi ; ■■   I ;:.■:•  ts   S, the energy available for 

exciting th ! ilkali metal atoms to higher energy levels increases.   Thb 



. 

■ occurs at  the expense ox the lower level transitions   [iving rise to 

resorvmce radiation; thus it is desirable to operate at as low a power 

density as possible.   I: the plasma is wall confined, then obviously 

the bore diameter of th ■ lamp    ontrols the power density.   However. 

it has been found      in both alkali metal vapor and krypton CW arc 

lamps that, although the arc Is wall-stabilized, it Is not wall confined 

as it is in hi'jh power density pulsed lamps.   Consequently some control 

over power density other than controlling the power into the lamp must 

be achicvod by using indirect techniques such as pressure control and 

secondary arc   i  .   mt   . 

The measurement of arc diamet T IS an Important diagnostic tool that 

is used to determine th:? effect jf varyin    ;  n im  t( rs or arc expansion 

and hence w power density in th    .    . 

From this brief review we can see that Üie lamp parameters pertinent 

to this program arc: 

1. the plasma material. 

2. the alkali metal vapor pressure 

3. within ceru n limits, the bore diameter 

4. active or inactive additions to th« alkali metal vapor, such 

as mercury and irgon 

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

3.0       EXPERIMENTAL APPROAC VJ 

The successful le1 slopment J'  . .    :..  .    t      .v. I in    will represent  ■ 

significant advance in alkali metal lasei pump ; cl nology, es the 

maximum diameter lamp previously dev< I >ut Id    llamel 



and a 1 kW power limitation . 

At the start of this program it waa unknown whether the effects of 

increased bore diameter of the 3 kW lamp could be compensated for 

by adjusting the 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 reducing its bore diameter.   These 

involved     the use of thinner Wall sapphire lamps and the use of beryllium 

oxide envelopes.   In both cases the thermal stress resistance of the lamps 

could be increased. 

Thin wall sapphire tubinfl in the required bore diametei1 was not available 

at the start a: this work, but beryllium oxide in translucent polycrystaline 

form could be obtained and one small bore lamp was constructed of this 

material. 

The efficiency 3f lamps is senerally independent of arc length for arcs longer 

than 1 inch, as lone; 53 the input rower per unit len •".h of the lamp is 

constant.   Lamps with 14,3 im bore and 3 inch arc length were used on 

this program in Drder to lower I   1 ip I tbrication c >st; and to allow the ua e 

of lower-power tost equipment. 

In   iddition to the 14.5mm . or    '     • s,  5mm  m.! 6.3mm bore, throe inch arc 

lamps (identical with those use:; on a prior alkali metal program'   | were used 

to (a) determii      whether the  iddition oi n jn try or 

jr ;on would increase the laser pumping efficiency of K-Rb lamps; and (b) 

to compai    their  »re .ii^;";? with those a;' I 11 jet lamps as oart of tne pow r 



density and radiance studios.   Krypton arc lamps were also constructed. 

4.0        EXPERKwCXTAI. PRSCSPlJJgg 

4.1       Lamp Construction 

4.1.1    /dkjjj : .   t :: V::)or L^rnos 

All but one* of the alkali vapor lamps had sapphire 

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

a tantalum tubulation, and tungsten Gloctrodos.   The 

construction followe i tl ■■ fabrication orocosses previous v 
,  (1) developo::. ;..,-. 5 ^-j 6.3mm -oro by 3 inch arc lor/ th 

lamp structures are shown In Figure 2.   The cross^section 

diagram of the 14.5 ,.:.. I are,  3 inch arc length lamj  is 

shown in Figure 6, and a lamp enclosed In .1  ■;■■ rtz env loi 

is shown In Figure . .    Fhe end : ips are seale:; to the 

jappt.ire using 9n active alloy at 135G C.   The alkali n stal 

is introduce-.: into the lamp via the tantalum tabulation, whicl 

is then pinched af: ana electron-beam weld • 1,   Durii 

operation, the end of the tubulation becomes the cold spot 

of the lamp ar.d the reservoir fa" the unvaporized alkali 

metal.   The cold spot normally controls the vaj -. ; .   a jure 

of the alkali ne tal within the lamp.   The cold spot can b ■ 

either heated or cooled in order to ach:' ••■  the correct 

pressure in the lamp. 

