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SECTION I 

INTRODUCTION 

The Perkin-Elmer Corporation has, for several years, been pursuing a 
(1-3) 

program in the pumping of Nd:YAG with electrodeless krypton arc lamps. 

The approach leads to devices with improved efficiency, lifetime and relia- 

bility compared with conventional krypton lamp-pumped devices. 

The research covered herein specifically addressed the applica- 

bility of the concept to a low-power, high-efficiency device suitable for 

operation in a space environment. Results show that a multimode output of 

1 watt can be developed for approximately 200 watts of rf powe, ,  r.i addition, 

a 1000-hour lamp life test was successfully performed. 

Section II of this report is an analysis of the efficiency and thermal 

considerations applicable to a low-power electrodeless lamp-pumped laser. 

Results show that the required output should be attainable for between 150 

and 200 watts rf input and that conductive cooling of both lamp and laser 

rod is feasible. 

Section III discusses a series of measurements aimed at quantifying 

the power flow within the laser. Each separate transfer or efficiency has 

been measured and is shown to agree with the assumptions and predictions made 

in Section II. The only exception was the insertion loss of the GFE 

(Government-furnished equipment) heat-sink-mounted laser rod which was shown 

to be anomalously high. 

Section IV discusses the performance of the several lasers constructed 

during this program. The first, SPL-1 (for Side-Pumped-Laser-l) used the 

above mentioned GFE laser rod, while SPL-2 and SPL-3 used rods of different 

sizes. 

Section V discusses the life testing program pursued on this contract. 

A 1000-hour life test was successfully completed on a conductively cooled 

lamp and a second test with a 5000-hour goal has begun. 
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Finally, Section VI presents our conclusions and recommendations for 

future work. 

m 

1. High Power NdtYAG;  Results with Electrodeless Lamps.  The Initial 

motivation for the electrodeless arc lamp approach was derived from the exe- 

crable lifetime and reliability characteristics of dc-arc lamps. Most of 

the failure modes of arc lamps are associated with the electrodes and the 

fused silica-to-metal seals; consequently, electrodeless lamps should have 

notably greater utility.  That radio-frequency energy can be used to 

drive an arc discharge was, of course, already well established. What was 

not clear, however, was whether the electrical energy could be efficiently 

coupled to the lamp and optical energy transmitted from the lamp to the rod 

with adequate efficiency to be competitive with dc-arc lamps. The task 

is a demanding one, as the requirements for efficient electrical and 

optical coupling are frequently disparate.  The crucial element to the 

solution to the problem was the establishment of high efficiency optical 

coupling by means of a diffusely reflecting enclosure.  Figure 1 Illustrates 

the basic configuration of the device.  The pump lamp is annular and surrounds 

the laser rod.  Both are enclosed in a diffusely reflecting cylinder which is, 

in turn, surrounded by the rf coupling coil.  This device developed 20 to 25 

watts of multlmode laser output from a AxSOmm laser rod for 1.5 kilowatts 

of rf energy Input.  Figure 2 Illustrates the results of a 1000-hour life test. 

The power fall-off experienced in the course of the test was almost negligible. 

A final task on the above effort was the development of a high efficiency rf 

driver. A versatile, single-tube device was built based upon a 3CX1500A 

ceramic triode. The overall power supply efficiency. Including the 208 VAC- 

HVDC conversion and the filament, relay, and blower power, was 63% in the 

master oscillator, power amplifier mode, and 67% in the self-excited oscillator 

mode. 

The overall efficiency of the laser was slightly greater than 1% at an 

output level of 20 to 25 watts. The goal of this effort can be concisely 

stated as the development of a similarly long-lived device which develops 

one-tenth the output at the same power efficiency, 

2, Low Power Nd;YAG. In the low-power region, the most highly developed 

-2- 
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pumping approach uses alkali-metal vapors in core-drilled sapphire envelopes. 

In this case, the most significant pathological phenomena appear to Involve 

chemical reactions, erosion and decomposition of the envelope. 

There is reason to believe that an electrodeless lamp approach could 

be developed which would obviate many of the failure modes observed in 

conventional alkali-metal lamps. However, our approach here has been to 

exploit the relatively straightforward technology associated with krypton- 

filled, fused silica envelopes. 

The approach is still based upon an electrodeless krypton arc lamp and 

diffuse reflector. However, the requirement for conductive cooling of both 

lamp and laser rod required the development of an alternative structure to 

the coaxial scheme Illustrated in Figure 1. The side-pumped laser illu- 

strated in Figure 3 was proposed to satisfy these needs. The rod is cooled 

by conduction into a metal heat sink while the lamp is In thermal contact with 

the relatively cool diffuse reflector. A few watts are dissipated in the rod 

which must be maintained at a temperature of some -10oC, while the lamp, which 

dissipates about 100 watts, can run at 500oC to 600oC. 

-5- 
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SECTION II 

ANALYSIS 

This section considers the questions of laser efficiency, lamp cooling 

and lamp life from an analytical point of view. The Issues are, of course, 

linked because greater efficiency Implies less lamp power and consequent lower 

temperature and longer life. 

1. Analytical Model of a NdtYAG Laser 

We begin by defining the following quantities: 

P is the rf power delivered to the coll 

P is the power dissipated in the rf coupling coll 
c 

P, is the lam« threshold power 
Lo 

T). is the lamp slope efficiency 

P is the optical energy radiated by the lamp 

The quantities P , PT , n, and P. are related as follows: 

PL - r^ (P - PC - P^) (i) 

Further, we define 

m 

ru   is the fraction of the lamp energy which falls within the 

Nd:YAG pump band 

ru   Is the optical transfer efficiency of the diffuse reflector 

ru   is the conversion efficiency from pump radiation to l,06ym 

radiation 

res 
is the efficiency of the laser resonator 

The power absorbed by the rod is 

Prod " ^2 ^3 PL 

-7- 
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A certain  fraction of P    j.  P    jLu  is use^  in reaching threshold.     This 

is  related  to  the power required  from the lamp by 

PlJth = Prodlth/(T12 V 

which  Is,   In  turn,  related  to the rf power required by 

P  I 
P      -J^+P      +p 
th        r|, Lo        c (3) 

The laser slope efficiency Is 

n8 - nj n2 ^ n4 n^ (4) 

The goal of the subject RFP Is the development of 0.5 watt TEM.. laser 

output. Our previous research indicates that a multlmode-to-single-mode 

conversion efficiency, ri6» of 50% can be achieved even at higher power 

levels. Consequently, the total rf power required is 

th  Ti  oo 
s 

where P  Is the desired TEMnn output power. 

