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ABSTRACT

— o rm——

LASER amplification corresponding to a gain of 6% per

meter was measured at 3u in cesium vaper optically pum_ed with

light from a heliun discharge lamp. Amplification and wscillation

at 1y were measurel in a hellum-neon system based on collisions

ol the second kind. The amplification parameters when optimized

resulted in a8 galn of 9% per meter, Krypton-xenon and zinc

vapor are other media utilizing ccllisions of the second kind

which were investigated. Crystals of calclum tungstate containing

34 S
either Dy " or nd” were grown. LASER oscillation was observed

from two crvstals of CaWGa:Nd. Direct ampliiication of the

output of a ruby oscillator in a second ruby rod was demonstrated.

Three methods of achieving sirsie pulse output from ruby oscillators

I o , 6 .
are described. A pulse of Z x 1L~ watts peak power was achieved by

one method. A broadband emission was ufscovered in normally pink

ruby (.064% Cr by weight,. It accounts for 30% of the total emission,

making the quantum elficiency un.tv. A theoretical anaiycis of the

properties of cube corner interfercmeters has been experimentally

verified,
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1. Introduction and Summary of Results

The immediate cbjective of this research is to produce
working models of LASER devices, together with the experimencal and
theoretical information necessary to describe and predict their
performance,

In this section we summarize the results that have been
ohtained to darve,

1,0 Optical Pumpirg of Cesium Vapor b, Helium Lamp

During the present perics we have completed construction of
a 1 cm diameter Cs/He¢ LAl ./ tube with an optically pumped length of
90 cm. With this apparatus we have measured directly light amplifi-
cation at A = 3.2 microns, The measured amplification coefficient
corresponded to a gain of sapproximately 6%.

More recentlyv the light scurce and reflector have been
improved, increasing the effective optical pumping. and hence the gain,
by a factor of 2.5,

The construction of an oscillater designed for a 7.18 micron

output is now under way.
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2,0 Direct Discharge Excitation of LASER Media

Three methods of direct discharge excitation utilizing
collisions of the second kind were studied during the present period.
They were:

2} excitation of Ne by Ha,
b) excitation of Xe by Kr and
c) excitation of Zn by Zn

2.1 Helium-Neon

A quartz helium-neon discharge tube was constructed, one

metexr long and 1.5 cm in diameter. When filled with 1.0 mm of helium

and 100 microns of neon and excited with ri power at 20 Mc, it exhibitec

2% amplification per meter integrated across the total linewidth at
» = 1.1523 mdcrons. Further optimization of gain parameters was
accomplished in the optical resonator cavity.

A type of oscillator cavity was constructed in which one
reflector was flat, the other spherical. The optical system was
deliberately made non-confocal in order to relax reguirements on
alignment. Strong oscillations were observed at » = 1,1523 microns,
Amplification parameters when optimized resulted in a gaia of 97 per

meter in a tube 7 mm in diameter, filled with 1.5 mm of helium, and
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170 microns of neon. Initial observations of the intensity distri-
bution in the LASER beam with an image ampiifier tube, indicated
between four gnd ten modes simultanenusly in oscillation.

2.2 Krypton~Xenon

A serles of experiments was performed in order to study the
feagibility of building a gas discharge LASER containing xenon pumped
by collisions of the secoud kind with krypton metastable &atoms. The
experiments performed were to ascertain whether indeed, there could
be a directed transfer of energy from the krypton system to the xenon
system, The first series looked for enhanced emission of light from
levela that would be selectively excited by the kryvpton; the second
series looked for selective depopulation of the krypton metastable
states as a function of the xenon partial pressure. Because of the
increase in lifetime in the discharge cf the lower level of the
proposed LASER dve to resonance light trapping, a series of experi -
ments were performed to ascertain this lifetime. The results nf the
three series of experiments indicate that krypton is interscting with
xenon, & result not in the previous literature,

2.3 Zinc-Zinc

Under particular experimental conditions, excitation of

the 635 level of zinc in & discharge has been observed to be aimost
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entirely due to self collisions of the second kind between metastables.

Under these conditions. the maximum lifetime of the trapped

3 . a3
resonance level of Zn (4 PI} is = = 1 x 10 7 sec at a pressure,

Pzﬁ = 0,6 mm Hg. With helium admi-ed at Pﬂe = 1,0 mm Hg, the electron

thermalization time is 10‘5 sec,

3.0 Optical Pumping of Ruby-Amplifier

Direct amplification of the output of a ruby oscillator
in a second ruby rod was demonstrated, The measured single pass gain
was 2 at room temperature in a ruby cvlinder 5.56 cm long. The
inferred single pass gain of 12.5 in a ruby eight inches long was
obtained by exciting it to osciilation at rcom temperature with no
coating at either end.

4,0 Optical Pumping of Ruby-Oscillator

Twe long ruby crystals weve excited to oscillation to obtain
high output energy. The measured output at room temperature was 2
joules from & rod .362" in diameter and 7.56" long and ~ 12 jouies
from a wod .625" in diameter and 5.5" long.

Single pulse output was obtained from ruby by two methods.
In the first & Kerr cell was used to modulate the Q of the cscillation
cavity (consisting of a ruby rod with an external mirror). Single

pulses of 0O.2usec duration were obtained with a peax power of about

TECHNICAL RESEARCH GROUP




leﬁéwx The second method employed the optical thyratron action of
an unexcited ruby absorber within the oscillation cav® v, Single pulses
were achieved but are not yet always reproducible,

& priogr attempt tc achieve intense single pulses is reported.
This technique consisted of excit’! ¢ the ruby with a second intense
flash of short duration superimpossed on a normal excimtion flash., A
series of strong relaxatior osciilations of about 15 usec duration was
achieved,.

A broad band emission was discovered in normally pink ruby
(.04% Cr by weight)., It accounts for 30% of the total emission from the
ruby rod. making the guantum effi-isncy unity,

The cutput energy from a ruby LASER as a function of the end
coating (reflectivity and transmission) of the ruby crystal was measured.
The results confirm the existence of an optimum re lectivity of a
relatively low value for maximum output energy.

5.0 Optical Pumping of Rare Earth Crystals

The study of the optical pumping of rarc earth ions during this

pericd has —ainly centered on the investigation of calcium tungstate

3+

crystals containing either Dy3+ or Nd° . Two crystals of CaWl0

Q:Nd

have been polished fo optical tolerances. LASER oscillation has been
observed in both at 1.065.. No oscillation has yet been observed

(at 5740A) in thz several crvstals of CaWOa:Dv tried.
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6,0 Growth of Rare Earth Doped Crystals

The foremost tvpe of single crystals grown in this period
vas the tungstate (scheelite) type. 1he great majority of specimens
consisted of calcium tungstate (SaWOé} doped with various concentrations
of Naa.s Dy@.5 WO4 in one series aad of NaO.S NdO.S WO& in anocther series.
Six Dy-doped crystals were grown (all ar predetermired crlentation by
seeding), and five of theses were annealed, Sir Nd-doped crystals were
similarly grown, three¢ of which were anrealed, One crystal was grown
from a melt of ﬁac.ﬁ LaO.S WO& which proved to be inhomogeneous by
observation and by chemical analvsis of the crystal. In place of the
induction furnace used for the abuve crystal growths, a resistance
furnece was designed and built for the lower-melting host material:
lead molybdate (PbMoOQ).

The earliier study of anhydrous lanthanum chloride as a
host c¢rystal was supplementsd in this pericd by & study of anhydrous
strontium chleride (SrClz}. The resistance furnace used for lead
mclybdate was modified by mairtaining an inert ges-hydrogen chleride
atmosphere about the crucible of molten SrC}ii to prevent its hydrolysis

and oxidation, Pullirg a crystal from this melt (to be doped with

divalent samarium chloride) will be attempted.

TECHANICAL RESEARCH GROUP




A new material for incorporating rare earth ions was
prepared: vttrium vanadate (YVDQ). It melts at about 18U0°C and
seems to promote lines flucresceuce of rare esarxths,

7.0 {Optical Devices

Experimentsl and snalytical work has shown that efficient
coupling in optical pumping can be achieved using a reflective circular
cylinder, Efficiencies are higher than diffuse cavities or reflective
ellipses under conaitions where the lamp and sample diameters are not
negligible compared to the cavity diameter,

A theoretical anaiysis of the properties of cube corner inter-
ferometers has been experimentally verified. An attempt was made to

build an oscillror using such an inter{erometer as a resonant cavity.
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1I. Optical Pumping of Cesium Vapor by Helium lLemp

1.0 Summary nf Work Performed

During the present period we have completed construction
of a 1 cm diameter Cs/He LA®ER tube with an optically pumped length
of 90 cm, With this apparatus we have measured directly light
amplification at » = 3,2 microns. The measured amplification
coefficlent corresponded to a gain of approximately 6%L. The construction
of an oscillator designed for a 7.18 micron output is under way.

2,0 Analysis of Work Performed

2.1 ;Amplification Expeximent
The following article, giving the details of the gain measure-

ment, has been published in Physical Review Letters (Dec. 1, 1961

page 413).

TECHNICAL RESEARCH GROUP




COHERENT LIGHT AMPLIFICATION IN
OPTICALLY PUMPED Cs VAPOR*

Submitted to:

Physical Review Letters

S. Jacobs. G. Gould
and
P. Rabinowitz
TRG. Incorporated
Syosset, New York
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An excess populaticn density in the upper of two states
connected by an optical transition makes possible Light Amplification
by Stimulated Emission of Radiation (LASER). This has recently been

demonstrated ir a gas=ous system employing collisions of the zecond

kind(l).

We have measured spatially ccherent amplification in cesium

(2)
vapor excited by selective optical pumping .

An optical pump suitable for obtaining a population inversion
in cesium is the intense He 38884 line which overlaps the 3rd cesium

resonance line (see Figure 1). In 1930 Boeckner reported fluore:scence

in cesium excited by the He 38884 line(z). We have extended Boeckner's

optical pumping experiment by measuring the absolute intensities of
(&)
Cs fluorescent lines and from these measurements have computzd the

populations of the assoclated states using transition probabilities

5)
calculated by the B&teSMDamgaard method( o

.- W R me Y R - e e G e TE E A > m =i o oam o= .o E WD N 3B oW W W ML WE NN WE WD R O CNR OB MR TN MR M W W Y W W WO T mR CT Se W T

(1) A. Javan. W. R, Benrett, Jr, and N, R. Herriott, Phys. Rev., Letters
106, Feb. 1. 1961
(2) A. L. Schawlow aud C. H, Townes, Phys. Rev. 112, 1940 (1938)
and by G. Gould in an unpublished proposal to ARPA December, 1958,
(3) C. Boeckner, Bur. Standards J. Research 5, 13, July 1930.
(4) S, Jacobs, P. Rabinowitz and G. Gould submitted to J, t. Soc, Amer,
(5) D. R. Bates and A, Damgaard, Phil., Trans, No 842, 101, 1949,
*  This work was supported by Advanced Research Projects
Agency through the Air Force Oifice of Scientific Research,
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Table 1 shows rthe populations of certain energy levels obtalned

under optimized conditions,

TABLE 1
6 3
Cs Energy Levels Population Density (10 atoms/cm }
8?1/2 100
0
SP}/Z 3
851/? 10
é¢D
3/2 3
SD 200
3/2

The population of the 8P1/2 energy level was substantjially greater
and 601/2. LASER action was

than that of the lower levels, 881/2
A= 7.2 and 3,24,

therefcre possible at the conrresponding wavelengths,

£ =

The amplification coefficient is related to the populations

by the equation
(1)

- - .
k(v) = (By)N, = ByyN)) S(v)

TECHNICAL RESEARCH GROUP
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where S(v) is the normalize3 lineshape function (/S(¥)dy = 1.
B is the cosfficient of induced emission ( Eiastein B)

N., N, are the population densities.
LY

Assuming a Doppler profile, the amplification ccefficient

at line center reduces to L/ 4
) : A 8
1 a1 fin2 0 2 N ;
_ Lol (in _o_ N « =5 N 2
k('izo) 1 3% 16027 A21 A}\d ( P gl l) (2)

where A is the spontaneous emissicn ccefficlent (Einstein A),

81, 8, are statistical weights and A», is the Doppler width,.

d
The experimental apparatus for the amplification
measurement consisted of an optically pumped Cs flucrescent source,

an optically pumped amplification celi, a narrow band interference

fllter and a radiation detector (-ee Figure 2)., The measurement was

carried out at 3.2, rather thin 1t 7.2, because of the superior
detectivity of a ¥bS liquid nitrogen cooled detectcr compared with
the bast 7y detectors.