For bare lamps operated In 1 vacuum bell    ir, h   iting is 

acco:; ; . sh '    ■ ;■     nichrom    he »t r In cont ict with the 

cold   S| OL\ 

' 



Coaling in the 5 and ti.3fr.m bare lamps i.s accomplished 

by attaching ra iiation fins to the cold spot tubulatlon and, 

for the Inr-'O lamps, by a forced-convection water-cooled 

arranQement that cools a copp&c bloc-: that, in turn, is in 

Intimate «. intact with the cold .-;pjt sf the lamp«   For quartz 

envelope lj;;.ps, split carbon blocks provide the thermal 

patn fror, the lamp cold spot to the outside world.   The 

quartz outer envelope is shrunk dov/n over the carbon to 

provide a continuous conduction path.   The shrunk-dov/n 

quartz ro.:ior. can be heated with a spiral nichrome heater 

or cooled by a farced lir cDnvection flow. 

The lamps are started with a high voltag s low current pulse 

of several thousand volts.   A low pressure arc,on (50 Terr) 

fill assists in arc initiation.   The lamps are then gracually 

brought up to power over a several-minute period in order to 

allow the alkali metal to vai orize and to form a stable arc, an 

tO minimize transient thermal stresses on the sapphire 

envelope. 

A dc power supply is normally used for this operation.   The 

alkali metal lamp requires "seasoning" for the first hour 

of its operation, after which the measurements described 

in the next section m iy •,"1 [ erformed. 

ill bore alkali metal lamps wore constructed with the 
(I) 

stan : ird fill found to be optimum on a prior program     l i.e. , 

a SO: J'J 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 ar^on   was added to the K-Rb 

fill in one lamp, and rre rcury was added to the K-Rb fill in 

another lamp, 

A BeO envelope,  5rnm 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 H.Smm bore diameter has 
2 

a wall loading,for an 3 inch length, of 90 V.' cm   , and 
2 

for a 10 inch length, of 70 W/cm  .   A lamp life of 100 hours 
,     2 (1) 

can be routinely expected at the 70 W/cm    figure    ' if in 

a free radiation condition. 

In order to conserve on material expenditures and 

test facilities, the development lamps are 

being constructed with the 14,5mm bore diameter    but with 

a reduced arc length of 3 inches:   power is known to 

scale linearly with length, while the scaling parameters 

are not known for the radial direction.    The   8-10 inch 

length lamps will be constructed when the efficiency goals 

have been reached on the shorter test lamps. 

4,1,2    Krypton Lamg Construction 

Standard ILC extern illy water c 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 bore diameter, and tilled 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 

krypton lamps are illustrated in Figures 8 and 9. 

4 .2        Sp e c t r a 1 NI •;■ i s u r e m en t s 

4,2.1   Ai^soiut^ Sgecuaj Irradiance ■n;! gadiance Measurements 

The measurements taken on this program utilise the 

procedures recommended bv the N.B.S. 

Spectral irradiance measurements v/ere n;ade which, 

together with calorimetric measurements, 

describe the lamps' electro-optical 

conversion efficiency in the 0.7-0.95/'  band.    Below 

0.5n the calibration of the standard lamp is bv extra- 

polation, so that data in this recjion 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 Pyren 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   it   ■     v    :: ■■ ■   :    Ere      he lamp. 

1 

I 
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The lamp emission  ipectra wore taken with i farreil 

1/4 mei   ■ mc      :hroi   ■■'■>'■,  jsing a phatomultipii i 

.;•.:• :tor iVith  .r. exten     .-. inge .'-! ; ;.j-;:,;or.   Tl 

system response was Initially determined using an 

Eppley i tan : :r I irr i U mce lamp (fraceal :■  ' J "B3) 

as a reference• 

All output data were digitized onto punched paper tape 

for input to B computer m fmor/.   The system respom 

curye is -TISD 8tor< I . . th ■ coi ;   ter memory.   Tn .• . :     "■ .. 

curves are corrected :or the system response and r. lo:'.   I 

on an XV recorder over the r \t je of 0. 3M to l.ö/' .   Til    - 

shared computer | rocessin i allows a rapid (-J:.; : JX,. ..: ily 

2 minute tJ ne lag]  i t rmination a: the spectral in . .. mce 

in the 0.4 to 1.60 band. 