(5) 

'00 

The lamp style of Figure 4 was developed as being compatible with the 

efficiency and cooling requirements of the program. The optimum parameters 

appear to be 

fill pressure: 2 atiu 

D: 14 mm 

t: 1 mm 

v 9 mm 

L„: 6 mm 

The performance parameters of such a lamp were measured to be 

P  - 25 watts 
c 

" —■—- i  ■ «— 
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P.  = 50 watts 
Lo 

Pj = 297. 

These measurements are discussed in Section III, 

The parameter ru was determined by measuring the fraction of the lamp 

output that was transmitted through a lOmm-thick, uncoated Nd:YAG filter. 

The same spectrally compensated silicon detector was used here as was used 

in determining n, so that spectral effects were obviated.  The resulting 

determination was n* ■ 0.39. 

(A) 
It is useful to compare these results with those obtained by Koechner. 

He measured the product n, Ho to be 0.15 compared to our 0.11.  The higher 

value achieved in his experiment is probably consistent with the high pumping 

level, but It is important to point out that our model Is conservative compared 

with the prior art. 

I 

The efficiency of the diffuse reflector, ru» has a design goal of 

50%.  The detailed design will be discussed in Section IV.  This is identical 

to the values reported by Koechner   and Inferred from the measurements of 

Foster and Osterlnk   for conventional optical coupling schemes. 

References (5) and (6) do differ substantially on the question of the 

efficiency of the pumped rod.  Koechner reported an overall efficiency of 2.1% 

while Foster and Osterlnk achieved 3.4%, However, most of the difference can 

be ascribed to the poor optical quality of Koechner's laser rod. The round-trip- 

loss of 7.5% is much higher than generally observed for a good crystal, that 

is 0.2%/cm. 

We can, however, use Foster and Osterink's results to estimate the 

rod quantum efficiency, r],.    Their measured slope efficiency, T\  , was 4%. 

Foster measured a heat generation rate of 190 watts for the rod when it 

was not lasing. However, it Is reasonable to expect that some of the 

energy absorbed by the rod was radiated away as 1.06pm fluorescence. Shokln 

has shown that the ratio of fluorescence cooling (in watts radiated) to 

laser power available Is roughly 0.5. Now at 3kW Input, Foster's rod 

developed 90 watts of laser output. Consequently, if we postulate that the 

(7) 

-10- 

^MHI IMM dl ^^^^^^^tuitn^mmmmMmam ■-■^1 •**' 



fluorescence cooling of Foster's rod was 90/2 = A5 watts, we arrive at a 

total absorbed energy of 190 + 45 or 235 watts.  One third of this was 

used in reaching threshold, so that the efficiency of the rod-resonator 

combination above threshold is 

90 
11 4 ""Ves = 2/3 (235) 

= 0.57 

Further, if we postulate a round-trip-loss of 0.2%/cin and 0.1% 

scatter at every surface, we calculate n. » for this example, to be 0.7. 

Thus, a is 0.57/0.7 or 0.8.  In the calculations to follow, we will use 

a more conservative figure of 0.7 for rv • 

For our calculation of laser threshold, we use Kushida's value 

for the small signal gain of Nd:YAG at 20oC. 

(8) 

g9 ■ 8.2 db/cm - (joule/cm ) 
'20 

(9) 
According to Ostermayer,v" the gain at -10oC Is 1.67 times greater 

than at room temperature owing to the reduced fluorescence linewidth. 

Consequently, 

g_10 = 13.7 db/cm - (Joule/cm
3) 

For example, let us consider a Ax30mm laser rod.  The round-trip 

gain is 

■• 

gRT - 218 db/joule 

Assuming a fluorescence lifetime of 230ys yields 

gr - 5 x 10"    db/watt 

If we further assume the scattering and absorption losses in the 

rod to be 0.2%/cin, that scatter at any surface amounts to 0.1% and that the 

-11- 
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resonator Includes a 1.5% output mirror, the net round-trip loss is 3.3%. 

Consequently, the power required to reach threshold is 

P JLU 
= 2-82 watts rod1th 

Further, if ru ^ «39 and n^ " «5, we can then calculate 

PLlth- 14.5 watts 

And if n, = "29, P ■ 25 watts and P  ■ 50 watts, the rf power to the lamp 

is 

?_ - 125 watts 
t n 

The laser slope efficiency  is   (based upon r\        ■ 1.5/3.3 ■  .45) 

ns " WWres* 1'B% 

So that the rf power required to develop one-half watt of TEMnn output 

is 

P , - 181 watts (4nim rod, ru -  0.5%) 

It is possible to predict the performance of other laser rod sizes 

based upon this model. For example, let us consider a 3x30mm laser rod. 

Assuming that we can achieve optical coupling efficiency, T]~,  of 50%, we 

find 

"S 
p    JLU " 1'59 watts rod1th 

L'th 

th 

8.15 watts 

103 watts 3mm rod 
/     ri3 - 0.5 

-12- 
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1.8% 

rf 
159 watts 

Thus, the system based upon the 3x30mm rod will be more efficient than 

the Ax30mm based system by approximately 20 watts. 

But if an optical coupling efficiency of 50% is the best we can 

achieve with a Airan rod, it is reasonable to believe that ru will be less 

than 0.5 for a 3mm rod.  Indeed, in Section V we show that it should be 

0.31.  In this case 

•\ 
P  JLU = 1'59 watts rod1th 

PT I .   = 13.2 watts 
L1 th 

P L    = 120 watts     > th / 

1.1% 

P ,    = 210 watts 
rf • 

3mm rod 
113 - 0.31 

"? 

Clearly, under these conditions, the 4x3Chiim system is preferable. 

2.  Thermal Analysis of the Lamp Module 

In this section, we consider the thermal analysis of the lamp and 

diffuse reflector configured as shown in Figure 4.  Here 

t is the wall thickness of the lamp 

D is the lamp diameter (outside) 

(L -t) is the length of the active part of the lamp 

L is the window thickness 

t. Is the gap between the lamp and the diffuse reflector 

t, is the thickness of the diffuse reflector 
-2 

-13- 
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The hottest point on the lamp will be the center of the inside surface 

of the window. The temperature profile of this surface can be shown to be 

T(r) = 
W 

4kL 
w 

H       -r (6) 

where W is the thermal load on the window and k is its thermal conductivity 

We assume that of the power input to the lamp, 29% is radiated away to be 

dissipated elsewhere. Further, we take 

D = 14mm 

L = 6mm 
w 

k =0.017 w/cm-0K 

Figure 5 is a plot of the temperature in the center of the window as 

a function of the total rf power for various values of the window thickness. 

w 
The parameter AT of Figure 5 designates the temperature difference 

between the window center and the interface between lamp and reflector. 