The source and awmplifier were heated Cs ce’ls, 9 cm and

90 cm long respectively, positioned within reflective cavities and

{illurinated by helium discharge lamps. The source lamp, Pz, was

TECHHHICAL RESEARCH GROU?P
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operated at 30 Mcs and modulated at 105 cps in order to aveid chopping
rhe thermal radiation emit“ed by the heated Cs cell, The amplifier
lawp, Py, was operated at 400 cps, since rf power, which provides more
efficient excitation, was not available to run & tube of its dimensions.
The tewperature of the Cs was adjusted for maximum fluorescence. The
abscrption coefficient at the center of the 3rd Cs resonance line was

H

then kX where r is the cell radius. The Cs source and amplifier

=4
diameters were 4 and 10 mm respectively, corresponding toc an optimum
Cs temperature of 175°C in the source and 165°C in the amplifier, In
order to reduce the effects of impurity gases upon the population in-
version a continuously pumped vacuum system was used in the amplifier
cell, The conductance was designed to establish a vacuum system gradient
of no more than 3% along the ampiifler tube in order to insure uniform
absorption of pumping light, 1t was found that fluorescence lines
originating from levels ordinarily populated by collisiuns were reduced
greatly in intensity when the vacuum system was utiiized,

Phase sensitive detection was used with & time constant,
1% 1/3 sec., which made possible detection of Z x 10-13 watts. The
power reaching the 1/4 x 1/4 mm detectour from the source was about

=)

10 ° watts, and provided a signal-to-noise ratio of 100:1, The

TECHMNITAL RESEARCH GROUP
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discrepancy between system detectivity and observed signal-to-ncise
was due to mechanical vibration of the very small image with respect
to the minute detector,

The direct amplification measurement was made by turning
on and off the 400 cps heiium lamp illuminating the awplifier cell.
The detection system. locked in on 105 cps. showed an increase of
6 T 12 each time the amplifier helium lamp was turned on, The follow-
{ing checks were made each time repeating the above procedure:

1. Cs vapcr pressure uyis reduced. gain disappeared,

2. Source power was turned off; signal went to zero and
remained there.

3. Source power was cn. buf scurce light was blocked,
Siznal remained ar zero.

4. Wavelength fiiter was changed to » = 3.0l (6?1,2 - 503/2
transition): absorpuian was observed. / 7

5. Linearity of the dete-tion system was checked by introducing

3.2, radiation after. instead of through, the amplifier cell.

This was dene by means of a beam splitter, The source and

amplifier intensitiec were adjusted so that the power levels

reaching the detectur were comparable to their origiral

respective values, The detection svstem was again locked

to the source. no enhancement effec:- was observed,

We f=el that the above checks rule out the possibility

of artifact, The measured amplification is in reasonable agreement
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with the value computed from Equatiecn Z using populations giver

in Table I,

k(vc) »= 002 cm for A = 3.2u

This coefficient may be reduced by a factor as large

as 2 due to incipilent hyperfine splitting in 8P . Assuming

172
a Doppler shape for boch source and amplifier the measured ampli-
ficatinn coeftficient averaged over the lineshape, is smaller by a
factor of JE. than the value at line center, From these considerations
one predicts a measured gain of approximately 6% for a 90 cm cell.
Rutaeva and Fabrikant recently investigated the possibi-
litv of obtaining a population inversicn in Cs by a combination of
optical pumping and collisions of the second kind(s). They measured
variations in the relative intensities of the 7D-6F fluorescence
tmnsitions which they suggest mav be due to stimulated emission of
radiation, The interpretation »f Butaeva and Fabrikant rests con the
assumption that the lifetimes cf 6P1;2 4/ &re nof. appreciably
lengthened bv radiation trapping. According to the theory of light

(7
impriscnment due tc T. Holstein ), the lifetime cf these states
] (8)

should be increased from the natural .irfetime of 3 x 10  sec. to
(6) F. A. Butaeva and V. A. Fabrikant - Research in Experimental

and Theoretical Physics - In memoriam of G. S. Landsberg

U.S.S.R. Acad, Sci Press 1959
(7) T. Holstein - Phys. Rev 83 1159 1951
(8) R. Minkowski and W, Muhlenbruch - Z. Physik. 63, 198 1920.
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about 10-4 sec,, under the conditions of their experiment. Since
the crapped lifetime is longer than that of any other excited (s
level, we do not believe the populations of 6?1/2,1/2 could be less
than that of any other Cs level, except the ground level. This
conclusion we substantlated by measurement of strong absorption
in the 6PL/2 = ED&/z transition,

An improved apparatus is being built which we believe
will increase the amplification coefficient by a factor of 5. An
oeciilator incorporating Cs vapor is alsc under construction.

We wish to thank J. Sjoblom for performing the

Bates-Damgaard calculations, B. Freeman and J. Poulos for

assistance in constructing the apparatus.
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Figure 1 - Cesium Doublet Diagram Showing Optical
Pumping of BPIXE by He 38884 Radiation,

Figure 2 - Experimental Arrangement for Amplification
Measuremernt.
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helium lamps

C C. = reflective cavities

S = Cs source cell

A = Cs amplifier cell

F = narrow bandpass filter
D = radiation detector

V = entrance to vacuum pump
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Summarizing the result of this gain measurement, a gain of

- S

4 - 17 was measured, This measured value i. necessarily averaged over

Hirbstinlf,

the whole lineshaps and implies that the gain at line center was close

Hl

o 6%, in good agreement with our expectations based on Cs fluorescence.
More recently the light scurce and reflectcr have been improved,
increasing the efiective optical pumping, and hence the gain, by

a factor of 2.5,

2.2 Construction of Oscillator

>
-t

the time o: this writing .onstructien of an oscillator
is more than half couwpleted, This csci'tator 1s designed for a
7.18. output, where the gein coefficient is 6-172 times that at
3.,20:. This increase in the jain coefficion® corresponds to well
over 100% gain.

Alcthough the high anticipatea gein makes it possible to
tolerate very great losses, there are two aspects of oscillator design
which require extreme caurion:

2.2.1 Windows

Since we were unable to find adequate reflectors which ave
resistant to attack by cesium vapor, we plan to contain the cesium in
a windowed tube with the retlectors outside in an evacuarted region.

In addition tc protecting the reflectors, this ¢ astruction maintains

Hiilutit L

Wy
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the interferometer elements at near-ambient temperatures, and isolates the
turbulent hot air from the optical beam,

We hawe found no really pleasing solution to the problem
of sealing vacuum-tight, 7. transparent. interferometric quality
windows onto the cesium tube in a way that does not involve either
great losses or risk. The solution we have chosen is te press flat
B orium fluoride windows against the flaticned zlas: tube ends and
then haffle. trap and pump away the small amount of cesium that leaks
through the imperfect seal. (see Figure /,1) The windows wil! he
orierted with their surface p-rmals a2t Irevrcer sl welgly cesgr oL
to the beam, sc that use may te made of tnis anti-reflection technique.

2,2,2 Diffraction Losses

The solutfon to the wirdow problem describied above invalves
an increase in the resonator length to 1,7 meters. This great length,
combined with the long wavelength, makes the diffraction losses of the
7y oscillator nen-negligible, These losses are still quite manageable,
provided the diameter 1s kept large. The following expression, due to
Barone(9 ), shows approximately the way diffraction losses depend on

wavelength, resonator length and diameter,

372
- . AL
Diffraction Loss « /

(9) Steohen Barone - Research on Properties of LASER Devices
Technical Report 5, page 80, Julv 10, 1961
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10)
AT F
{The analysis due to Fox and Li is more accurate for the present

case, but the preceding analytic expression shows approximately the
way in which parameters enter),

The need to maintain a large diameter has led us to defer
temporarily construction of a8 crossed roof resonator, in favor of
a confocal, or near-confocal type of cavity. The beam in a crossed
roof resonator has only half the diameter of that of a plane Fabry-
Perot resonator. and herce. approximately 8 times the diffraction losses,
while the confocal resonator(ll) has been ¢ monstrated ) to have
diffraction losses which are less than those of the plane Fabry-Perot.

3.0 Work Planned for Next Period

During the next period it is planned that the 7.18. oscillator
will be successfully operated and its various characteristics measured.
As soon as the experimental tnreshold for oscillation is

known we will begin work on

a. constructing a 7.18u oscillator of much smaller dinensions and

b. operating at » = 3,20y

B L I S I O O A R I R e T N - c % o oos = = - B T AN PR T W R AL S TR SR RO W I W MR SR R G W D NG SR D WD e R W R A e e

J)) A. G, Fox and Tingye Li, Bell System Tech. Journal 40 453 (1961)
1) G. D. Boyd & J. P. Gordon, Bell System Tech. Journal 1 40 489 (1961)
2y D. R, Herriott, private communication
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I1I. Direct Discharge Excitation of LASER Media

1.0 Summary of Work Performed

Three methods of direct discharge excitation utilizing
collisions of the second kind were studied during the present period.
They were: Excitation of Ne by He, excitacion of Xe by Kr, and
excitation of Zn by Zn,

1.1 Helium-Neon

A quartz helium-neon discharge tube was constructed, one
meter long and 1,5 cm in diameter. When filled with 1.0 mm of helium
and 100 microns of neou and excited with rf power at 20 Mc; it exhibited
acplification of 2%/weter integrated acrcse the total linewidth =t
A = 1,1523 microns. Further optimization of al.. parameters was
accomplished in the optical resonator cavity.

A type of wscillator cavity was constructed in which one
reflector was flat, the other spherical. The optical system was
deliberately made nor-confocal in order to rclai requirements on alignment,
Strcng oscillations were observed at A » 1,1523 microns. Amplificaticn
parameters when optimized resuitec in a gain of 9% per met=r in a tube

7 om in diameter, filled with 1.5 mm of helium, and 170 microns of neon,

YECHNICAL RESEARCH GROUP
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1.2 Krypton-Xenon

A series of experiments was performed in order to study the
feasibilit y of building a gas discharge LASER containing xeaqor
punped by collisions of the second kind with krypton metstable atoms.
The experiments performed were to ascertain whether indeed, there could
be a directed transfer of energy from the krypton syst. a to the xzenon
system. The first series looked for enhanced emission of light f{rom
levels that would be selectively exclted by the krvpton; the second
series looked for selective depopulation cf the krypton metastable
states as a funcitbn of the xenon partial pressure, Because cof the
increase in lifetime in the discharge of the lower level of the
proposed iASER due to resonance light tirapping, a series of experiments
was performed to ascertain this lifetime. The results of the three
series of experiments ace listed below; - they indicate that krypton
is interacting with xenon, a result not in the previous literature,

1. Enhancement of Xe Emission

For the transitions 2p6 - ls4

an average of five times the expected amount of emission of xenon

TECHNICAL RESEARCH GROUP
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light wus measured, cver the average cf three control emissions

Bp? - lsz
2p3 - 152
#d3 - 2p10

in a mixture of 100y of Kr and 8y of Xe.

2, Depopulatbn of Kr 155

For three transitiouns out of the Kr lsS state., the increase
of Xe partial pressure frow li to 10u caused an average 1ll% decrease
in absorption coefficient, The slight lowering of electron temperature
by the iacrease of Xe pressure did not change the emission of varilous

Kr lines examined in emission.