Spectral radiance neasuren.cnts are made by comparison 

with an Eppley stanuard radiance lamp. 

4.2.2   Relative "Effoctlve* Irradi ance M< u  • n tents 

In addition tr these two at mdaj I      asurement ,     ■■/■ • \\ 

relative measui  n   nt 1   •    iques 1 IVI   I   "n develo]    I foi 

use with lamps for pumping lasers. 

The first technique invoivei a computerised Integration 

of tha specü'a] Irradi multipll* 

- 11 - 
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coefficient ot Nd:VAGi which has been previously 

iij'u.:   I j.-.j entered n.to the computer.   Th" qu mtity 

that la >btaii ed ie t . ■ \r    :tiye spectra] irradiance of 
2 

the lamp anci is measured in terms oi watts per cm   por 

nanometer por unit thicknetf af laser material far a sin-le 

pass of lamp radutiD:;.   A block dnorarr. of the equipment 

used in this oporatun is shown in Figure 10.   Figure 4 

gives a subtractivo bpectrum of the alkali metal radiation 

abtorbed lr the '.'. [;YAG In a Bfiiqte pass by using an actual 

0.25 thick slab af Nd:YAG rattier than by using the N :.    • 

curve entered into the computer« 

A aecond special technique involve* ir.easureraont a: the 

effective Uradiance emitted from a lamp by using a 

differential N UYAG fluorescence analysis method. 

This method was first devised for use in a cylindrical 

j inteqrating cavity aiTM^ement far lov/ power lamp measure- 

ments,and has previously been described in detail.        A 

schematic diaqram of this arranqement is in Figure 11.   The 

integrating cavity technique was used to take measurements 

an the small bore hrps evaluated an this program. 

i This fluorescence analysis technique ha.s now been adaj t 

ta enable m »as irementi to be carried out to the 8 kW level« 

* This modified arr n    . snt is shown In Figure 12.   The 

inteqratinq c kvity in tngement Is replaced with a direct 

Irradiance measurement of the lamp as it is operated in the 

1 
-12- 



vdcuur'i bei] ; ir.   A : recision hoi I i w i    I      Icated 

to that 1     twoi    . »tion nil positic 

it.  J       from t    ■ !.::..; .... J. :   U 

mounted external to the- b II j vc,   T;. , consist of 0.23 inch 

thic'; un lo] IN :". *    rectai of 

material, I  hi id »ach  •■ w pi :!.•/( trans- 

niission fiUti J.-.J J PIN 'iio : . T. PIN diodea convert 

any radiation impinging on them to a millivoltage. The 

ric- •tt,;r- I light kl fron lode behind the undoj    I 

YAG is • 1 .'■ )m the fluoresci .>■. ■ 

scattered light signal pre    i        ;•■:.■   >thei   lio e.   A 

relative :nGJsurc of t;-..   .   aunt of lamp red  ition t   tt is 

converted to !•    ;' fluoi i    ;at:on is thus abtaine I 

in terms oi J liuorescent - .. )lta      (fOV). 

The use of this FOV techniq     pi ... lea a rapid iterative 

technique for optimizing J i tmp at 3 g'ven power level by 

progressively adjusting the col I spot t<       r ^re, and thus 

the pressure m the lamp, and plotting this quantity a i ti   it 

the FOV reading«    The FOV :....::   rmm on this curve 

coiTosponds to an optimum match of the "il'-'.ali metal i i 

to the Nd:YAG mat »rial.   This proce lure can bo carried out 

fro^i ti.'   ijnitio;. point of the I n p up t j ^      . host operatin 

point ut which th<   lam] can be s ■.:■ '.■■       \ ated.   /. curve 

is oht iin« : ro-   wl   •  limilaj :o .: laser power \\o\ 

efficiency curve.   Plots >f FOV     rsu   lai - input power 

can be com pa i   i fc    liffa    \\ their n lati, 

effective irradianc s can be     I  i   Ined. 