The present design calls for a gap between the lamp and the diffuse 

reflector of less than 0.004mm.    However, during operation,  differential 

thermal expansion can increase the gap by an order of magnitude.     Conse- 
-4 quently,  if we take the thermal drop conductivity of air to be 4.5x10      w/cm- 

0K, we find a temperature drop across the gap of 1.1 degrees per watt of 

lamp dissipation.    Thus,  for a total rf input lamp of 180 watts,  the 

temperature difference across the gap will be 1210C.     If we assume that the 

outside of the diffuse reflector operates at lOO'C,  reference to Figure 5 

reveals that with a 6mm thick window the maximum temperature will appear in 

the center of the lamp window and will be of the order of 500oC.    Lamp life 

at this temperature should be very long. 

The final questions Involve thermal stress on the lamp and diffuse 

reflector.    We have previously shown that lamps of similar geometry are 

within the thermal stress limits at rf power levels of 1.0 to 1.5 kW. 

-14- 
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In the case of the diffuse reflector, Thouret  'shows that a uniformly 

loaded cylinder of the Inner radius r, and outer radius r is under an 

azimuthal stress of 

where 

w 2 

\ 

+ 1 In (7) 

aE 
k(l-y) 

.. 

a is the thermal expansion coefficient 

y is the Poisson ratio 

W is the thermal loading per unit area 

E is the modulus of elasticity 

which, for alumina at 100oC yields a result of 5 psi per watt of input 

energy.  Since the ultimate tensile strength of alumina is approximately 

2.5x10 psi, the structure should be well within safe limits. We should 

point out, parenthetically, that at high power levels it becomes Important 

to cool the alumina adequately as its thermal conductivity, and thus the 

thermal stress, are strong functions of temperature. At 600oC, the thermal 

stress works out to 28 psi/watt. 

m 

3. Diffuse Reflector Efficiency 

The earliest diffuse reflector geometries were cylindrical with the rod 

located on axis. We assume that scattering at the surface of the diffuse 

reflector was Isotropie and developed an expression for the optical coupling 

efficiency. Subsequently, we discovered a paper by Whittle and Skinner 

who presented the results of a Monte-Carlo analysis of the problem and 

compared it with experimental data. They also considered a very simple 

model, based again upon an Isotropie assumption. In the simple model a 

surface of area S. absorbs a fraction 

Fl " 8i/2 Si 

-16- 
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of the total. The formula can easily include the effects of finite absorp- 

tivity, Bi, 

Fi = hh/l  SiB1 (9) 

Whittle showed that the predictions of the simple model agreed well with 

those of the more sophisticated Monte-Carlo model. 

For example, if a reflector has a total surface area of S with a 

reflectivity p, the effective loss area is (1-p) S . If the reflector 

includes a hole that totals S. , and if the load, the laser rod can be 

approximated by a hole of size S., the efficiency of the structure will be 

sL + sh + (1-p) sr 
(10) 

Two additional calculations are required to relate this simple model to 

an actual SPL. 

m 

• The absorbing power of the laser rod must be calculated, and 

• The model must be corrected for the non-uniform illumination 

levels which occur in some versions of the SPL. In particular, 

models SPL-1, 2 and 2a had a large chamber pumping the center 

of the rod and two smaller chambers occupying the end sections. 

(12) 
a. Rod Absorption - We have previously measured and reported   the 

absorption constants for each of the prominent krypton emission lines. The 

result is reproduced In Table I along with the relative strength of the 

various lines. 

The task of computing the average path length through the rod is 

greatly simplified by the high index of YAG, The effect is to bend all rays 

strongly toward the axis of the rod, so that the path length approaches the 

rod diameter. A ray Incident at an angle of 70° from a radius but perpen- 

dicular to the axis will pass through the rod at an angle of 31°, and Its 

path length will be 0.86 times the rod diameter. Similarly, rays Incident 
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TABLE  I 

ABSORBANCE OF KRYPTON LINES  IN Nd:YAG 

m 

s 
Wavelength (A) Ab sorbance (mm ) Relative Strength 

7587 0.045 0.33 

7601 0.083 1.00 

7685 0,012 Weak 

769A 0.007 Weak 

7854 0.016 Weak 

8059 0.146 0.18 

8104 0.059 0.28 

8112 0.074 0.75 

8190 0.023 0.13 

8263 0.006 Weak 

8281 0.002 Weak 

8298 0.008 Weak 
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at an angle to the rod axis will be refracted toward It.  The path length 

for the more oblique of these rays may be slightly greater than the rod 

diameter; however, this effect will be very nearly balanced since a fraction 

of these rays will be reflected at the air-rod interface. 

For example, a ray incident at 45° to the rod axis will propagate 

through the rod at 67°.  Its path length in the rod will thus be 1.09 rod 

diameters.  However, 9.5% of the rays thus incident will be reflected so 

the fractional absorption will be very comparable to that for normally 

Incident radiation. 

Thus, if we take the average path as the rod diameter and choose 0,08mm 

as an average absorptivity for a strong line, we find that for a 3mm- 

diameter rod the absorbing power is 42% and for a 4iinn-diameter rod it is 

52%, that is 

-1 

3mm rod absorbing power = 1-10 

4nun rod absorbing power = 1-10 

(-3mm x .Obmrn ) 

(-4mm x ,08mm~ ) 

m 

b.  Efficiency in a Simple Geometry.  Let us consider first a simple 

geometry where the 4mm-laser rod is located on the axis of a diffusely 

reflective cylinder of diameter D, length L and reflectivity p, 

2 
The cross-sectional area of the "hole" represented by the rod is 4L mm 

2 
which, when loaded by the appropriate absorptivity, becomes 2,1L mm ,  The 

efficiency of the structure is thus 

2,1L 

2.1L + TTDL+2TT ill>-p, 
(11) 

+ S, 

where S. is the area of any holes or cracks in the structure and all dimen- 

sions are in mm. 

c.  Efficiency In a Complex Geometry - Let us consider the geometry of 

SPL-1 and SPL-2, The appropriate dimensions are shown in Figure 6. 

-19- 
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Clearly, the problem is complicated by the fact that the light flux 

is non-uniform.  Some of the light emitted by the lamp passevS into the 

smaller chambers, but much of it is reflected back to the main chamber. 