3, Light-trapping in Xe

Guided by Holstein's model, the absorptions out of the
XF 1s4 and 155 states were compared. At 1 micron of Xe, the average
absorption cut of the ls4 to 2p states for 4 transitions was 2.1%,
the average for 3 transitions from the 135 state to the Zp states was
42.9%. At higher pressures the absorption coefficients were so large

from both the 134 and ls_ states that meaningful measurements could

3
not oe made. This dramatic evidence tells us we are in the region

where an invercsion may be possible,

TECHNICAL RESEARCH GROUF
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1.3 Zing-Zinc

Under particular experimental conditions, excitation of
the 635 level of zinc in a discharge has been observed to be
almost entirely due to self collisions of the second kind between
metastables.

Under these conditions, the maximum lifetime of the
trapped resonance level of Zn (43Pl) is 1= 1x 10-3 sec at & pressure,
PZn = 0.6 mm Hg. With helium admixed at PHe »« 1.0 mm Hg, the electron
5

thermalization time is 10 ~ sec.

2.0 Analysis of Work Performed

2.1 Helium-Neon System

2.1.1 Amplification Experiment

An experiment to observe amplification at one or more LASER
frequencies in the helium-neon system was performed. An energy level
diagram of this system is given in Figure 3.l. A gain of 20% per meter
was observed at » = 1.,1523 micrors. This gain measurement was an
average across the total linewidth, and did not give the peak spectral
gain,

2.1.1,1 Design of Double Modulation Apparatus

In using the double-beam spectrophotometer described in

the Xe-Kr section of this report we found that it was subject to a

TECHNICAL RESEARCH GROUP
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subtle form of rf pick-up.
Though the double-beam apparatus has equal optical path
lengths through the two beams, the two paths suffer different amounts
of vignetting. That is, a change in the spatial distribution of the
discharge in the source lamp, caused by pick-up {rom the rf power exciting
the amplifier tube, can cause a change in the relative amount of light
in the two paths, This change in angular distribution of source light
manifests itself as an unbalancing of the optical bridge which was
palanced in the absence of rf excitation to the amplifier tube.
Since it was found that extremely small amounts of rf
pick-up could cause an apparent gain equal to the gain we were trying
to measure we abandoned the double-beam system for the double m dulation
system which is relatively resistsnt to rf pick-up.
In the double modulation scheme, the source lamp is modulated
at one frequency and the discharge in the amplifier tube is modulated
at a different frequency. If there is either absorption or amplification
there will be a mixing of the tws modulation frequencies, producing
the sum and difference frequencies in the absorbed or amplified wave-
lengths. The strength of the output signal at the difference frequency
for example, will be propcrtional to the source intensity Io and the

amount of amplification or absorption taking place,.

TECHNICAL RESEARCH GROUP
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In the experiment performed hera the source light was
modulated at 1320 cps and the amplifier cell was modulated at 1 kc.
This generated a difference rrequency of 320 cps which was detected by
a phase sensitive detecter locked to an externally mixed portion of the
two modulating signals (see block diagram of double-modulstion apparatus,
Figure 3Z).

We measure the difference between the source lamp signal

al

Io and the light leaving the 80 cm amplifier tube. Io&' .

Thus

aL
=18

In our apparatus the minimum noise, N, is 6 x 10 = watts/cycle.
The minimum deteclable signal occurs when signal equals noise, or when
IOGL = N, Thus the minimum detectable amplification coefficlent, a, is
given by: "9

6 x 10 watts/cycle

a = N,;IDL’ *
Io x 80 cm

Our minimum detectdble value of a for » = 1.1523u is determined by the
relation d. = 1/4%, or a= 3 x 10'5 em”L,
With I_ = 2,4 x 1077 watts, that is 400 x N.

The sensitivity to rf pick=-up described here is not inherent

in double-beam systems, If one were tn take sufficient pains to construct

truly equivalent optical paths for both beams, then no change in source

TECHNICAL RESEARCH GROUP
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lamp brightness would unbalance the optical bridge mce balanced. In
such a system one would not be permitted to use &n iris to balance the
bridge since the iris would necessarily be an aperture SLop for one
path which would introduce vignetting which would not have its counter-

part in the other path.

Rather than attampting to further shield the source lamp or

provide a variable attenuator of constant apert.re we elected to construct

the double-mpdulation system.

In the double beam system one loses half the available signal
at the half silvered mirror where the two beams are recombined, 3ince

half of each beam is thrown away.

in a double modulation and single modulticn beam system the

source intensity, I_, is given by:

o’

A
Io -3 (l+sin91).

The modulated absorption coefficient in the double modulation
system 1is %»(1+sin82). The unmodulated absorption coefficient 1is
gimply B. In the latter case the result of absorption is I = B x %

{1+sin91). The detected ac s’3nal is

1 AB

detected = T sin@l.
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In the double modilated syetem the result of absorption is

%’(1+sian) X % (1+sin92). The detected ac signal is

4B

Idetected "7 cos (91-92)'

Thus compared with the unmodulated system the detected Jouble modulation
signal loses half its light from the loss of one sideband i.e. cos(91+92)
and it loses half of what is left simply beaause the absorber {s off half

the time. In our experiment we find a ratio of 4.3 rather than 4.0. This

is undoubtedly due to the fact that neither modulation was truly
sinusoidal, With the double mudulation system we observed 1.5% gain in
a mixture of 100y Ne and 1 mm He in an 80 cm long 1.5 cm diameter
discharge region, with 30 to 50 watts excitation, The source tube was
15 cmn long and 1.5 cm diameter,

Gain disappeared when the rf power exceeded 50 watts, and of
course no signal was seen with source or amplifier discharge alone,
Absorption was seen when the He partial pressure was reduced, keeping
the same total pressure,

After assuring ourselves that a sealed off tube would continue
to show gein after a few days of idleness we went on to construct a

He-Ne oscillator.
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2.1,2 Oscillation Experiment

After measurement of gain in the He-Ne amplifier experiment,
woTk was started on oscillators which will make use of the crossed roof
and cube-corner interferometer principle. The great stability, and
ruggedness of these devices is described in the Optical Devices secticn
of this report,

Before putting any of the retroreflecting optics in it was
decidad to build a LASER to use as a standard against which to compare
the retroreflector cavities, For this first LASER we are using a
modification of the confocal cavity described by Boyd and Gordon(IB).
The modified cavity has vastly reduced diffraction losses compared
with the plane Fabry-Perot cavity, and the line-up of the elements is
also much less critical. The results of Boyd and Gordon can be inter-
preted as showing that a cavity with one of the spherical mirrors
replaced by a flat located such that the distance between the flat and
spherical mirror is less than the focal length of the sphere will have
the desired properties. In our system the separation is 120 cm and the
focal length of the sphere is 195 cm,

Oscillation was observed at » = 1,1528u with approximately

W R TR SW Sm N WD YD M R W wy Sn G SS SR D WP YD SN SO ER 4D Mn b S ND SR SD ER - BN U OB SR SD SR MR SR SD U ¥P U0 N0 4p mn ww WS OB SO NR i W
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two watts of rf power into a twenty centimeter length discharge. One
can estimate from this a gain of 9% iln a meter.

2,1.2.1 Design of Oscillator Apparatus

The He~Ne LASER was comtructed with internal reflectors.
The reflectors are a 1.95 meter focal length spherical silvered mirror
and an optical flat with multi-layer coating. See Figure 3.3 and 3.4

There is 120 cm between reflectors and 90 cm of 7mm
i.d. quartz discharge tube. The spherical mirror and flat each sit
in a holder connected to the discharge tube by a stainless steel o~ S,
The sphere is adjustable to one minute of angle with the system evacuated,

Spacing between mirrors is determined by two aluminum
I-beams secured to a granite surface plate,

Light is collected from the davice through the 0.8%
transmitting multi-layer and the 1/20-wave flat vacuum window. Both
ends of the device are demountable with knife edge seals biting into
copper gaskets.

The LASER is filled from an a.. metal gas handling system
using a cryogenic fore pump and a five liter per second ion pump. The
shorter diffusion path (for a 7 mm diameter tube, rather than a 1.5 mm

tube) for the neon 185 metastables to be de-excited by collisions with

TECHNICAL RESEARCH GROU?P
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the walls permitted higher transfer rates to be employed in the
pumping process. Thus the neon partial pressure was raised to 170
microns, the heliuw partial pressure to 1.5 mua. Pressures of He and Ne
are measured with a Magnevac gauge calibrated with a Mcleod gauge on
another vacuum system, These precautions assure that there will be no
contaimination of the discharge by Hg or organic materials from oil seale
fore pumps or diffusion pumps,

It has been found that an oil sealed fore pump may preceed
the cryogenic fore pump to in~rease the pumping speed of the system
for helium. This combination can bring the entire system to 1 x lO-Smm
Hg with no other pump operating. With the icn pump operating the
ultimate pressure for the filling system is 2 x 1078 mu Hg.

2,1.3 On the Question of Adding Argon to the He-Ne
1ASER Discharge

TECHNICAL RESEARCH GROUP
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14)
The suggestion has been msde by A. Javen that the

aled .
addition of argon tc the He-Ne LASER discherge would most probably

(15)
give increased gain. This is predicated on the claim by W. Benna:tt

(14)
and A. Javan cthat the mejor process for populating the lower levels

of the LASER transitions, (the 2P configuration) {s electron excita-
tion of the Ne 113 metasi Lle atoms upwards to tha 2P statas.

The following is mersely a comparison of the various tranefar
rates tc show that the suggestion is plausible.

The basic transfer rats for pumping of the upper LASER

(15,16)
levels, (the 28 configuration) is given by W. RBemnstt .

o o v = 16,000 sec  for neon pressure of
Ne  He-Ne 100 microns

3

where n, . 12 population of neon atoms in atoms/cm

aac-No is average croas-section for collisions of the
second kind exciting the Ne 28 configuration in cm .

v is the me&n relative velocity of He with respec:
to Ne in cm/ sec.

...................... LB A R K R B B A L 2 L . R B X % R X N X_E N F N ¥ T I A R I R Ve gy "o

13) A. Javan, talk at Gaseoue Electronics Confersnce, 10-13-61,
Alsg W. Bennett, talk at TRG, Inc. 2-15-61,

'19) Recalculated approximately Ly G. Grosof from data by A. Phelps
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The transfer rates fcr ionization of argon by He and

17
Ne metastable atoms are rupectively,( :
noo ven 9.7 x 107" ca®) 13.2 x 10" cn/sec)
A He-A A
=n, 12.8 » 10712
17

- = - i
N Oye-A V=T, (26 x 10 cmz) (6.7 x 10 cm/sec)

A

“n, 17.4 10712

We shall ignore the direct de~excitation of the upper LASER
levels, (the 28 configuration) by the argon atoms.
As an upper limit to the amount of srgon that mey be

added in a constructive fashion, we require that
Transfe- Rate He + A < Transfer Rate He -+ HNe

As & lower 1limit to the amount of argon that may pe

added in & constructive fashion, we require that

1
Transfer Retz Ne -+ A = T,

where TD is the diffusion time of the lie 135 metaatable atous

(18)
to the walls. Phelps , et &l have made s clear case that in the

pressure range of the LASER discharge, and for the power density

e apeper e X T L L R I B N R R R R R R R R A S Dl PR X R B R B R R RN B R R R R

1)) Cross-sections from M. A. Biondi, Phys. Rev. 83, 653 (1951)
13) A, V. Phelps, Westinghouse Research Laboratorles, Scientific

Paper 6-94439-6P3
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of the discharge, the majnr relaxation wethiod for the 1;5 metastablas

is by diffusgion - limitced collisions withh the walls.

2 m
T - A% - 235 x 107° seconcs

2
where A = 33"'2 is the characteristic diffusion length squared
_ for a long cylinder of radius R = 0,75 cm
in our case.

(19
Dm is obtained from Phelp's )

It may be noted that the diffuelon coefficients

general expression.

Dm = 413 cmz/nec°

for excited atoms d. . fer from those for unexcited atoms.