- l 



This device has previously proven itself as a means 

of provi ling 3 rapj i lamp selection technique to the 

point where now, at [LC,  it is carried out before other 

photometric tests arc performed.    Spectra are then taken 

at the lamp operating conditions corresponding to the 

maximum FOV reading, and occasion illy also at operating 

points on each side of this condition In order to confirm 

the FOV data by examining the under-reversed and over- 

reversed operating condition. 

4.3 Calorimetric "■-•-: surements 

The calorimetric measurements are used to determine the 

total, and the 0.3 to 1. 3^ , radiation efficiency of the 

krypton an i the alkali vapor arc lamps.   In conjunction with 

either a relative or an absolute lamp irradiance measurement 

over the 0.3 to l.3p 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 0.05^ band. 

A diagram of the experimental arrangement for making 

calorimetric measurements on a water cooled krypton lamp 

is shown in Flffure 13.   The lamp is centered in a quartz 

water jacket       1mm wall thickness, with a gap of about 

1mm between the Dutslde 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 
o o 

13    to 20 C.   The flow rate is monitored by flowmeter . 

and the increase in temperature of the cooling water is 

- M 
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givon bj the difference in the rea ..:. ■■    if thermometers 

1 and I.   This allows calculation ->: th ■   •;.     lop    ind 

electrode heat  lissipation, P, .   Th J radiatJ .:; it is 

measured by absorption in J calorimeter constructe    Eroin 

two concentric ! (ngths  >\ ju irtz I    .       ■ ■    i 6mm annulai 

spacing,   Wat' r, • ith ■: cle ir or made opaq 

addition of India ink, is circulat (d thi      .. tl    - ilorii ■ ter, 

flowmoter I, and a heat exchanger.   Tile rise in temp« I :f-uro 

due to absorption o'7 radiation by the 6mm layer of w '■ r Is 

given by the difference in the re i lings of thi rmoi i : i 

3 and 4.   The flow rate, wl Ich is maintain   I it 3     it 

ü.6 yalljnö per minute, i^ monita   i by flowm» ■■ i ...   ] lis 

allows calculation, with the u;     y. opaqu   water, of tl i 

total radiated power, p , and With clear water the amount 

of power outside the 0.3-1,3;' region«   According to th 

curve of water absorption plotted sgalnst wavelength, which 

is shown in Figure 14, the radiation outside of the 0.3-1,3^ 

region   will essentially all be absorbed by a 6mm thick 

water layer.   The input power to the lamp is calculated 

from lamp voltage and current measurements (Vxl),   The 

efficiencv is Given bv P /(P   -P, ), and a choc): on the *    r      r    n 
accuracy of the measurements is passible through the fact 
fhat the Vxl product should be equal to P  + P, .   Per   ach 

lamp, a series of readings is taken at different input power 

levels. 

4.4        ^rp Diameter M aasurements 

The arc Image was projected directly onto a screen and the 



dj'imetor of the plj-'  t was measured as J Graction y. the 

crj.-^-soctior. of the sapphire envelope,   rhen« know] 

the ter ol :.. •  rnvclof; i, the jrc diameter is 

determined.   T!'.•-, jlkali nvUal lamps used far this test, 

as for the calorimetric test, were enclosed in quartz 

jac!-;<ns T shown ir. Figure .1 md figure 7. 

5.0       EXPERIMliXT.M KL3L'LTS* 

5 • 1       Rt^'^'t • •".?:• r;;-::: .-.•:. \ -.. \n ■ _By._, 1 Inch Arc length Alkali 

Metal Vapor Lami  

The small '.ore alkali rrietal lamps W( re operated in evaruatoci 

quartz env rlopes.   Coolin I jf the innw sapphire? envelope was 

by radi ill jr.; cooling o: the outer quartz envelope v/^s 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 

construction details are shown in Figure 2. 

lamps of these sizes have been discussed previously.        Their 

, The beryllium ox.Jo envelope Limp '.vas operated successfully 

for sixteen hours at 5Ü0 watts,   fjilure was by multiple pin-hole 

i leaks   appearing in the center (highest temperature) portion 

of the ceramic.   This mode of failure has öfter been noted in 

polycrystaline alumina   envelope alkali metal lamps,      and 

ipp »rently ;an be overcome by improving ceramic tube manufacturing 

technigues.   /..bout this time v/or"; under j.nother contract was started 

to evaluat   large liamet r BeO envelope cesium lamps for pulsed 
(10) applications        so further work on BeO lamps was 

on refer to a recorded, chronologic tl, 

of all  :■'••  loi mental .d,:;;ilj metal lamps constructed at 11.C, 

-16- 



(1 
deferred until results are generated on this ath r ; ro< i ■:■.. 