We can develop a solution in terms of loss coefficients, C..  The 
i 

superscript j refers to the chamber being considered. The main chamber 

will be "1" and the two smaller chambers will both be denoted "2".  The 

subscript r will refer to power absorbed by the rod, "1" to power lost 

either by absorption in the diffuse reflector or by leakage out of the 

chamber, and "h" to energy transmitted into an adjoining chamber. Thus, 

the coefficient for absorption by the rod in the main chamber is denoted 

The fraction of the energy that passes from the main chamber to the 

adjacent chamber Is 

1       Cl 
h c1 + c^ + cj 

r   1   h 
2 

Of this energy, a part, F is reflected back. 

h c2 + c? + c* r   1   h 

Thus, we can define an effective coupling fraction as 

(13) 

h eff 

h eff 

rja 

i* 
<•> 

'b 

(1A) 

(15) 

Similarly, we can define effective loss coefficients as 

Fu « = cj. „/(cj. „ + c1 + ch 
h|eff        h|eff      h |eff        r 1 

? 7 0 9 9 FU « = C£|  „/(cf i  .. + c   + cf) h eff        h eff      h eff        r        1 

(16) 

(17) 

The chambers are now mathematically uncoupled.  In the big chamber, the 

fraction of the energy absorbed by the rod is 

-21- 
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and in the little chamber 

F = 
C1 + c] + cfl ce r   1   h'eff 

(18) 

The overall efficiency is 

C2 + c2 + C2I 
(19) 

H- = F1 + 2F}\   ..  x F2 
3   r    h'eff   r 

(20) 

4.  Effect of Rod Quality 

In the analysis above, we have assumed the availability of a laser rod 
-3  -1 

with a combined scattering-absorption loss of 2x10  cm  .  Reference to the 
(13) literature in the field    indicates this to be a reasonable assumption as 

do measurements reported in Section III. Nevertheless, it is appropriate 

to explore the implications of higher and lower loss values on the perfor- 

mance predicted by our model. Figure 7 is a summary of the predictions of 

the model for both 3 and 4mm rods as functions of the round trip loss. 

5.  Effect of Rod Diameter 

It is useful to calculate the change in diffuse reflector efficiency 

incurred if the rod diameter alone is allowed to vary.  In a simple 

geometry, that is, one where the light flux is uniform, we can calculate 

n» in terms of the rod absorption per bounce C and the losses per bounce 

C, as ru = C /(C +C-). The rod absorption for a Amm rod is stronger than 

that for a 3mm one by virtue of the larger aperture it presents (4/3) 

and by the greater path length for an Incident photon. This latter factor 

is calculated to be (.52/.42) in Section II.3.a. Consequently, C is 

reduced by a factor of 0.61 for a 3mm rod compared to a 4nnn one. For the 

example of a 4mm rod in a diffuse reflector achieving n-, * 0.5, we can 

predict that T].  will be 0.31 for a 3inm diameter rod. 
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SECTION III 

MEASUREMENTS 

The difficulty experienced in generating comprehensive laser data led 

to  increased emphasis upon measurements relating to the various components 

of the laser head.  This section discusses observations of 

Pc' 

rLo' 

V 

v 
13, 

the power dissipated in the rf coupling coil 

the lamp threshold power 

the lamp slope efficiency 

the optical energy radiated by the lamp 

the fraction of the lamp energy which falls within the 

Nd:YAG pump band, and 

the optical transfer efficiency of the diffuse reflector 

1. Coil Losses, Pr 

The voltage gradient necessary to drive a high-pressure krypton arc 

E is generally of the order of 20 V/cm.  The total voltage required is thus 

E 1 
P 

(1) 

M 

where 1 is the plasma length.  In the case of the lamp shown in Figure 1, 

1 is the mean circumference of the lamp.  When the lamps are excited by a 

coupling coll of n turns with inductance L and cross-sectional area A , 

the voltage induced in the coil when driven at frequency ü) is 

"Vc 

where V. is the back EMF due to the plasma current, and I is the current 
b c 

through the coil. Unless the coil is very closely coupled to the lamp, V. 

can usually be neglected.  If we make the useful, though not particularly 

rigorous, assumption that the flux produced by the coil is uniform across it, 

then 

(l/n)(A 'A )V 
p c' c 
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where A     is  the area  linked  by  the  plasma.     Finally,   the power dissipated 

in the coll  is 

V             n V 
P    = —£-_ „ L_ (3) 

c ol. Qk 
c 

where the Q of the coil is defined in terms of its resistance, R, by 

ITie quantities L and Q can be readily determined by the Q meter measure- 

ments and the voltage across the coil is easily measured with an rf voltmeter. 

Typically, we observe L 0.5 to I.OVJH, Q = 250 to 400 and V between 800 

and 1000 volts leading us to predict that P will fall between 15 and 25 

watts. 

Low loss coils are fabricated by machining solid 0FHC copper bars as 

shown In Figure 8.  In the case where the lamp outer diameter is 14mm we have 

found that a coil with 

number of turns, n ■= 5 

inner diameter    = 18tnm 

outer diameter    = 35inm 

exhibits an Inductance of 0.7yH and a Q of 330. 

When used to drive an optimized lamp, the coll voltage is nearly 1000 

volts, leading to a calculated coll loss of 25 watts.  This parameter can 

be measured directly by observing the power required to develop 1000 volts 

across the coil with the lamp extinguished.  The result is 28 watts. 

It Is reasonable to consider whether appropriate design could reduce P 

still further. Increasing the number of turns Increases both L and Q, but 

equation (3) Indicates that the overall effect on coll losses will be small. 

Another approach would be to make a coil that fits the lamp very closely. It 

might be possible to polish the inner surface of the coll so that It could 
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m 

fulfill the role presently played by the diffuse reflector.  Coil loss 

measurements Indicate that tha  tighter electrical coupling thus achieved 

drops the required voltage by about 30%, resulting in a coil loss of 12 

watts.  However, the approach is sufficiently difficult to implement that 

we have deferred further consideration. 

2.  Lamp Threshold, T^c  and Lamp Radiation Efficiency, m 

Lamp output was measured with an International Light Power Meter which 

incorporated a filter designed so that the spectral response of the filter- 
2 

detector combination was spectrally flat.  The detector was 1 cm and was 

usually positioned about 50cm from the freely radiating lamp.  The optical flux 
2 

was generally of the order of 1 mw/cm and thus the detector operated well 

within its linear range.  In addition, the detector was checked against a 
e 

calibrated Epply thermopile at 6328A and agreement was within 10%. 

The radiating plasma approximated a cylinder lAiran in diameter and 8mm 

long and thus appeared as an extended source at a distance of 50cm.  The 

radiation pattern was mapped and the radiated flux was found to approximate 

p(6) = 1(0.67 + 0.33 cos 6) 

where 6 is the angle between the plasma axis and the detector. 

For example, the on-axis radiated flux, I = p(0) from optimized lamps was 
i 9 

9.5x10  w/cm at 150 watts input to the coil leading us to calculate a 
fTT/2 

total lamp flux,!   p(e)de of about 22 watts. 
J..7r/2 

The cold fill pressure was one of the more important parameters we 
(■\L) 

Investigated.  Previous optimization exercises   'had indicated that overall 

rf-YAG laser efficiency showed a broad maximum in the pressure range from 

2.0 to 3.5 atmospheres.  In the case of the SPL geometry we observed an 

additional effect. At fill pressures above about 2.5 atmospheres, the 

plasma showed a distinct tendency to float and to form a tight ball at the 

top of the lamp.  This effect had two deleterious results. First the plasma 

would tend to overheat the envelope locally, and second, the small plasma 
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was Inefficiently coupled to the rf field, resulting in high coil losses. 