The inequalities requie

-12 o -1
e 16,000 sec

I. n 12.8 x 10 sec <
A
n, < 12.5 x lOl4 atoms,’cm
Ii. 17.4 x 10712 sec™! = L
235 z 19 ~ sec

n, = 24.5x g atom/cm3

E 2.45 x 101& atoms/cm < nAé 1.25 & 10°° atoms/cm

converting to partisl pressure of argon PA’ we obtain

S G A DI S EDED PR DTSN E RS RDR AN TR BRSSP W GRS BSEBER RS SR w ™ R W S

(19) A. V. Phelps, Phys. Rev. 114, 1011 (1959)
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It is prudent to add as little argon as possible,

becausc o0f the argon-iuduced perturbation to tae high-energy tail

of the electron distrioution. Tie LASER is dependent on tiie supply

of electrong of encryy greater tlLan the 29 electre wvolt thrioshold

3
for excitation of the "pumping” He 2 Sl netastable atoms,

One nay calculate the electron tcuperature frou the
enpirical ionizacion by electrons iu tuae dicciiarge and from
. _ (20)
various octuer para eters, following the metliod of von Eugel o

For pure zhscs 8 sslution of @ auiversal nature (s given by

o 7 7 2
— = 1,2 x 10 (cpK) (3.1)
%
v
o
viers o= =
¢
a ‘ﬁr‘w
¢ =|——
K p
€ = elzctron cuarge
Vi = jonization potential
k = Boltzran's constant
2
T = electrun temperature defined by 1/2 av = 3/2 k Te
a = ioulzation efiiciency

K = l{onic mobility
p = precssure

R = tube radius

B I I e @ m W W E W W W WM W W e D oW WYL M O AR M AN e e W e WO M Sh e R AR R I AN W W A AR W

(20) A. von Engel "Iomiccd Gases", Oxford p.215 (19553)

: s P R




for K = 0.75 cm, and a graphical

ﬁB!

solution to equaticn (3.1),

we obtain
GAS Rcp T
pure He 3 x 10’3 21,000°K
pure Ne 4.5 x 1070 17,000°K
pure A 3.0 x 1072 10,500°K

We estimate the He-Ne LASER &lectron temperature as

T ~20,000°Kor T_=
e L -

1

L

7 electron volta, and that of the

He-Ne-A semi-Penning mixture as Tex 15,000 °K(?) Tez' 1.3 ev,

The reievant quantity is f, the fraction of electrons of energy

greater than 20 electron volts.

the Maxwelllan eneriy

e

He-Ne é_q% f; I

o 2»@
He-Ne-A (46

This requires the integratimof

distribution:

1.7,

"

, 1/2 '-%—7
(%E. e

1

P

-4
diLE_\ x 10
1.7

e

Ek - . .-6
d 1.4} =~ 10

-

where E = electron energy in electron volts

3
Ne = total number of electroms/cm
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It is thus possible that if the estimate of ths drop in
electron temperature 1s as severe as chosen, the production rate

for new He metastables would be severely decreased.
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2.2 Xenon-Krypton Sy

Because of the paucity of knowledge of the relevant parameters,
rhe Xe Kr sysrem has been studied in a very empirical fashion in the

laboratery. The Kr lsg metastable state is known from atomic bean

¥
H

(]

sults to have a free state lifetime greater than 1 millisecond.
The states for which energv level coircidences exist with

-l & # - lu 4
rescnance energy defect F less than ambient kT = 209 cm = are listed

helow,
Kr Xe E i, - E, Passib’e LASER Transition
o A€

155 >p5 147 cm‘l 2p is 0.9 microns

155 %d5 + 15 cm‘l 3d - Zp 4,0 microns
-1

ls, BdA - 53 cm 3d - 2p 4,0 microns
-1

is 2e - 3 em 2¢ - 2p 1.5 microns

tad

The most favored trunsition for possible LASER action is in
the 4.0 micron vregion. Because of the added difficulty to an already
complex experimental ser up no attempt was made to study the 4.0
micron trarsitions. A careful search for ephancement of Xe emission
yielded only positive results for rhe Zp - lea transitions. No
correlation between the amoun’ of enhancement and the resonance energy

defect could be made for the transiftions
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2p6 - lsa
2p7 - ls4
Zp9 - lsh .

An average of five times the expected amount of emitted light was

measured, over the average of three contrcl transitions

2p3 - 152
bdy - 2Zpyg

in a mixture of 8 microns of xenon and 100 microns of kryplon.

A series of experiments was pefformed of absorptions out of
the krypton lsS metastable state as a functlon of xenon parcial
pressure to determine if indeed, =nergy was being transferred to the
xenon system.

For three transitions out of the krypton lss state,; the
increase of xenon partial pressure from 1 micron to 10 microns caused
an average 11% decrease i~ ahsorptiou percentage. The slight lowerin
of electron temperature by the increase of xenon pressure did not
change the emission of various krypton lines examined in emission,
so that one may conclude that the depopulation was caused by

collisions of the gecond kind with xenon atoms.
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The basic transfer rate for exciting the xenon atoms by

the krypton lss metastable is

i ) (3.2)
g { =
e “kr—xe YRy

where
Iy e =number of Xe atoms (cm'3)
- 2
Ogr-xe=average cross-section in cm

v =average relative velocity oi Xe-Kr{cm/sec).
Although we do not know the cross-section for collisions of the
second kind, we may make an estimata following aruguments of the type

(21) (22)

used by Massey & Burhop , and Rautian and Sobelman + Additionally
the experimental data collected by Zemansky supports the argument,

One may make a guess as to the upper limit on the cross-
section for exact resonance between identical atoms undergoing

optically allowed transitions as

32
o o T
max vh

L

-18
where . is the dipole moment &% 10 e.s.u.
v 1s the relative velocity of atom-atom system

b 1s Planck's constant ,

e AD OE WE T M O I W OR O e W e S e Wl - L E R Of WS S D G0 EC M M WS W O W N A W WS NG ME OF ES W O B M S e OE T T M W e

(21) Massey & Burhop "Electronic and Ipnic Impact Phenomena'p.444
(Cxford 1352)

(22yv S, Rautian and J. Sobel'man, J. Exptl. Theoret. Phys. (USSR)
39, 217 (1960)
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max ™ 2.3 x 10 cm .

From a correspondence principle argument, when an energy
defect exists one requires that
8AE “
hv ’

where a = range of atom-atom interact:ion—-m=8 cm

AE = energv defect = .018 ev.

in order to have 2z cross-sectica for transfer of excitation somewhere

in the neighborhood of gas kinetic. Using these valves of the parameters

4 . . . . s
and v~ 4 x 10 cm/sec one finds that the condition is satisfied.

- 2
Thus the cross-section is possibly 10 15 em? for Kr 155—4Xe“p

14

5’

A similar argument for Kr ls_— Xe 3d5 sugzests 10 cm2 as & possible

5

cross-section. A rigorous analysis follewing che work of Buckingham
23)

and Dalgarno( . or Stueckelberg(ZA) cannot be done because cf the

lack of knowledge of the interaction potentials of the metastable atom -

ground state atom systems.

- ws wm me wp s - = o # & o - - S TT TS G ZC U G MM UK W WO O B ER M M M8 AP A G W W e e B NS B e A e

(23) R. Buckingham & A. Dalgarno, Proc. Roy. Soc. A213, 327 and 506, (1952
(24) E. Stueckelberg. Helv. Acta Physica 5, 369 (1932)
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It is thus the case that the - 135 preferentially excites
.a2e 3d configuratioa at least by a factr~: of ten, Howvever by cascade
f-om the 3d to 2p configuration. a contr. ution to enhancement is certainly
obtained,

As a limit on useable transfer rates., one should examine the
predictable rate of de-excitiprg the Kr 155 b diffusion-limited collision
with the wali. The diffusicn constant for the metastable Kr atcm has not
been wmeasured (to our knowledge) but one may extrapolat: from the known
diffusion c¢ross cections for the other rare gas atoms in their metastable
states. In general one may use the rigid sphere mrdel tou calculate the
diffusion of one vare gas metastable atom ir itself or in another rare
gas.  1f one increases the diameter of the metastable atom by 2.2 times
the unexcited diameter. Then

2 27
0.88 yV1 + V2

3t (ng+n,) (1/2(S] + $y))

D

, 2
12 = in cm /sec
The cocfficient [or self Jiffusion is obtained by letting
all quantities with subscript 2 equal those with subscript 1.

where D, = diffusion ccefficient

v, = average velocity in cm/sec
R .= number of atoms of type 1
S1 = atomic diameter cm
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50,
After one has caiculated the diffusion coefficlent of the
Kr lo, atom in pure krypton and in pure xenon, then one may extend
) 25) (26)
Blancis law to obtain the coefficient of diffusion in a mixture:
1 £ i-L
D DD
Kr-Xe Kr Xe

f o ~number of Kr atoms
total number of atcms in mixture

DKr = diffusion coefficient of Kr 155 in pure Kr

DxE = diffusion coefficient of Kr lsS in pire Xe

Summarizing for the conditions relevant to the experiment

D
Kr 155 in 100y of Kr plus 10u of Xe 240—;;2/3ec
Kr 1sg in 100u of Kr plus lu of Xe 250 cm®/sec
Xe ls, in 1004 of Kr plus 10u of Xe 160 cm?/sec
Xe 1s_ in 100y of Kr plus lu of Xe 170 cm?/sec

5

One wishes to examine the reciprocal of the diffusion time

for the pumping Kr metastable, For the cylindrical gecmetry employed
Z
A

T = =
D Dm
TD = diffusion time ir sec

R
A A in em

- e e W A m e w - = = = = e 4 - e = S N . E R e L T TR .- e e e e . o

(25) A. V. Phelps, Phys. Rev, 114 1011 (1959)
(26) T. Holstein., Phys. Rev., 100. 1230A (1955)
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2
T om Db cm?
Y 250 cm”/sec
I, = 176, s=ec
One can put & lower bound on useful o from the requirement that

Kr-Xe
R, & Tl“° From equation (3.2)
D

> 1
S A
Kr -Xe n:{e v iy

1
Ke-Xe ™ 375 % 1913 em 3 4 x 10% & 176 x 107° sec

4.4 x 140 cm

This shows that we are pretty much at the limit as regards
reducing the >ube dismeter with the partial pressu~es employed. One

may roughly estimate the number of excited 2p5 xenon atoms from

(27)

extrapolating "typical" metastable populations in "typlical" discharges 5
* R nﬁe
nKx 1 = _-_T

where nir is number of Kr 155 atem cm

nﬁe 1s number of excited 2p5 Xe

T = Xfips lifetine guessed as le? sec

-

(27) V. Hughes G. Tucker, E. Rhoderick and G. Weinreich, Phys. Rev. 31,
§28 (1953)
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* =4
n* =10 n

Kr Kr

where n,_ 1is population of normal krypton

atoms kx
nﬁr‘x 10~ 3.22 x 1013 e
11 -3
n* & 3,22 x 107" em
Kr
11 -7

o 0, % (3.22 % 10 em™Y) (5600 sec™l) (1077 sec)

& -3
* _
¥ o3 1.8 x 10 cm

Because the lower level of the possible LASER transitions
2p~lsk iz both light-trapped above certain éressures, and is populated
by collisions from the populous Xe 135 nr tastable, a small diameterx
tube is required, sov as toallow resonance photons ls, - ls, 0 escape

to the walls and also to quench Xe lss metastables.

The trapping lifetime is defined from Holstein, as

e

! .
N “rural

Tcrnpping g

where g 18 the escape factor the number of absorptions and emissions
the average resonance photon makes : "o to its collision with the

walls. For cylindrical symmetry.

1,60

gu
kaR Jr ffog Eo R
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where kc = absorption coefficient at the center of a Dopr v
broadened line,

R = radius of cylinder.

A plot of theoretical lifetimes-for-trappiug versus pressure
is given for two choices of natural lifetime., An examination of the
graph*tells us that only at xenon partial pressures less than several
microns will one find a chance of inverting the 2p - 1s4 populations.