It should be noted th t,     n     tl ■        doi        -   •.., msl        :. 

the effective radiating surface is the exterior ol •    ■!      . 

Thus the radiance (;...    :.;.   \a) oi Ü    1 imp for i ■.       ; ui ipi)     •■• U 

be lov/cr than when tr nap ;rent sapphire envelopes of the sa 

O. D. tire used. 

Lamps v/ere construeted with 5mni bore and i inch arc lengths. 

These lamps v/ere filled with K-Rb -1 50 T^rr of argon (No.  138), 

K-kb + 3000 Jon of argon fNo. 78)( and K-Rb ♦ 50 Torr argon 

+ Hg,  (No.  131) .   Spectra were taken on these lamps.   The spectral 

data on the lamps with the fill variations is presented in Figures 

15, IG, and 17.   The intc .  I   I  irea sf the ipectrum that 

matches the pump bands of Xd:Y.\G v/as measured, and the areai 

were found to be equivalent. 

FOV data were taken on the K-Rb and the K*Rb + Hy lamps.   These 

comparative data are shown in Tifjure 13 ^nd the FOV results are 

shov/n to be similar.   FOV data was not taken on the 3000 lorr 

argon lamp,   No. 139 as the primary point being explored with 

this lamp was the shift of the reversed resonance lines of the 

alkali metal species.   No shift was noted. 

The lamp, No. 131, .vith Hy in addition to the K-Rb fill material 

was operateci ar at 0.5 to 20 kHz.   Since the K-Rb lamps con be 

operated from standard krypton arc lamp dc power supplies, the 

development of the mercury additive lamps was not pursued 

further. 

- i ; 



The results o: th<   m  a urementa of tho arc dian.c^ord of the 

stkall !. : ;l pi s im i", plotted -: gainst Input pawar to the lan.p, 

jre presentevi In Figure 19. 

5.2        Ro3-.ilf-; :y l-i   ' .r .  3 Irtch Arc I.on^h r-Rb,  50 Torr :>r.o:] 

nil Alkali Metal Vapor Lamps 

Four K-Rb lamps wore nuac according to the general design 

shown In Figure S,   The first lamp, No.  126, nad a hole drilled 

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

on the inside oi the lamp.    Tho hole allowed the lamp to bo 

evacuated and then filled With tho K-Kb/argon mixture.   Tho 

lamp was operated '..wr. the cathode and cold spot "up" in the 

boll jar.   During Initial start up 3 locally high concentration of 

alkali metal liquid and vapor was present 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 urea.   The excessive thermal 

stres.- can. .■•: a crack to initiate at the hot spot« which catastro] hie ill; 

propagated the entire length of the lamp. 

The second lamp, No. 157, was designed With the pump and fill 

exit hole irilled through the center of the anode in order to rectify 

the problem experienced with the first lamp.   The lamp was first 

operated in the bell jar over the ranne of -100 W to 1000 W input 

with radiation cooling of the col:! spot« as this technique had 

previously proved successful for smaller lamps.       Preliminary 

rel itive irra liance measurements employing both the differential 

fluorescence (FOV) analysis technique and spectral irradiance 
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detenninations -   li   it I th it th    lam] w i;     .      >perated at 

too high  k pi        ■   , :.   ., the 8|   ctru«   w is 3     -revera 

Tiie cold spot ratui by ii       ising th 

of the multiplo'finn   . : .  . itor surface to the greatest possibl. 

extent, b;.:t still th<   aver-revera       3i liti >n |      . it   I.   At this 

point, It was decided to increase the h( it removal from the c  Id 

spot VIJ a water cooled copr-or block,* •/:hich •/.•_;, ^rr tn'oJ to '■■:<: in 

intimate contact with the tantalum tubir.c-.   Even with the cold spot 

near room temperature the . ;  ■ rtrum was still too widely rev r 

This coolin;; toe: eventually resulted in th    I in p cra( kii 

in the sapphire-metal seal area due to too st ■ p J temj eratui 

gradient between the seal area an i th ■ : v. I spot. 