(It is arguable that the effect would vanish in a gravity-free environment.) 

Consequently, we settled upon two atmospheres as being an optimum fill.  As 

shown in Figure 9, page 29, the plasma still has a tendency to float at low 

power levels, but it is nearly symmetric in the region of interest. 

Performance of an optimized lamp is summarized in Figure 10.  The lamp 

was configured as shown in Figure A with t = 1mm, L = 9mm, D = lAmm, 
3 

L ■ 6mm and a fill of two atmospheres of krypton.  The system shows a thres- 

hold of 75 watts.  If we subtract the coil losses of 25 watts, we arrive at 

a lamp threshold P  of 50 watts.  Finally, we can extract the lamp slope 

efficiency, rii» of 0.29. 

3. Lamp Efficiency:  Output in the Pump Bands 

The fraction of the lamp output falling in the NdrYAG pump band was 

measured by observing the fraction of the lamp radiation that passed through 

a 1cm thick 17,  Nd in YAG filter. Radiation flux was measured using the same 

detector as identified in subsection 2 above. Thus, any errors due to non- 

constant spectral response were obviated. The filter was uncoated so that 

its reflection coefficient for normally incident radiation should have been 
o 

8.67,  per surface, which is in good agreement with a measurement made at 6328A. 

When the data are corrected for reflection, we calculate that 39% of the 

lamp radiation is absorbed in the filter. Now, the filter was only thick 

enough to absorb about 90% of the ln-band radiation; however, we have so far 

neglected the effects of scatter and out-of-band absorption in the crystal. 

Consequently, we will use the 39% figure in all subsequent calculations, that 

is, n2 " 0.39. 

4. Diffuse Reflector Efficiency 

The diffuse reflector efficiency was measured directly in SPL-2. The 

light in both the large and small chambers was measured with a AxSOimn laser 

rod in place and repeated with the laser rod replaced by a glass one. The 

ratios of the strengths of the various pump lines are summarized in Table II. 

The necessity to disturb the optical circuit to change rods probably 

led to some errors in the data.  In addition, some slight drift in the rf power 
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level was unavoidable, and because of the nature of the measurement, it 

could lead to further errors.  However, let us take 0.2 as the average 

value of the line absorption efficiency in chamber 1 and 0.6 for chamber 2, 

It is instructive to compare these results with the analysis of Section II. 

To be sure, the theoretical prediction is determined, to a large extent, 

by the estimates of the losses at each reflection from the diffuse 

reflector; however, for the sake of illustration, let us choose a nominal 

figure of 2% per reflection.  We then calculate 

K  - 0.665 
n 

F' = 0.56 
h 

and If we assume losses of 2% per reflection in both chambers 

K\  ff = 0-29 
h 'eff 

F"! . - 0.19 
h 'eff 

Ct\  „ = 1.5% 
h 'eff 

C| . - 1.67% 
h 'eff 

m 

From these results, we can calculate the theoretical absorption 

efficiency in chamber 1 

F = 0.26 
r 

and in chamber 2 

F = 0.59 
r 

and a net efficiency 

n3 = 0.63 

1     2 
The results for F and F are in acceptable agreement with the 

measurements summarized in Table II.  We conclude that the diffuse reflector 

efficiency ru for laser model SPL-2 was close to 0.5.  The result for the 

fractional absorption efficiency in chamber 1 is somewhat higher than the 

measured value while the results in chamber 2 are in good agreement. One 
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TABLE II 

ABSORPTION  IN VARIOUS LINES  IN SPL-2 

Wavelength a(Tnn    ) Rel.   Line 
Strength 

i 

Fractional 
Absorption 
Efficiency 

Chamber 1 Chamber 2 

7601A 

i             8112 

7587 

8104 

8059 

8190 

0.083 

0.074 

0.045 

0.059 

0.146 

0.023 

1.00 

.75 

.33 

.28 

.18 

.13 

0.13 

0.21 

0.19 

0.20 

0.17 

0.22 

0.69 

0.63 

0.58 

0.57 

0.81 

0.4             1 
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TABLE III 

ROD QUALITY 

I. 

Rod No. Description APth Round-Trip-Loss      \ 

1 GFE Ax66tmn 200 watts 6.7%                ! 

!         2 GFE 3x30inm 170       " 5.7%                | 

3 P-E AxSOmm 100      " 3.3% 

i            A P-E 3x25inm 70      " 2.3%                 1 

1            5 P-E 3x50nnn 170      " 5.7%                 | 

6 P-E 6x25inm 50      " 1.7%       s 

1            7 P-E AxSOmm 110      " 3.7%                | 

i            8 P-E 5x50mm 190      " 6.3%                1 

M 
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can thus infer that the 2%-per-reflection figure is probably too low in 

chamber 1.  However, the more significant conclusion is that both the 

analytical and experimental analyses support the assumption of an optical 

coupling efficiency of approximately 50%. 

5.  Laser Rod Insertion Loss 

The question of the laser rod round-trip-loss (RTL) is of paramount 

importance as it affects both the power required to reach threshold as 

well as resonator efficiency, n 3       res 

Laser rods were evaluated by inserting them in a cavity with a 

second, pumped rod and measuring the incremental power input to the second 

rod necessary to reach threshold, P th' The test rod was carefully aligned 

to minimize P th" The experiment is illustrated in Figure 11, 

The quantity P , can be related to RTL by an analysis similar to that 

of Section II. We assume the pumped rod reached 20oC when it was pumped, 
3 

and take the 20oC gain as 8.2 db/cm - (joule/cm ).  Further, we assume 

that the pumping efficiencies of the pumped rod were T\.   = 0.4 and x\    = 0.3. 
(15) The lower diffuse coupling efficiency has been measured directly   and is 

consistent with the looser optical coupling of the racetrack rf-YAG confi- 

guration.  From this point, we can relate the power input of the lamp of 

the pumped rod to its gain and to the loss introduced by the test rod. 

The results of the measurements and calculations are summarized in 

Table III.  The best rods have losses near 0.2%/cm as we assumed in Section 

II, but some, in particular the GFE 4x66mm rod, exhibited substantially 

higher losses. 
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SECTION TV 

LASER PERFORMANCE 

Several models of the slde-pumped-laser were built and tested.  The 

first, SPL-1, shown schematically In Figure 3, used the GFE 4x66iran rod 

discussed In Section III.5.  The threshold and efficiency achieved with SPL-1 

were both unprecedented for krypton pumping although performance was 

somewhat short of expectation. Much of the difficulty was associated with 

the relatively poor optical quality of the rod; however, it was also noted 

that considerable heat conduction was taking place from the lamp module to 

the rod heat sink. 