A series of experiments wis performed of absorptions ont
of the Xe ls4 and 155 states to the 2p configuration, in an effort
to obtain knowledge of the trapping lifetimes. and as a corollary,
the natural lifetimes, 1t was found that at 1 miciup of xenon in
100 microns of krypton, the average absorption out of the ls4 to 2p

states for four transitions was 2.1%, the average for three transitions

from the ls_ state tc 2p states was 42,9%. At higher pressures the

3
absorption coefficient was so large from both the ls{ and 155 states
4
(28)
that meaningful measuremer:its could not be made., This rlearcut

evidence tells us that we are in the region where an inversion may be

= o e oo o - - - - - o me M m TE DE W e O WK D e M ER e e B S & AR D B A EC PE C WE R O AR W W

(?3) J. Dixen & F, Grant Phys. Rev. 107. 118 (1957)

B See Figure 3.5
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2.7.1 Double Beam Appsaratus

a

In this experiment we wished to measure the valative
populations ol the xenon 154 (1ight trapped) and the 135 metastable
statec, To de this we needed a system that would allow measurements
to 1% absorption.

If light of a wavelength curresponding to a transition out
of the metastable etate up tc some higher state. is directed through
a volume of excited gas a certain percentage of atoms in the lower
state can be excited to the upper state witn the assoclated abscrption
of the photon that did the exciting.

Thus to measure the populations we need a source of light
at the appropriate wavelength a volume of excited gas to direct it
through and & meins for measuring the cnange in the light transmitted,

Light from 5 20 cm long source lamp 8§ mm i.d. is alternitely
cent thyough rhe 1 metrer absorber tube 14 mm i.d. and through a parallel
air path, This is acccomplished by means of a rotating sectored mirror
set at 45° to the source lamp -~ absorber tube common axis. The
intensitie  at the detector {rom the air path and abscrber path are
made equal by means of anriris diaphra - in the air path, The phase
censitive detcctor is locked to the source lamp chopping frequency

and does not respond to the dc signal generated by the spontaneous

TECHNICAL RESEARCH GPCOUP




emission from the absorber tube. See block diagram of double-~team
apparatus, Fizure 5.5.

The lnes of interest were all in the 8000& to 10,0004
region and were detected with an S1 response nhototube. |

The source tube and absorber tube are attached to the
same vacuum system so that they can be filled with the same Xe-Kr gas
mixture.

In the experiments showing the depopulation of the Kr lsS
by collision with the Xe 2p states, the Xe pressure was controlled with
a liquid nitrogen cold trap connected to the absorber tube., In the
Xe-Kr mixture the partial pressutre of Xe can be conveniently changed
from 10y to lu and back to 1du by the addition and removal of liquid
Nz in the trap.

2.3 Zinc-Zinc System

2.,3.1 Theoretical
Colliisions of tha second kind in a ¢-component gas mixture
can effectively populate the upper of two LASZR ‘a2vels in the atoms of
one component, Helium - - selectively excite & sufficient

population in an upper level oi admixed neon (see /igureldl) to give an
@4)
nbserved coherent gain coefficient, a. & 5%/meter, In such media a

~

severe inherert limitatiou exists on achievuble sy ess upper state

(29) A. Javan, W. K, Bennett and D. R, Herriott, Phys. Rev. Letters
6, 106, (1961)
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sopulation density and therefore gain, efficiency (<« 2.03%), and
nower output (-~ 10 mw) because,

1. 1inevitably the lower level atoms (neon) decrease the
electron temperature, and therefore the maximum population, of the
impinging metastables (helium}.

2. since the lower LASER level is below the metastable level,
direct electrun excitation of this lower level tencs to reduce or
preclude an excess upper state population.

These drawbacks of the two component gaseous medium are
side-stepped in a single component gaseous discharge medium, wing
a different collisicnal process: Let twec atoms of rhe same kind be in
metastable or light-trapped resonance levels. 1f a higher ievel exists
with energy equal to the sum of metastable energies, there is a high
probability that a cellision wiil leave one atom doubly excited while
the other returns to the ground Eye1(30).

The zinc atom has an energy level structure particularly
favorable for LASER excitation by self -collisions of the second kind.
An energy level diagram of zinc (Figure 3.7) shows that the collision

3 , 1

3
processes & Pn -4 Pé-ve 6351 + 4 S0 p, m=0. 1and 2 are energetically

probable; the energy defect in the worst case is iess than kT. Since

- o wx am W T BN R R - = = - - e S P ~ 1w e - ES

(30) Such a two-step excitation process was suggested for mercury
in TRG Proposal Nc. P-329 to ARPA December, 1958.
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3 . [ 4 N »
4 P is metastable, or light-trapped at pressures gf 1 mm, the
a ; :

Ww«“aﬁ»‘%

Lusber of atoms in these states is considerable. (At pressures ol 1 @
: sne can expect n = 9 X 1015 atoms/cc where n is the total population

censity ia all of the metastable and trapped states). If one assumes

Y

populations approximately proportional o statistical waight for the

-16 cmz, then the numoer

e . - . 2 = ) 14
i of effective collisions per second is Y 0o o v.,;®3x 10 /sec.

3 levels and an aver:ije cross-section o = 10

%

where v, 15 the relative velocity of the colliding particles. Thus
1 -
~ A TT

the rate of phocons leaving the 6351 state would be 3 x 107 /sec if
we ueglect the back collision rate, which is a small fraction ol the
total spontancous emissioun rate.

There are s'x transitions from the 63‘5l state, three of
--1ich are trazoped, because they terminate on the metastables. The other
rhree transitions are in the infra-red at about 2.4 microns wavelengzth

and are suitable LASER transitions. 1t is reasonable to assume iLhat if

three of the transitions are sufficiently trapped, then among the

3F

untrapped ones there must be oune transition with a rate of abocut 1042

(o

photons/sec. With this figure one calcu:lates a gain in excess of 20%/meter,
assuming an unpopulated lower state. The lower LASEF state (SBP) will be
capidly "dumped” since the spontaneous emission rate, A(S5P-155), is
estimated to be ~ 25 % 5(635-—453?). Thus a population inversion is

likely,
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ar,

61.

While the discharge is on, the collision process is
difficuit to detect since complete knowledge of the discharge parameters
and Einstein A coefficients is not yet avallable, and since direct
electren excitation is simultaneously present. However, intensity
meazurements of the several visible lines 53Si——}43Pn n=0,1,2, made
in the afterglow, will-give an accurate measure of the number of photons

passing through the LASER transitions, and hence a calculable gain.

2.3.2 Experimental

An experiment was devised to measure the number of photons
passing through the LASER transition. A continuously pumped vacuum
system similar to that used in the cesium gain experiment was employed.
The cell containing the zinc was cylindrical, 1-1/2" in diameter and
4" loug; the light output was viewed from the ends of the cylinder. The
geometry was chosen to maximize the diffusion time of metastables to the
wall and to maximize the trapped lifetime of the 43P1 state. The cell
was contained in an oven capable of continous temperature various up
to 760°C,

’ The discharge was powered by an rf transmitter operating
at 28 megacycles and square-wave rodulated at about 20 cycles/sec.

The relaxation time of the transmitter was about 5 x 10-6 secs.

TECHNICAL RESEARCH SROUP
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The detectlon apparatus consisted of a monochromator with
$-5 respense phototube and an uscilloscope with a delaved sweep.

The electrical bandwidth was adjusted to allow observation of decay times
as short as 10'5 sec.

It was expected that, with metastable lifetimes of the order
of milliseconds, the decay from the upper LASER level would be about
5004 secs, always having 1/2 the decay of the resonance lifetime, and
that this would easily be observable when contrasted with other spectral
lines. A survey of spectral lines between 3000-6000A, however, yielded
results that were inconclusive. The difficulty that occurred was two-
fold: Firstly the electron thermalization time was found to be about
100, secs, so fhat all lines had a decay time in excess of this amount.
Secondly, the presence of impurities limited the lifetime of the trapped
(QBP) states to about 500. secs. With these effects, no significant
lengthening c¢f the lifetime of the upper LASER level with respect to
other states was observed.

An improved apparatus was built in which the lifetime of the
trapped line was increased to 1 milliceccad and the thermalization time
reduced to 10y secs. This was achizved by using a larger closed system

to which 1 mm of helium buffer gas was admixed. The new cell was a 3"

TECHNICAL RESEARCH GROUP
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diameter quartz sphere (FigurelS) which has minimum surface to volume
for maximum trapping of the rescnance line and maximum diffusion time
to the walls for the metastables. The helium buffer gas, which plays
no active role in the discharge, maintains the diffusion time at low
zinc vapor pressure and also reduces the electron thermalization time
to 10p secs.

With this new »mnaratus the collision process has been
observed, By varying the vapor pressure. and hence the trapping time
of the resonance line the lifetime of the upper LASER level was
observed to follow in linear fashion; its lifetime always Deing
approximately one ha.f of the resonance lifetime. This is to be expected,
since the rumber of atoms in the 6381 state depends on the square of
the number of metastables. It was also observed that the decay of light
from the 5351 had a characteristically rapid decay followd by a longer
decay. Since the chief source of the 5351 atoms is from electron exci-
tation of the metastables. one would expect a rapid fall in the intensity,
consistent with the eleccron thermalization time, plus a longer decay due
to cascading from the 6351 state. Fizure3.9 shows the time resolution
of several of these lines. 1t is interesting to note that the intensity

due to the cascade phenomenon is a sizeable fraction of the total

intensity (as much as 50%).
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3036A 6381-43P (Showing b) 48l2A 535-43P2 (Showing electron
decay of upper 11"SER state) d%cay and cascade decay from
6°5.)

c) 3076A 43P

Decay of Several States in Zinc

(Time Scale - 100y sec/div)

Figure 3.9
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3,0 Wook Planned for Next Period

3.1 Helium-Neon System

A study of the amplification as a function of the tube
diameter, partial pressures and excitation conditions will be continued
in »n effort to raise the gain higher than the currently attained valus
of 9% per meter. The properties of the currently operative LASER will
receive some study preparatory to building a prism cavity LASER.

3.2 Xenon-Krypton System

Because an inversion of the 2p - ls configuration, if at all
possible, may occur only for xenon partial pressures in the neighborhood
of a half micron or so. it is necessary to ascertain whether there are
enough atoms in a 2p level to provide useful amplification and reach
threshold for o.cillation, A measurement of the agbsolute emission of
photons from the individual 2p levels yields the quantity nf, the
product of 2p population times oscillator strength for the trensition.
This same quantity gives the measure of the maximum amplification possible
for the transition. i.e. the gair for zero lower state population. After
this measurement is . 2de, the decision as to whether further experimen-

tation is desirable shall be made., It should not be forgotten that the

3d - 2p configuration is much more favorable as a potential LASER
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3.3 Zinc-Zinc System

During the next period it is planned to make azbsolute
intensity measurements of selected zinc transitions in order to
calculate the expected gein and efficiency. Calculation of spontanevus
emission rates of selected transitions will be made by the Brtes-
Damgaard method. It is planned to der»rmine the cross-section for the
self-collision double-excitation process in zinc vapor. A measure-
ment of gain will be attempted and, if feasible, an oscillator will be
constructed,

3.4 Mercury-Krypton System

It is hoped that gain which was previously predicted for the
Hg-Kr of 1.0% per meter at 1.8 microns, will be measured in the near

future,
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IV. Optical Pumping of Ruby - Amplifier

1.0 Summary of Work Performed

Direct amplification of the output of a ruby oscillater in a
seconu ruby rod was demonstrated. The measured single pass gain was 2 at
room temperature in a ruby cyliander 5.56 om 1 ng.  The inferred single
pasgs gain of 12.5 in a ruby 8" long was obtained by exciting it to oscilla-
tion at room temperature with no coating at either end.