A third la:..;-, No, 130, ■■as fabricated with J long r tantalum 

tubulatlon in order to prevent a recurrence of the enveloj 

cracking.   This lamp was successfully operated to 1400W of 

input power, and relativ-: spectral irradiance an:! fluorescence- 

power measurements (FOV) were taken.   The FOV versus :.o'..er 

input for this lamp, Xo.  130, Is shown in Figure 20.   The spectrum 

was still over-reversed despite a -10 C cold spot temperature being 

maintained.   The spectrum is shown in Figure 21.   This lamp 

subsequently failed by an arc-over to the conmic-to-metal seal 

area when it was restarted with a supply that delivered a minimum 

of 6 amps rather th ^n the 3 amp (minimum) supply customarily 

used.  (The three amp supply was being used on a concurrent lamp 

experiment being carried out or. this program.) 

*At first an indium melt bath was used to control the cold spot temperature, following 
(7) the procedure oi Schmidt.        The In iium b th I     hnique w is done ; in f iv i  oi 

th ■ direct i :on iuction cooling path to t ... ..-■.'.- t the I ..... 

resonance line radiation was still over-reversed with    .    indium     ith teel nique. 
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A fourth la:..:., N9« li'/, '•'/ds constructed and operated with an 

outer quartz envelope, Piyure 7, in order to be able to carry out 

arc diameter measuremerts.   The arc diameter measurements are 

thown In F-' | ire 19.   Tiiis lamp was operated up to 1300W using 

forced convection caollrvj.   The lamp was operated cathocie and 

cold spot "down".   The lamp was still in operation at the end of 

this reporting period. 

A maximum of five mare 3 inch Ump starts are planned for the 

second semi-annual work period.   Eight 10 inch lamp starts are 

also planned,   full power operation of the 3 inch lamp, i.e., 

approximately 2.4 kW, Will require a redesign of the existing 

vacuum bell jar system; at the 1400 W level the bell jar is 

approaching the allowable thermal loading limit for Pyrex glass 

jar operation.    (A metal bell Jar system with a sapphire Window is 

being fabricated.) 

5.3        Results for -1,  6 and lOmm Bare,  3 Inch Arc Length, 3 Atmosphere 

fill Krypton Arc Lamps 

The krypton arc lamps with electrodes externally cooled by water 

were used to test the water calorimeter equipment constructed 

during this r.ro-.iram.    Krypton arc lamps wore 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%, 
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The total radiative efficiency results for the krypton lamps as 

a function of input power to the lamp, up to a maximum of 4 kV/ 

is given in Figure 22. 

The result;-; of the calorimetric tests confirm the dato reported 
(12) 

in the literature i.e. , the radiative efficiency increases with 

both lamp bore diameter and lamp input power. 

The percentage of radiation irom the 4mm bore lamp that is 

absorbed in the 5mm water thickness of the calorimeter is 

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

lamp input power level, 46% of the input power is radiated   and 

15% of the radiated power or 1% of the input power is absorbed 

in the umm v/at..-r layer of the calorimeter,   This leaves 39% of the 

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

Krypton lamp irradiance measurements were not made during this 

period.    However,  TOV measurements were made, using the bell jar 

arrangement shown in Figure 12.   The results are reported in 

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

also reported in this Figure. 

No systematic measurements of krypton arc diameter were made; 

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

power was not wall confined. 



6.0        DISCUSSION 

J 

J 

J 

J 

1 

i 

1 

1. An optimal match 3f Limp radiation to the XchYAG excitation 

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

with a cold spot temperature as low as 40 C.    (The vapor pressure 
Q 

of the K-Rb mixture at 40  C is less than I 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 is too smaiij 2) the arc plasma tends to bloc'; the 

passage of vapor through the opening in the center of the electrode; 

3) physical movement of the liquid alkali metal under surface 

tension forces from the cold spot toward the lamp envelope is 

occurmg,  that is,  the tabulation is acting as a heat pips. 