With alternative laser rods being procured and mounted, a second model, 

SPL-2 was assembled.  This model used a high quality rod and was assembled with 

the single goal of demonstrating acceptable efficiency in an SPL geometry. 

It successfully achieved this goal. 

A third model, SPL-3, was designed to incorporate conductive cooling of 

a high quality rod.  The test was unsuccessful.  The reasons for the disappoint- 

ing performance are numerous, and are discussed in detail below. None of them 

are pathological, and  further experimentation should yield the desired result. 

1.  Fabrication and Testing of SPL-1 

Figure 3 is a schematic of SPL-1 and Figure 12 Is a photograph of 

the structure with the coupling coll removed. 

The lamp measured 14mm i.d,, 16mm o.d. and 14mm long including a 6mm 

thick window.  These dimensions were used in all subsequent models as well. 

The diffuse reflector was BaSO. paint. 

Originally, SPL-1 was designed to pump only the central portion of the 

laser rod. The results were unsatisfactory; when operated in a resonator 

made up of two high reflecting mirrors the threshold rf power was 320 watts. 

The structure was modified to allow pumping ove^ the entire length of the rod 

by including the side tubes shown In Figure 3. The threshold dropped to 

195 watts. 
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At this point, a second and final modification was made to SPL-1. 

Calculations indicated that a small gap between the rod and the diffuse 

reflector, indicated in Figure 13 should be the source of substantial optical 

loss.  The gap was filled with diffuse reflecting paint, producing a marginal 

improvement; however, at this point, we postulated that heat generated in 

the lamp module was being conducted to the rod through the heat sink.  Accord- 

ingly, we modified the power supply to allow long-pulse, quasi-cw operation. 

Experiments were performed at a 10Hz. rate with pulse lengths ranging from one 

to five milliseconds. 

At 10% duty cycle, the threshold dropped to 150 watts with two UHR 

mirrors. With a 1.67% transmitting mirror the threshold was 200 watts and 

at 250 watts peak input power, the multimode peak output power was 375 mw. 

These results are consistent with round-trip-loss of five to six 

percent. A calculation made on the basis of the formalism presented 

in Section II predicts a threshold of 200 watts with a 1.7% transmitting 

mirror and a RTL of 6.2%.  It further predicts a slope efficiency of 0.8% 

compared with the measured 0.75%.  We feel constrained to point out, 

however, that such close agreement is to a certain extent fortuitous. We 

do feel secure, however, in concluding that the results were determined 

largely by the optical quality of the rod. 

2. Fabrication and Testing of SPL-2 

A second model, SPL-2, was designed and fabricated to test the basic 

SPL configuration with a good quality laser rod. The Ax50aun laser rod, 

No. 3 listed In Table III, was used for the tests. 

Figure 1A is a schematic of SPL-2. The diffuse reflector was BaSO,/ 

K2S0. paint. It differed from SPL-1 chiefly in that the rod was cooled 

by a flowing stream of cold gas rather than by conduction to a heat sink. 

The rod temperature could not be measured directly but the temperature of 

the gas stream was maintained between -10oC and -20oC. Of course, this 

constitutes a lower limit to the rod temperature, though It is reasonable 

to believe that the temperature rose when rod was absorbing pump radiation. 
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Performance of SPL-2 In a 107,  duty cycle mode is summarized In Figure 

15, Both the threshold and slope efficiency improved dramatically over 

the results obtained with SPL-1. The threshold power required was 133 watts. 

The power output curve showed some curvature near threshold, however, in the 

straight line portion the slope efficiency was 1,5%.  One watt of multimode 

output was observed for approximately 215 watts input.  Reference to Figure 

7 indicates good agreement for a laser rod with round-trip-loss of 3%. 

The BaSO./K-SO, paint exhibits poor thermal conductivity which 
4 2 4 

leads to overheating of the lamp. This issue is discussed in detail in Section 

V. An alternative diffuse reflector is Ceram LR-1 material which is an alumina- 

like ceramic. The thermal conductivity is quite high so that lamps in good 

contact with it will operate at moderate temperatures. The expectation was, 

however, that the optical efficiency would prove somewhat lower than for the 

paint. 

1 , 

Another model, SPL-2a, was built based upon a Ceram diffuse reflector 

around the lamp. Performance was slightly degraded. When tested with a 0.65% 

transmitting mirror at 10% duty cycle the threshold was 1A1 watts and the 

slope efficiency in the straight line portion of the curve was 1%. Our 

tentative conclusion was that the Ceram was Indeed less efficient as a 

diffuse reflector than BaSO,; however, a gradual decrease in efficiency was 

observed throughout our studies on SPL-2 and 2a, an observation which we 

tentatively attribute to deterioration of the a-r coatings on the laser rod. 

The ultimate decrease in efficiency was of the order of 40%. 

Model SPL-2a was also operated cw. With a low flow rate of cooling gas, 

the power output did not exceed 200 raw. When the flow rate was Increased to 

a high level a cw output of 400 mw was achieved for 220 watts input. The 

pulsed and cw data are summarized in Figure 16,  There is clear evidence of 

thermally Induced saturation at high cw power levels. 

The Inability to accurately determine the laser rod temperature Is, 

of course, an outstanding deficiency of SPL-2, However, below about -10oC, 

rod temperature ceases to be an Important parameter for pumping levels 
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above two or three times threshold.  Reducing the rod temperature below 

-10oC reduces the threshold power somewhat but to first order does not 

affect the slope efficiency.  Figure 17 is a theoretical prediction of the 

power output from a nominal 1-watt laser as a function of rod temperature. 

It suggests that lowering the rod temperature from -10o(: to -30oC will 

result in about a 207.  increase in output power.  Consequently, we believe 

that the question of the precise rod temperature in SPL-2 is not particu- 

larly important. 

3.  Fabrication and Assembly of SPL-3 

A third model, SPL-3, was fabricated in an effort to combine the con- 

ductive cooling approach of SPL-1 with the high efficiency observed in SPL-2 

and SPL-2a.  Figures 18 and 19 are photographs of the assembled device. 

■ 

Rod mounting and heat sinking techniques were beyond the original scope 

of this program, but were undertaken by Perkin-Elmer in the interest of 

testing SPL-3 as expeditiously as possible. 

A fixture was fabricated to test the efficacy of various rod mounting 

techniques.  The test rods were Pyrex cylinders measuring 3nim in diameter 

and 3cm long.  The fixture consisted of two aluminum blocks each of which 

contacted the rod over about 140° of its periphery as shown in Figure 20. 