2.0 Analysis of Work Performed

Direct amplirication of light of 6934A wavelength in a ruby rod
has been demonstrated. A schematic diagram of the experimental setup is
shown in Figure (4.1). The oscillator used was a pink ruby rod (.04% Cr)
with cne end coated with an copaque silver film and the output end with a
silver film of ~10% transmission, 1t was excited with the GE 524 helical
lamp in cur standard light pot. The output beam was collimated by passing
through two 1 mm holes 8" apart. This insures a beam of sufficiently
small size and angular divergence that it will pass through the amplifying
ruby without hitting the walls of tne ruby. The cutput beam from the
amplifying ruby is focssed with a lens tc enter a small aperture (~ 10 mils)
ahead of a 7102 photomultiplier used as the detector. A dicrhagm ahead
of the lens served to cut down the stray light from the amp.ifier flashtuvoe
and spontaneous emission from the ruby without intercepting any of the
transmicted beam. The irput beam to the amplifier was r~nitored by another
7102 photomultiplier detecting the reflection from an unsilvered glass plate

in the beam. It was found necessary to shield this dstector from the
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»lifier flashtube by a second collimator with larger openings as shown,
Bogh detectors contained 100 A interference filters at 6940A (2nd order),
red filters to cut out the third order transmission of the interference
filters in the blue, and neutral density and ground glass filters. Some
smount of stray light and spontaneous emission was still observed from

cch detector but this was small compared to the LASER beam, which was
easily detected by its different time #pen a:ce. The outputs of cach
dete. 0T were oObserved Simultaneo-,igmﬁﬂ the dual trace of the Hughes
Memoscope. The detection rise time was purposely made~ 10 usec to smooth
the oscillation spikes and make the pulse heights easier to measure.
Saturation of the individual spikes was not observed and was not expected
in this experiment.

The amplifier ruby was 1 c¢m diameter, 5.56 cm long, standard
orientation C~'60°), and the ends were uncoated. It was excited with a
helical GE 524 lamp. The amplification measurement consisted of measuring
the ratio of the output of detector 2 to that of detector 1 with and
without the amplifier ruby in place for various excitation levels in the
amplifier. This is necessary because the unexcited ruby is a strong ab-
sorber of the LASER light. The two lamps were triggeved simultaneously.
This would be very nearly the correct timing to observe the peair inversion
density of the amplifier rod if the two lamps were identical. The precise
timing to observe maximum gain could be differert for a number of reasons,

however, and this factor will be investigated in future experiments.
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Some difficulties were encountered with heating in the rubies,
carticularly in the amplifier rod. This made consistency and reproducibility
somewhat difficult since the variation of the center of the Ry line, 8},
is about 0.065A/°C. Thus a 30°C difference in temperature of the oscillator
and amplifier rods would be a 2A difference in the peak wavelengths and
this would be serious. An attempt to overcome this effect by waiting 5
minutes between flashes scems to have been successful and each point was
repeated several times. Water cooling of the rubies is planned for future
experiments.

The output beam of the LASER oscillator was observed to be
completely plane polarized with the electric vector perpendicular to the
projection of the c axis on the plane of the end of che rod. The absorption
and gain in the amplifier ruby varied with the relative orientation of the
two rubies (contrary to reports from other laboratories). Gain measurements
were made for the two orthogonal situations: with the E vector of the
incident beam perpendicular and parallel to the projection of the c axis
on the end of the amplifier rod. The results of the measurements are
shown in Figure (4.2) Each point is the average of several measurements and
has been corrected for the reflection losses at the ends of the rod.

Except for some spurious points not includad in Figure (4.2)the highest
gain was observed with maximum excitation power was a = 0.132 em !, This
is a single pass gain of 2.08 in the 5.56 cm rod at roum temperature. No
saturation of the type reported by Bell Telephone Laboratories was observed

although their measurements were made at -40°C where higher gains should

be observed.
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The main emphasis of the amplifier program will be on the 8"
ruby rod because of the higher gains obtainable {(wi. the same gain
coefficients). Thus if saturation of gain is to be observed it will occur
most readily in this vod, For this end a helical 8" xenon lamp has been
constructed and tested at TRG. 7t will require more inpu: electrical
energy than the GE 524 becaus= of its longer length, The brightness io
the green band of this lamp compared to the GE 524 was measured, Equal
brightness of the two lamps wuere observed with 6770 joules input to the
8" lamp and 2500 joules into the 524 lamp. Since the ratio of surface
areas of the lamps is 2.5 this indicates that the efficiency of the 8"
lamp is comparable to that from the shorter one. Furthermore, in the
presence of strong lamp self abscrption, the energy density in a cavity
should be proportional to lamp brightness. Then the threshold for
oscillation might be expected to be increased for the 8" rod with this
lamp by about this same factor, 2.5, over that of a short rod in the GE

574 cavity. The measured thresholds were as follows:
8" ruby - 8" lamp - 5150 joules
2-3/16" ruby - GE 524 lamp - 196C joules

This is surprisingly good agreement considering the accuracy with which
thrrsholds are measured. Lower thresholds nave been measured in the

GE 5324 with shorter pulses (less capacity and higher voltagg. However
the figure quoted above is the usual threshold witn 400 uf, and the

brightness comparison was made with this capacity.
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A preliminary measurement of the gain of the 8" ruby was made by
observing the threshold for 3 different conditions of end reflection. The

results are summarized in Table - ,1

TABLE .1
Gl
End Reflection Threshcid Energy Gain(e )
Opaque - 10% Trans. 5150 joules 1.2
Opagque - No Film 6720 joules 4.0
No film either end 10500 joules 12.5

The value of the gain coefficient computed from these data and the

al

threshold condition e = 1/R1R2 is plotted on Figure {4..;. The input

Lo
energi=ss were normalized by the ratio %%gg to make the ratio of

Ein/Ethreshold comparable.
While this is a very preliminary part of the amplifier program

several interesting points have already appeared.

1. The gain depends on polarization. This is to be expected from

@D

on the transition probabilities

63

the theoretical work of Suganc and Tanabe
of ruby and the absorption measurements by Schawlow.cxb However, &isliuk
reports that the gain was independent of the orientation of the amplifier
rod. One explanation for this difference might be that the input beam

was not plane polarized in his experiments. That this is possible can be

seen fram Figu.e (4.2) Imagine that for a given length rod and end losses

(I S. Sugano and Y. Tanabe, J. Phys. Soc. (Japan) 13, 880 (1958).

F. Varsanyi, D. L. Wood, and A, L. Schavlow Phys. Rev. Letters 3,
544 (1959).

(33 P. P. Kisliuk, private comunication.
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+he oscillation condition requires a = .05 cm'l, Then the perpendicular
polarization would reach rhreshold at about 1950 joules input while the
sarallel polarization would require 2900 joules for threshold. Between
these two energies the output beam must be plane polarized with the E
vector perpendicular to the projection of the ¢ axis on the end of the
rod. At higher energies, however. either or both polarizations may
oscillate because of relaxation oscillat. ons and the situation is not
clear. The gaiv coefficient. a, is inversely proportiona®l to AV so that

4. lower temperatures all values of Figure (4.2} (both positive and

negative) will be increased by a linewidth factor. This will considerably

reduce the difference in threshold energies for the two polarizations
and make the above explanations more plausible, ¥isliuk measurements
wvere at -40°C for which a = 1.7 G This question may be cleared up
when we observe the polarization of the output beam under conditions
such that both lincar polarizations are above threshold, as at liquid
nitrogen temperature.

2 The fact that the gain is different for the two polarizations
mokes the amplification measurement as a function of excitation power
an excellent means of observing extraneous losses which are independent
of polarization. Scattering losses would be an example. At the

excitation power such that the o of the material is zero (AN = Q) any

residual absorption is attributed to other than Ry line absorpticn. This

point occurs when the gain curves for the two polarizations intersect

(see Figure&. 2)and can be measured accurately if points are traken below
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inversion, The extrapclated curves of Figure (&Z)give this value of

1, although insufficient points were taken to

scattering loss as 0.04 cm
put much faith in this value. However, it is not very different than
the figure for scattering loss measured by Nelscncyg, et al, of 2,% in

a 2" ruby rod. Another possibiiity must be considered. The residuai
loss could be depandent on polarization, as it would be if it were green
band absorption on the wings of the absorpticn line. It is somewhat
disturbing that if the green band were Lorentzien with a full width of
700A centered at 5350A and a peak absorption coefficient of 1 cm'1 (for
.05% Cr) then the green band absorption at 6940A would be .045 cm-i.
This question cen be cleared up by observing this ioss as a function of
temperature and concentration but better data is needed. Measurements

by chnbsca} indicate that the residual green band absorption at 7C00A

‘in more concentrated ruby) is 17 of the peak absorption. This data

would give the residual absorption coefficient as 0.01 cm-l for .05% ruby.

3. The gain coefficient indicates the following population ratios
of N2:H1:‘grsund = 36:36:28 at maximum excitation. Kisliuk -eports

population ratios of 39:39:22 at E, = 1.25 E However, our

threshold’
analysis of his data gives population ratios of 30:30:40.
&, 1t is obvious that a great deal of information of & fundamental
nature about ruby can be learned from this type of experiment. These
questions will be locked into in the course of the amplifier program,

whose main objectives are as follows:

Ci)R.VJ. Collins and D. F. Nelson, Opt. Soc. Am., Pittsburgh, Pa.,
March 2, 1961,

(®)S. Jacobs, Doctoral Thesis, Johns Hopkins University, (1956), unpublished.

TECHNICAL REScARCH GRCUP

R



A. Obtain High Peak Power
1. whether greater than the same ruby as an oscillator or
2. better angular divergence and frequency characteristics
B. Investigate Saturation and Pulse Sharpening
C. Obtain a Better Understanding of Ruby.

3.0 Work Planned for Next Period

During the next repcrt period it is planned Lo continue the ruby

!
zmplifier experiments in order to observe saturation effects.
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V. Optical Pumping of Ruby - Oscillator

1.0 Summary of Work Performed

Two long ruby crystals were excited to oscillation to obtain
high output energy. The measured output at room temperature was 2 joules
from a rod .362" in diameter and 7.56" long and~*12 joules from & rod
.625" in diameter and 5.5" long.

Single pulse output was obtained from ruby by two methods.
in the first a Kerr cell was used to modulate the Q of the oscillation
cavity {(consisting of a ruby rod with ac external mirror). Single pulses
of 0.2 usec duration were obtained with a peak power of about I uecgauatts
The second method employed the optical thyratron action of an unexcited
ruby absorber within the oscillation cavity. Single pulses were
achieved but are not yet always reproducible.

A prior attempt to achieve intense single pulses is reported.
This technique consisted of exciting the ruby with a second intense flash
of short duratioir superimposed on a normal excitation flash. A series of
strong relaxation oscillations of about 15 usec duration was achieved.

A broad band emission was discovered in normally pink ruby
(.04% Cr203 by weight). It accounts for 30% of the total emission from
the ruby rod, making the quantum efficiency urity.

The output energy from & vuby LASER as a function of the end
coating (reflectivity and transmission) of the ruby crystal was measured.
The results confirm the existence of an optimum reflectivity of a

relatively low value for maximum output energy.
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2.0 Analysiz of Work Performed

2.1 High Energy Output

Two ruby rods of larger volume than the normai LASER crystal
have been tested. These are intended for ..ie amplifier program to
obtain sufficient amplification and output power to observe saturation
effects. Earh requires a special lamp for excitation since no lamps ot
the proper size exists cemmerciélly, Helical zenon flash lamps were
ronstructed at TRG for this purpose.

The first of these rods is 0.364" in diameter and 7-9/16" long.
It has a Cr3+ ion concentration of .04% and is standard orientation
(c axis~ 60° from rod axis.) Some of the measurements on this rod and
the lamp used tc excite it are reported in the section on the ruoy
amplifier. 1In addition to the e threshold measurements the output energy
at room temperature was measured with an opaque film on one end and a
clear ruby-air interface on the transmitting end. The nutput energy was
measured by the energy absorption in a thermopile describec in a later
part of this section. An output of 2 joules was sbtained with 10,500
joules electrical input to the lamp. The usual "relaxation oscillation"
type of output was observed with a total time duration of 600 usec.