The small bore lamp data obtained on a previous program were 

reviewed. Rb-K lamps Xos , 22D and 26-1 gave optimal spectral 

matches at cold spot temperatures below 2C0  C. This 

temperature also corresponds to a pressure of less than 1 Torr. 

Next,  a calculation of the vapor pressure in these optimally matched 

lamps was performed based upon the wavelength spacing of the 

peaks of the reversed resonance lines.      A K-Rb vapor pressure 

of 10-100 Torr was computed as being presented in the lamps. 

This figure agrees with the pressures assumed by Schmidt and 

reported in Figure 5.        Schmidt used an indium bath to maintain 

the cold spot of his lamps at a given temperature.   He too. assumed 

thermal equilibrium between the cold spot and the alkali metal. 
J o 

Mis cold spot temperatures were in the 400  C - 600   C range and 

v/ere measured on pure alkali metal filled lamps (no Hg addition). 
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Liborrnan, et al.,    '   ' also reca led cold S] )t t( :.; erature 
o 

approxima tely 500 C; howev r,  :;■ • w is   i      (d to his lamps   i 

vdi;or pr ....        i I ress int.      tes that    - k >1    ..; >r 

prossuri' i quilibrium also accurred In the lamps studied in the 

previous pro ram.        It  .  i not i sent a serious probl   n  tor 

these small r bore lamps, which re^uir    i I I ih< r pressure IJT 

optimal matching. 

Bd. . d en the iorc^jir.1';, a major effort in the next wer): perio ! 

mast be tie   development 3i a te ;hnique to establish a controllable 

alkali metal vapor pressurs in the 14. 3n m bore alkali metal lami s. 

Ü   J-;;..■' 

The 14,5mm bore K-Rb lamp, even In its aver-reversed state, 

gave a slightly higher effective irradiance measurement (FOV 

reading) than the 10mm bore krypton arc lamp   that this K-Rb 

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 to which the present K-Rb 

lamp has so fur been tested). 

Arc diameter measurements on the K-Rb lamps show that the arcs 

are not wall confined up to the maximum,  MOO1.'.*, input power 

achieved to date.   At HOOW input, the arc diameter in the 14,5mm 

bore lamp is only about 4mm, ana the shape of the arc diam ter 

versus input power curve Indicates that eve:: at the tull ; :'-;  I | 3wei 

of 2.4 kW it will be only about 5mm in diameter.   As shown in 

Figure 19, at 700 W inpul (the maximum power Df the small,  5 ..■ 

6.3mm, bore lamps), the are diameters"tn the 14.5mm bore lame an ■ 
the small lore L iboul the san       ibout  Irrm.   Thus at 



higher pow r (1.4 kW), tho arc Within the 14.5in;ii bore lamp 

3perat      it     >i    I . in 3 timei ti.^ po%ver ana current density o: the 
3 J 2 

smaller boi    i     : ■ , i.e., -it 1.13 x 10   W/cm   and lüu imj   ci    , 
1 .     2 

as compared ta 400 '.'.', cm   ana 33 amp/c-m   far the t.3iiim bore 

I an-, p. 

Since higher power aensities excite higher energy levels in the 

alkali    etal atoms at the expense of resonance radiatiDn transitions, 

this increase in power density exeits an adverse effect on the 

effective Irradiance oi the lamp.   Thus, means of expanding the 
(14) 

arc should eventually be investigated. Also, the higher 

excitation level transitions of the al'.ali metal atoms might be use I 

to pump .\J:V.'.C; the ü.ül;: line af .\a is an appropriate higher lev '1 

nonresonance radiation line that would pump NdiVAG« 

j The small arc diameter within the 14.5mm bore lamp, while 

probably resulting in a decreased lamp effective irradiance, 

4 Will give a brighter arc.   The increased radiance of the arc might 

well offset the decrease effective irradiance in an imaging cavity, 

J in which this lamp is intended to be used. 