One block was heated electrically and the temperature difference across the 

rod was measured. 

The contacting surfaces on the aluminum blocks were lapped and the 

rods were precision ground and polished.  The grooves were usually wetted 

with a small amount of adhesive and a metal rod was pressed into it and 

rotated several times in an attempt to form a smooth, thin adhesive layer. 

Finally, the glass rod was placed in the groove and the adhesive was 

allowed to cool. 

Table IV summarizes the results achieved for a variety of adhesives. 

Clearly, the differences among these were small under these circumstances. 

The Tra-Cast Epoxy 3011 was chosen for SPL-3 because it is soluble in 
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INSUl ATION 

THERMOCOUPLE 

TEST ADHESIVE 

THERMOCOUPLE 

HEATING  RESISTOR 

ALUMINUM BLOCK 

FIG. 20   FIXTURE FOR TESTING THE EFFICIENCY OF 
ROD   ADHESIVES 
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TABLE IV 

RESULTS OF ROD MOUNTING EXPERIMENTS 

POWER INPUT TO RESISTOR =2.45 WATTS 

Adhesive Temperature Difference Across Rod 

GC Slllcone 8109-S 20.5 0C 

Tra-Cast Epoxy 21.750C 

GC Silver Paint 22.250C 

Metex TRV MA 509 23,4 0C 

No adhesive 25  0C 
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methyl acetate and can consequently be readily removed. 

The laser rod was mounted in the SPL-3 heat sink and the epoxy was 

'' allowed to cure at room temperature. 

Model SPL-3 used the same lamp module as used for SPL-2; the optical 

coupling scheme is somewhat different as it incorporates a specularly 

reflecting surface in the immediate vicinity of the laser rod.  This area, 

shown in Figure 21, was polished by single-point diamond machining,  A 

layer of silver was deposited by rf sputtering followed by a rf sputtered 

silica protection layer. 

Model SPL-3 was operated several times.  The heat sink temperature 

was varied between 20oC and -30oC in the course of each experiment. 

Initially, It had a threshold of 150 watts and developed only 100 milli- 

watts peak output when pulsed to 250 watts peak at 10% duty cycle.  In 

subsequent experiments, even this level of performance could not be dupli- 

cated. The disappointing behavior of SPL-3 can possibly be explained by 

the following observations, 

(1)  One antl-reflection coating deteriorated 

badly due to thermal cycling. Figure 22 is 

a photograph of it. 

h 

(II) The rod was mechanically stressed by the 

heat sink as evidenced by the fact that 

laser beam reflections from the two faces 

vere not parallel, 

(III) The silver coating on the heat sink surface 

became tarnished In spite of the protective 

layer. 

We suggest that the disappointing performance of SPL-3 can be 

explained in terms of these observations. Future work should concentrate on 
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the  following experiments and demonstrations: 

(i)      Development of a strain-free rod bonding technique, 

(ii)    Experimentation with different size rods. 
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SECTION V 

LIFE TESTING 

The electrodeless krypton arc lamp side-pumped laser design requires 

that the lamp be cooled by conduction through the diffuse reflector. This 

presents some difficulty, as the best reflector is BaSO,/K-SO. paint, a 
4'"2WW4 

very poor thermal conductor. 

The original concept was to saturate the paint, which must be approx- 

imately 1mm thick, with helium gas.  The conductivity of the combination 

was considered to be high enough to cool the lamp adequately.  The approach 

was abandoned when we realized that the lamp operated at a sufficiently 

high temperature to allow the helium to diffuse in at a high rate. 

The efficacy of the approach in cooling the lamp was easily demon- 

strated. A lamp was operated at 150 watts in a simple, limn-thick BaSO, 

reflector. The envelope was clearly incandescent, indicating an operating 

temperature of approximately 1200oC,  At this temperature, devitrification 

of the fused silica can be expected to develop at a high rate. However, the 

incandescence vanished as soon as the BaSO, was saturated with helium. 
4 

We had previously observed that lamps operated in air showed no aging 

effects in 100 hours of operation. However, a lamp operated in BaSO,/He 

showed a definite drop in output and increase in impedance after only 5 hours 

of operation. The drop in output c^uld reasonably be associated with 

helium diffusing into the lamp through the hot fused silica. This phenomenon 

has been studied by Francis J. Norton    and based upon his data and an 

assumed operating temperature of 500oC, we calculated that the lamp could 

have contained 10% helium. 

Additional evidence was obtained by baking the lamp In air to drive the 

helium out. After heating to 7000C for 16 hours, the lamp output returned to 

within 5% of its initial value, 

A second experiment involving cooling through hydrogen was only 
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moderately more successful.  Consequently, we discarded the concept of 

gaseous conduction cooling as any gas heavy enough not to diffuse through 

fused silica would not provide adequate cooling. 

The alternative approach was to use high thermal conductivity diffuse 

reflectors such as Boron Nitride (BN), Ceram LR-1 or hot-pressed BaSO.. T\ 

Ceram material, while readily available, was expected to exhibit somewhat 

lower reflectivity than BaSO,. Our vendoi 

Haselden Company of San Jose, California, 

lower reflectivity than BaSO,. Our vendor for hot-pressed BaSO, was 

The next life test involved a lamp in fairly close proximity to a BN 

reflector. The gap between the lamp and the reflector was between .002 and 

.003 inch. The lamp was operated at 150 watts and the arc was extinguished 

approximately once every 24 hours and the structure was allowed to cool to 

room temperature before re-lgnitlon. The minimum off-time was about an hour; 

the maximum was overnight. 

The total lamp output was monitored continuously with an XLS power 

meter and the Impedance was monitored by measuring the coil voltage. At the 

end of 1000 hours there was no dlscernable change in either output or impe- 

dance.  The structure was disassembled and examined.  Some devitrification 

of the envelope was observed, particularly in the center of the window which 

cai, be expected to be the hottest point in the structure. 

Note that simple devitrification should not materially affect the 

coupling efficiency In a diffuse reflector since It merely Introduces 

additional scattering. Any gases liberated as a result of the devitrifica- 

tion process were undetectable in either of the monitoring measurements. 

But one is reluctant to extrapolate the present results to a 10,000- 

goal in the presence of devitrification.  Consequently, a third life test 

Is currently being performed. Figure 23 is a diagram of the arrangement. 

The test involves a lamp with a precision-ground outer diameter fitted 

into a diffuse reflector with a precision-ground inner diameter. The 

gap between the two is approximately 0,005 inch in the vicinity of the 

window. One can calculate that the window should be between 200oC and 300oC 
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cooler in this case. The outside of the diffuse reflector Is cooled to 

about 150<,C by a fan.  It would, of course, be possible to achieve a lower 

temperature but we felt that 150oC was a conservative approximation to the 

cooling that could be achieved in an all-conductive configuration. As of 

this writing, the test has passed the 270-hour mark. There is no apprec- 

iable change in total output. 