The second of the large ruby rods was 0.5625" in diameter
and 5.5" long. It also contained .04 wt} Cr203 and was standard
orientation. 1t was coated with an opaque silver film on one end and
a silver film of 307 transmission on the other. It was walercooled at

a few degrees below room temperature. The exciting lamp was a helical

TECHMNICAL RESEARCH GROUP
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xenon fiash lamp constructed at TRG for relatively low volcage, high
capacity operation. With an input of 4300 volts at 1500 uf (13,800
joules) an output of 4.1 joules was measured on the thermopile. The
lamp was capable of withstanding larger inpul en=rgies and was tested at
24,000 joules. At this excitation energy the ruby output was estimated
to be about 12 joules by the volume of Ti foil vaporized. Some uricertain-
ty exists in this measurement, however, because of the possibiiity that
chunks of the Joil were blown off without vaporizing. The duration of
the output beam in the latter experiment was about 2 msec.

2.2 Single Pulse Outpux

1wo types of "0 Spuiling' experiments have bheen cornducted with
the ruby LASER for the purpose of generating a single, short, -nergetic
optical radiation pulse. The technique of "Q Spoiling", consists of
reducing the optical resconator feedback in such a way that osciflation
is prevented until the LASER ¢ lJium gain has been raised far above normal.
wWhen the feedback connectior. is made, the radiation field builds rapidly
to a high velue, carryirg with it substantially all the eriergy stored
as popuiation excess ir the medium.

In the first experiment, an electro-optic shutter consisting
of a halr wave Kerr-effect nitrobenzene c¢ell and calcite Nicol prism
wes used to frustrate tae reflecticu from one of the Fabry-Perot mirrors

placed some distance from the ruby rod. (See Figure 5,1 ). Delay

circuits applied the high voltage pulse opening the Kerr cell approximately

900 usec after ignition of the LASER pump iamp. Peak powers of 100 kw

3 - a0 W o W 0P e
'nﬂ-il-'---'ﬂﬂ----‘---------ﬁn----nﬂ---:‘---n-----—--—- P W R A
- ey A -

sork 1~ this section wes partially supperted under Contract
m-w'r}ﬁg -ORD' 3368 .

b
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and : megawalts were obtained, as inferred from a measurement of the

totai pulse energy and the time development of the radiatien output.

The two measurements refer to two different ruby LASERs of corresponding-
ly different power inputs.

The second method of "Q Spoiling", termed "optical avalanche”,
is shown schematically in Figure {5.2).In this case oscillation is dis-
couraged by the presence, in the optical feedback path, of a section of
non-pumped ruby having a high optical density for ruby R light. When
sufficiently high gain in the active ruby has been achieved to approach
oscillation (in spite of the low feedback) the attenuating section
saturates, becomes nominally transparent and restores a high value of
feedback coupling.

The eiperimental results to date with the avalanche method
have not been as clear cut as in the Kerr cell method. The single
large pulses obtained have been difficult to reproduce. No intensity or
energy measurements have been made. Because the avalanche method
depends criticilly on the behavior of the ruby material, i.e. the poorly
understood filamentary oscillation paths, erratic results initially are
to be expected.

In the following, the experiments and their results will be

described in more detail.
2.2.1 Q-Spoiling with an Electro-QOptical Shutter

From the simple theory of the LASER oscillator, the population
ditfference density between two quantum levels which is just sufficient to

sustaln oscillation is given by D = N -K, = (BT)-l‘
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In this relation D is the population difference density, Hu,z the

upper (lower) state population density, B is the rate of induced emission
per ion, between the quantum levels, at frequency) into the given oscillator
mode when the energy stored in that mode corresponds to on=2 photcn/cmB,
and 1 is the mean life of one photon ir the absence of any stimulated
emission.

Referring to Figure (5.:)which illustrates the time development
of a Q-Spoiling experiment, we show the origin of time coinciding with
the pump lamp ignition. Initially D is large and negative, correspoanding
to N, = . For t - 0 it builds towards a steady state value Jetermined
by the relaxation rate of the upper state and the pump lamp brightness
and coupling to the ruby rod. Because the finite duration of the pump
lamp pulse is comparable with the inverse of the ion relaxation rate,

a lower maximum difference Dmax is attained. With the Kerr cell inactive,
the feadback path from the external mirror is blocked for polarized

light crossed with the Nicol prism. 1In the case of a ruby rod with

optic axis 90° to the rod axis, the induced emission coefficient for
light polarized in a plane normal to the optic axis (B) is 5 times that
of the orthogonal component. Thus if the value 1/1, corresponding to

the inactive Kerr-cell and Nicol, just exceeds the value QLDmax’ no
oscillatio~ can occur ir either polarization.

Approximately at the time D___ 1s achieved, the Kerr cell is
activated by the triggered discharge of a pulse forming network. The

peak electric field applied to the cell is such as to produce the effect

TECHNICAL RESEARCH GROUP
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of a birefringent 2/2 plate, allowing light in the perpendicular (strong)

polarization to "

see' the external mirror through the normally crossed
Nicol. Under these conditions,r =+ T DT (point "a" on the time axis of
Figure 5.3 and the resonator finds itself with a considerable excess gain
over that required tc sustain oscillation with ressnator time constant T1-
The oscillation energy builds exponentially, quickly exceeding that value
which could be sustained by the pump lamp in the steady state (''b" in
Fizure 53). Comparad with the rate at which the growing oscillation field
drives the excess population densitv down, the pump lamp contribution now
is negligible. At point "c'" the decreasing population difference density
passes through the value (glfg)-l, or the value at which the medium gain
just balances the residual resonator losses. At this time, the oscillation
energy is decreasing, meanwhile driving D toward zerc (equal upper and
lower quantum state population).

Tigure (5&)is a photograph of the experimental apparatus showing
the LASER head, Kerr-cell, Nicol and external semi-mirror. The output
from the semi-mirror was arranged to fall either on a special photo-
multiplier tube capable of fcllowirg a 5 x 10'8 sec, rise time, or on a
ballistic thermopile. The former provided an oscilloscopic record of the
pulse time development (FigureS5.c and the latter gave an absolute measure
of the pulse energy. The pulse, very nearly triangular in shape, is

easily calculated to have peak power

. where W is the energy and A the

rime duraticn (at the base).

e e N L T e B R S
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2.2 2 "Q-Spoiling with the Optical Avalanche Technique

Figure §.2)shows, schematically. the experimental arrangement
fcr the optical avalanche method. The active (pumped) ruby rod is
reflection coated on one end. The opposite end is u:’m:aat:et.’t.-,"ir

Although not corresponding exactly to the arrangement used,
Figure (5. )shows the light from the active rod magnified by a Galilean
telescope and projected through a smaller, passive, ruby rod onto the
semi-mirror. Negiectiing lens iosses the effeciive intensity reflectivity
of this assembly viewed from the unccated =ud of the active ruby, is
Re-24L2 where K is the vreflectivity of the mirror, Lz the length of
the passive rod and a its spectral absorption ccefficient at the LASER
wavelength. o depends upon the distribution of jons between the two
states responsible for the characteristic ruby fluorescence. Normally,
when the ruby is unexcited, a is large and positive. The quantity a will
approach O as the ion distribution, initially in the ground state,
approaches equilibrium in the presence of an intense radiation field. Under
these conditions we may expect the intensity reflectivity of the rod-mirror

20l

combination to switch from He . to R.

E

2.2.2.1 Kinetic Equations of the Avalanche Process

The analysis which follows is strictly true only for weak ab-
sorption by the passive crystal. Machine computation is required for a
complete solution. even in this approximation. Also, it has been assumed,

without loss of generality, thav the beam passing through the passive rod

¥
MgF% anti-reflection coatings on the ruby rod were found to deteriorate
d

rapidly. We believe photoelectric emission charges the film, and attract.
dust particles which subsequently burn, producing a '"measled" appearance,

TECHNICAL RESEARCH GROUP
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is of uniform cross-sectinon as if a Galilean telescope had been used.
Let the energy density in the first crysta. be P1 and

that in the second, Py
By conservation of total flux, we have for every cross-

section A{x)

pA p,A
p(x) A(x)= 11 _ _22 thus, the total energy E in the (2.1)

9 U

cavity is given by:

p1A
Ewp AL +pAL < L%.D. [ - L - Lz] gz.z)
where A, and L, are the area and length of the {th crystal,

i i

L is the total cavity length, and

n is the index of refraction of ruby.

The time rate of change of the energy in the resonator, %%,’ is the

suc of three terms:
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a}) The rate of decay due to the Iinite time constant, T,
of the cavity: - E/r, If ruby { has the scattering coefficient ay,

i - E 1=
then 1/1 = L/To +(01L1+32L2) ¢/nL' and T, nl/c(i-R) where

L' = Li+L, + (L-Ly-L,)/n.

b) The rate of increasc due to induced emission in the first

crystal:
1
/) (D)
( B . av B.p, AL

¢) The rate of decay due to absorption in the second crystal:

(2y (2)
( nl 512 \

- - hy B AL
&g, 8, / 2P2 “2%2°

where n(;) is the population density in the jgh level in the

iEE crystal.

ny o+ n2 = N = constant
hy 1is the energy of a LASER pinoto. and

B; 1is proportional to the Einstein B coefficient for the
ruby.

Upon adding these rates of change, we obtain:

EIL

th

- ngl)  nfl) nf?) nf2)
- % + B ( ) LB, | - L,B,). (2.3)

L 5, 8 1" \gy g

The time rate nf change of the population density in crystal (1)
is determined by the competition between optical pump’ny and

induced and spontaneous emissicn:




[ 13 28 ﬁ( ) 7 {n 1) n(i
s}? (—g-zi % ) i}i—- A (1 ol {i * == - £}Blp}_n

g, )82 \23 31 82 8 |

where P is the pumping rate and A is the spontaneous emission rate,
The time rate of change of the population density in crystal (2) is

determined by the competvirior between absorption and spontangous

enmission:
n{2)n(2) | 28 2) / \ {n 2) 1)
e e L
a Ql gl g}! ’42 %—c“z E"}t gz gl J 2

2,2.2.2 Threshold Conditions

de will now inquire into the conditions after threshold,
(dE/dt) = O, when the energy and population denszities are changing
rapdily due to induced emission. Thus in equations (2.4) and (2.5)
we way neglect the small effect of the pumping and spontaneous
emission tesus compared to the induced emis ion terms., These

equations then become using rhe relations (2.1 ) and ( 2.72):

a [mgD "9 1 1\ B Mgl JON (2.6)
d“ g, & | \2 8y j Ay L3 g
52) Biz B fn(z) 3(2)
d |27 1, 1 2  E 2 1 (2.7)
t 82 8, | \*% 8, 52 Lolg; 8y

oo S A G WS SEWE G SR SR am SR AR WR A MR SR N o w A

atoms are pumped into level 2.
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.t threshold. when dE/dt = 7, we have

2 i{ijnii)ﬂ 9 E & (2.8)
4 -

{1} i 2

nd equation (2.3) mav be wrirter:

F (D gz% e P!
) 1 ik
; e Ny e =
{’L_z,, E';_u 3 5 R 232
hiB. <L, \ o o L B,
\78 L/ \& gl By

where
hvB, 1L 2
a o ” 21 2 ° (2.14)

32 E_ gl

We sec from equatien (2.9 ) that the quantity o has the following

significance:
In the absence of r1e second crystal, g = 0, the threshold
{ b
n;l) nil) L
value of |—— - is givep by —————— | The effect of intro-
gZ g} J hy BI '{Ll

ducing the second crystal is to iacrease the threshold value by the factor

1 « a,
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2.2.2.3 Condition for Avalanche

We now ask: What is the condition that when we have
reached threshold. (dJE/dt) = 0. the field will increase ((dzE/dtz)) G)
from its initial value E  because the loss decreases faster than the
gain?

Upon differentiating equation (2.3), substituting from

(2.6) and (2.7Y 2and evajiuating at dE/dt = 0, we cobtain the condition:

~ -~
7
£

. - S & F 3 - .
the second deri arive {(d E 4t } it greater than zero when:

23 1
o1 y1 + L (2.11)
Ay \Blj a

Thus the amount of demagnification necessary in order to achieve
automatic shutter action depends on the amount by which the threshold
for oscillation has been increased by the addition of “he second ruby
crystal. For a small increase in threshold. a large demagnification
is required. and visa-versa.