i 

1 
4. Increasing the argon vapor pressure from 50 Torr to ?000 Torr did 

not affect the position of the reversed radiation wings of the 

optimally matched K-Rb(  6.3mm horo lamps.    If the radiation had 

been due to excited K.;, Rb   or K-Rb molecules, a shift of the 

radiative peaks would have occurred due to a switch of the excit i 

molecular vibrational states,   We conclude that the resonance 

radiation is duo to excited atoms.    (In contradistinction the 
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radiatio:.      [ttod frai     rcssure, 1(   3 Torr |   I 

is ciu^j to a mixture oi     ■ ■ :   I atoi      I lies.) 

j. The mercury  tdditisn to K'Rb did not inci   ■■ ■   the effectiv 

irr:i-.!i ;..'-o 3i i:. ■ 1.:. -.   T .    tddltion of i   rcury to the K-Rb- 

(50 Tj:r ar ion) mlxtui      - ■   raise the gei •• i\ I •••■! of ; . ;: i ■ :. : 

radiation  u I  dso se m -> ij •-. - . . n out the loi . wavelength wj 

of the reversed resonance radiation.   (Ti.is latter phenomenon had 
(3) been noted previously.     "    "..is br: lay be  lue to the 

appoara.^r » of KH nol    ales, as t e of Fg 
o 

at 500 C is  -      ■ >! 3tm3 ;  leres. 

6. The \i3c of 3oO as an envelope n .: ■:: .; jffera the l^rr rang 

possibility of r    jcing t! tize of th nt 14.5  boi 

K-Rb sapphire env I ■   ! lamj by ir;j:      in   the maxin im 

permissible  Öi »rmal wall loa ling,   A re :'..-"-1 bore size means a 

physically thinner alkali •;;-,iäI vapor layer through whi< :. tl 

resjv.-iii.:': . i lation must pass, thus  »nabling  m irradian     match 

to the lassr rod ta be m tde at a higher lamp vapor pressure.   A 

thinner walled sapphire envelope would serve a similar purpose 

as it; too, could also handle high thermal wall loa lings. 

7. At high power levels, the total radiative efficiency of kryptoi 

lamj s approaches 50%, and the radi ition • . t!.'"5 G.3-1. i;; bai 1 

is of the a:-:;or sf "■■■'!    of the Input power.   The | swer density of 

the lamps can be comj it   I from arc  iiameter m   isurem nts.   Thj 

Information can providi   I   sic Information to futh • ■    ' rstanding 

of krypton arc ra liative processes. 



7.0        PONCIUSIONS 

1. An ■" kW (input) alkali metal vapor arc lamp, ID inches Ion'--, 

with J 1 1.5mm bore,can be constructed that should pump a 

Nd;YAG lasei more efficiently than an equivalent S h\V krypton jrc 

lamp.   It la not yet known whether the dos ion goal of (.his 

contract, 2 kW output In the pumping bands of Nd:YAG, with 

3 kW Input, can be achieved. 

2. A 14,5 nun bore K-Rb lamp produces greater trradiance and total output 

in the pumping baud of Nd:YAG than the equivalent (lOram bore) krypton 

lamp when both arc Dperated at input powers of 500 W per inch 

of arc length,   The K-Rb lamp was rot Dptimized for pumping 

Nd:YAG because of lack of control over the vapor pressure of 

the K-Rb fill.   Optimization will probably further increase the 

superiority of the K-Rb lamp over a krypton arc lamp for pumping 

Nd:YAG. 

3. The power density in the arc of the high power H.Smm bore K-Rb 

lamp is a factor of about 3 higher than in the smaller bore lower 

power K-Rb lamps previously investigated.   This may result in 

somewhat less efficient pumping of NdrYAC by optimized high 

power K-Rb lamps than achieved by optimized lower power K-Rb 

lamps. 

4. Additions to the standard K-Rb fill did not improve the lamp's 

efficiency in pumping NdjVAG. 

- 2b 



5 . BeO was successfully tested as an altern i tive m iterial t j 

sapphire as an alkali metal L^np enveloj      laterial,    B(    »use 

of its greater thermal stress cai ibilitie    th »f BeO can 

lead to reduction in lamp bore diameter and thereby improvement 

in the efficiency in pumping NdtYAG. 

- 27 
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