The fabrication procedure for the precision lamps is illustrated in 

Figure 2A. 

1. Solid fused silica rod was centerless ground to fit 

the diffuse reflector with a maximum gap of .004mm. 

2. The plasma region was then core drilled. 

3. The Inside of the window was polished. 

A. The back and pigtail were added by a glassblower. 

* 

Some slight shrinkage occurred during the final step which resulted in 

the gap increasing to .002 inch. However, calculations indicate that the 

temperature drop across the gap should be about 1250C and quite tolerable. 

In retrospect, apparently the final grinding should have been performed 

after the back and pigtail were added, to avoid shrinkage. To be sure, the 

most critical part of the structure, the window, did not shrink. However, 

we will monitor the test closely and will examine the lamp carefully at the 

1000-hour mark to see if the alternative procedure should be followed. 

f 
Additional monitoring procedures will be added to the 1000-hour test. 

The angular distribution of radiation will be checked at 1000-hour intervals 

to establish that subtle decreases In output are not taking place. In 

addition, the fraction radiation In the Nd:YAG pump band, n» will be checked 

at similar Intervals. This test was added to ensure that subtle changes In 

the spectral distribution would not go undetected. These changes will be 

correlated to the spectral outputs of the lamp and, in turn, of the laser as 

measured at zero lifetime. 
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Our efforts to obtain samples of high conductivity BaSO. were only 

partially successful. The vendor eventually delivered samples of flat 

discs which seem to exhibit conductivity similar to that of Ceram, however, 

he was unable to fabricate the cylindrical shape needed.  Since the results 

on SPL-2 and SPL-2a were ambiguous on the question of whether BaSO, was 

substantially more reflective than Ceram LR-1, the effort to procure appro- 

priate BaSO, samples was deferred. 

M 
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SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

This program addressed the question of the feasibility of pumping 

Nd:YAG with an electrodeless krypton arc lamp in a space environment.  A 

special side-pumped configuration was proposed and evaluated, and an 

analysis of the power flow was developed in terms of a variety of threshold 

effects and coupling efficiencies.  Two of the threshold parameters, the rf 

coil loss, P , and the lamp threshold power, P. , are peculiar to the 

krypton electrodeless lamp.  Under optimum conditions, the sum (P + PT ) 

Is 75 watts.  This figure is substantially lower than the corresponding 

figui- for dc krypton arc lamps for which Grasis and Reed    show a 

threshold of 270 watts for a Smm-bore lamp.  It is largely this difference 

which results in higher efficiency for electrodeleps lamps, since this lamp 

radiation efficiency, ru» and the fraction of the radiation falling in the 

pump band, r^« are both similar to the performance measured by others for 

dc arc lamps. 

The optical coupling efficiency, ru, was assumed to be 70% In 

Section II.  Values this high have been demonstrated in Imaging ellipses. 

Further, we showed analytically in Section II and experimentally in Section 

III that Ho of 50% can be achieved In a diffuse reflector. 

m 

Clearly, the laser rod must be of good quality.  A scattering and 

absorption loss of 0.2%/cm is quoted    as being characteristic of good 

material. Measurements described In Section III Indicate that the value 

is indeed achieved in about half the laser rods tested.  The heat-sink- 

mounted GFE laser rod furnished by the Air Force exhibited a round-trip- 

loss of approximately twice this value, that is, 6% or so.  The power 

required to reach threshold is nearly proportional to the rod Insertion loss 

and the slope efficiency Is Inversely proportional to it; thus a factor of 

two Increase in RTL will decrease the overall efficiency very substantially. 

The efficiency and power output of the first laser model, using the 

GFE rod, were consistent with our predictions.  In detail, multlmode peak 
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output power was 375 milliwatt for a rf input of 250 watts at a 10% duty 

cycle for a selected cavity mirror arrangement.  The observed slope effi- 

ciency was 0.87. 

The basic efficiency questions were addressed in evaluating SPL-2 

which used a dry nitrogen-cooled, good quality laser rod.  The measured 

threshold and slope efficiency were in good agreement with the analytical 

model where the laser was operated in a long pulse mode.  An output of 

1 watt was achieved for 215 watts input and the measured slope efficiency 

was 1,5% with a round-trip-loss of 3%.  However, rod heating effects were 

clearly apparent when the system was operated cw. 

Model SPL-3 was based upon a good quality, heat-sink-mounted laser 

rod.  Results were generally disappointing though it is reasonable to 

suggest that the reasons for the low output could be explained and that 

further experimentation should result in the demonstration of a cw device 

based upon a heat-sink-mounted rod which exhibits efficiency equal to or 

better than that observed with the SPL-2 model. 

A 1000-hour life test of a conductlvely cooled lamp was successfully 

completed. The test included numerous on/off cycles.  The arc was 

extinguished and re-lgnlted abruptly; no special care was taken to ensure 

slow temperature changes.  There was some evidence of devitrification 

involving the hottest part of the envelope. However, there was no obser- 

vable change in lamp output or impedance. A second life test was begun 

with a 5000-hour goal.  The lamp is In closer contact with the heat sink, 

and we have calculated that it should run about 200oC cooler than the 

previous life test lamp.  There has been no observable change In lamp 

performance after 200 hcurs. 

Future work can concentrate in two areas.  An optimized version of 

SPL-3 should be built.  It should incorporate a good quality laser rod 

about 30mm    long and possibly Annn in diameter with optimized bonding to 

the heat sink.  Further development of heat sinking techniques should 

concentrate upon the lamp modul Including lamp, reflector and coll and 

a design compatible with heat-pipe cooling should be developed.  Finally, 
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the relationship between lamp power and lamp life should be explored and 

a life test of a complete laser device should be performed. 

Instead of uRinp krypton gas fill for the lamp, the excitation of 

alkali-metal vapors by rf fields should also be explored.  The advantage 

of alkali-metal pumping should be apparent in reduced lamp threshold.  In 

the dc arc lamp case, the lamp threshold (PT  as distinct from the laser 

threshold P«.. ) is roughly a factor of 5 lower for alkali metals than for 

krypton pumping.  The overall efficiency may also improve because of a 

better spectral match to the absorption bands of Nd:YAG.  The concept thus 

has the potential for developing a device with uniquely high efficiency 

with long life. 

Core-drilled sapphire envelopes should be relatively free of 

thermally induced stresses.  The use of polycrystalllne envelopes rather 

than single crystal envelopes should also be explored.  The scattering 

introduced by them should not have a significant effect In a diffuse 

reflector geometry. 
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