2.2.2.4 Time Development of Pulsation

The shape oi the pulsation can be determined by inte-
grating the three differnetizl equations (Z.3), (2.6) and (2.7)

subject to the initial conditions
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At threshold: {;‘, E . dE/dt = O

(2) (2) (2)

o, = N . D, = 0
(1Y (1)
Qz {11 L‘
2 .1 . (1) ———
8, 8, hv By 1L1

— (-.—.’ _ii?\
\82 81 } .

TH
/o1y
ny n

2

From equations 7.6) and (2.7) one mayv sbtain( - L as a function
y 81
n{i} L1313
d Z i )
t 32 31
4
obtains - -
; LD ngz) 52) n§2)
dE E hy d . 2
ks g L) = —— W em— —— = g 51
\“8; 8

{yiz} nf1)
Z g; ﬁg o g* - (2.13)
) (——- - L \ &2 1
28, 8 \

Upon substituting the expression for E from equation (2.13) into the
right hand side of equation (2,12 we may integrate (2.12) directly

to obtain
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-1 (2.14)

g+ g3 V2 /]

r .
h v i Nl
oI ) E R
21282 1 ;L i 0 L
5+ taking ~he rati- of equat:-ne {7,6) and (2.7) and integrating over
the population denciriacs we chrain
£23 (20N NS iz;\ “‘1 B,
3§ B H el n 3 =
I -2 S i i B
§ - ; g 1 & izx? ﬁz
2 g /| iz 4 -
2 1 /7 172 1 (2.15)
ﬁtij RE) n )
R e
3
Upor substituting into equati-n (2,15) we may obtain the energy E(t)
Qéi) n(i)\
completely as a function cf(::~ gi- }. Thus = we may integrate
i 1
cquaticn (2,6) to ohtain
1 dxz

TECHNICAL RESEARCH GROUP

_———— e e : : =




97.
hers
B
%) = =% ¢ Inx (1-x) (2.17)
(A} g?;‘;é&?ﬁ{}
!Z{:‘i
Ay L |
L (2.18)

4

33 S =
‘,ﬂzg & }.
Lguation {2.16) may be integrated numerically to obtain x as a funciion

-f + then from equation (2.17) one may obtain E as a funct.on ol t.

5 Epeigy wubpulb in 2 Palsa:ioa

B

is5 radiac 4 from one mirror at the rate

Powex
P(r) = pAcT = €T gty (2.13)
L'g
cnore T ie the pover tranzsmiciion coefficient of the mirror. The
chiri term in equation (2.19) is equal to the second because of
equation (2.1). In the case T = 1-R we have:
(2.20)

P(t) = E(£).7_ .
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The total energy. E(t), radiated during the tme t is, from equation
(2.19):
, £
E(t) = [FP(t) = S [ E(t), dt. 2.21)
o L'n o
From equations (2.13) and {2,14) we have B
(l) () (1) (1)
i (72 _f‘,,_l.__)
Lt | o \5% T8 Jm \B2_ "7 25
- fo E(t)dt = E(o) - E(t) + iz LA, Fv— ;1..,_ 1 -7 ngl) np.)-\ (2.22
Z —8 -
&7 81 (2; gl ) Tl’j
; o 2 3} T
M(2) (gé:) gﬁ)
, 1 ‘ 2 1
kA (_;._ L LN |1 D
5 ¢ N
8, 5 1
Using equations (2.9), (Z.10) and (2.15). we may write:
(ngl)ngi
55 "By -
1t o/ s - B L 22 51 /TH )
& ‘{o E(t) dt = E{s) - E{t) ~ hv L}Al {,1 ,._.L:\ {1-x)
kY
A (a0~ /A
L S 2 _ ﬂﬁ,z&)? 2.2
A /B g 57X 35 (2.23)
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where (1) (L)
n, By
)

X = &
:721) n_(p) )
TH

P

gy 8

If we consider the case that at the end of the pulse,

hen we have:

-

E(t!) = E{o) and < 1.

13
CRR
L L o \B% 7B | Aa/B2 a
£ dt» hilL.A s ' - 2.24
- E(t) dts hil) L L 1 tl (AL/Bl Tra ( )
2z, 28 '

et

and equation (21) for the total energy E radiated during a

pulsation becomes:
(D (D) r 7
{ o o /o
E =] I__ hy LA b L N S|, (2.25)
LI’R + Glblfchz J {3%_‘. 1 ) L L/ 1 +a
\*62 81 /

where we have used:

c (L-R + g3l4 + a,L 2)
. A

&
E nL

w

A minimum condition for the applicability of equation (2.25) is that
there should be a pulsation at all, 1i.e.

AV@l 1 +a
AZ/BZ a

‘ (2.26)
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2.2.2.6 Experimental Results of the Avalanche

Using several absorber crystals. the avalanche experiment
was carried out, Under some conditdons, the expected pattern of
pulsations appeared, but was difficult to reproduce. Considerable
difficulty was experienced with the telescope lenses especially in
the case of cemented doublets where the cementing material inevitsably
burned. For this reason. the use of a Galilean telescope. where the
magrified beam of smal]l diameter passed through the lens was soon
abandoned. A unity power Keplerian telescope (two confocal, positive
lenses, equal focal length) was substituted and the absorber ruby
placed near the common foci. See Figuve 5.6.

It was found that the cnset of oscillations with respect
to pump lamp igniticn was delayed by a substantial amount when the
telescope-absorber cuomponents were inserted into the space between
the active ruby and the external mirrcr. Approximately half of the
threshold increase, however, was due toc losses other than resonance
absorption, i.e. scattering.

A typical oscilloscope record of a successful avalanche is
shown in Figure 5.7. The .arge first spike which appears is due to
the avalanche effect, the succeeding small pulses are of the "normal”

type, since the absorber cannot relax from transparency for a milli-

second or so.
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.3 The Double Excitation Pulse

A second voltage pulse of high intensity and short duration was
superimposed on the normal capacitor discharge through a helical xencn
lamp used to excite a ruby LASER. A series of relatively strong relaxation
oscillations were observed for about 15 usec following the second intense
tlash.

This experiment was performed in April 1961. It was not pre-
sented in the last report of June 1961.

During the time that the ruby is oscillating the popu’ ‘n
density of the upper level would be clamped to its threshold value, at
least in the ideal case of continuocus oscillatvions during the excitation
pulse. Of the energy absorbed a definite (and relatively small) percentage
is emitted as spontaneous emissicn from the fixed level population density.
This energy is lost to the oscillation. The remainder of the absorbed
energy must appear in the oscillation. The instanftaneous output power
therefore shculd be nearly proportional to the instantaneous rate of
energy absorption and hence to the power input to the flash lamp.

In the case of the GE FT 524 he fcal xenon lamp a customary
lamp input of 3,000 joules for a duration of about 1 msec is applied.

This is an average input power of about 3 megawatts or 3 joules/usec.
Considerable higher input powers should be possible for a very short
time, as for instance, the discharge of 1 uf at 10,000 volts. TIf this
second pulse is applied during the time the gas is already ionized the

resistive load due to the discharge is about one ohm, resulting in 2 time

TECHNICAL RESEATCH GROUP
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ion cf the second flash of 1 usec. The instantanecus input power

should be 50 joules/usec, or an order of magnitude higher than the normsl

The experimental arrangement is shown in Figure § 5). The
main power supply is adjusted to excite the ruby relatively slowly just
to the threshold of oscililation. At this time the high voltage low
canacity flash is triggered through an air gap. A choke between the lamp
and the main discharge condensers prevents dissipation ot the energy of
the second flash in the latter condensers

The timi.ng of the second fiash war varied to achieve maximum
output. As expecied because of the low toral energy in the second flash
no oscillatior was observed if it was fired 20-30 usec before the ncrmal
onset of oscillations. In addition the main flash must excite the ruby
very «lose to oscillation. For this reason the first flash was adjusted
just above threshold and a low level of normal osgcillation allowed. The
timing of the second iflash to occur after the cessation of the low level
o5f oscillations was not nearly so critical and cscillations due to the
seccnd flash were cbserved with delays of 200-300 usec. This is alsc
expected because of the long decay time of the R levels and the fact
that scme pumping from the first flash scill exists.

A typical oscilloscope .race of the detec:ed output veam i3
shown in Figure (5.9).While the second voltage pulse to the lamp had a

sration ofﬁviuseg,relaxation oscillations are observed for about l5use..

This ducation appears to be due to the electron relaxation time in the

lamp. The spiked osciilatione appear to be higher in peak power thon the

TECHNICAL RESEARCH ©ROUP
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mal oscillations with the ruby fully excited but not by the facror of
1¢ rhat was anticipated.
ko further work has been done on this technique during this
seriod and none is presently contemplated for the future.

2.4 Broadband Emission from Ruby

i

-
ot
!
Y

A weak but broad emissisn band nzs been ohsorved at
wavelengths than the R lines in nominally pink ruby (U.04 wtl).
xcitetion was by a CW zenon lamp and rhe emission detected mono-
hronatically. Ic addition to rhe R lines at $9%3A anc 69274 tes dilfuse
seaks were observed not well resolved, a2t 70804 and 7140A. Thelir peak
brightness was less fhan that of the R lines ' =haut a factor of 20
hut the total integrated emission wasas1/2 rhat of the R ilimes. Such
bands were observed by S. JacobsCE) on the long wavelength side of the
R lines in emission and on the short wavelength side in absorption.
These were in addition to the neighbor lines he observed in more con-
centrated ruby and suggest the possibility that they arise from the
omission of a phenon in the normal absorption or emission process from
the R lines. Altucugh they have not been studied sufficiently to draw
any concrete conclusicns the emission into these bands 1is of about the
@) of

ks

rigi.i magnitude to account for the measurement by T. Halman

quantum efficiency of the R lines ol 707,

(¥ S. Jacobs, Dissertation, JohmsHopkins University (1956} unpublisiwed.

(3 T. 1. M~iman, R. H. Hoskins, I. J. L’'Haenens, . K. Asawa, and
V. Evtu ov, Phys. Rev, 123, 1151, (i961)
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2.5 Output Energy vs Reflectivity

The following characteristics of & Ruby LASER were measured:
1. Light output as function of coaring (reflectivity/
transmission)for a 1 cm diameter, 0° orientation ruby.
2. Light output as a function of ruby angular orientation.
3. Light output as a function of flash rate.
The ruby was contained in an efficient excitation caviry consisting of
the exterior sections of two intersecting cvlindrical reflectors, each
containing a straight xenon flashlamp.
The output of the ruby was focused into a ballistic thermopile
(see Figure5.10).The thermopile consiszts of 2 copper cylinders, a
detector and a reference, each with blackened 10° conical holes. The
two cylinders are thermally conaected by 8 series iron-constanian
thermocouples. The emf generated as a reijult of heating of the detector
due to absorption of the LASER light is measured with a microvoltmeter.
The thermopile generates 146 p volts/joule of light absorbed.
2.5.1 Light OQutput vs Coating Reflectivity

The coating on the transmitting end of the ruby was varied
from about 87-647 reflectivity and the output measured as a function
of power input to the lamps. The data are shown in Figurc (1.

The rzflectivity and transmission were not measured on the rut
itself. A glass slide coated at the same time and in close proximity
to the ruby was used instead. Measurements wers made on a reflectomete;

in which the reflectivity of the sample {s measured relative to the

TECHNICAL RESEARCH GROUP
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reflecrivity of two standard mirrors, Ry and Ry. (see Figure (5.12The
measurements are made as follows:

A. Reflectivity:

1. Light of intensity I  is sent through a monochromator
(tuned to the green o compare with pcevious data taken on a Jarrell-Ash
densitometer), reflected off mirror Ry and the intensity of the reflected
beam measured with a photometer (path ABC).

2 Then the sample (with reflection coefficient R;) is
placed between the light source and R,. In this position the light is
reflected from the sample (path A'DF) reflecrs off R, (path DFE) and
then again reflects off the sample and onto the photometer (FEC') .

In this measurement black opaque paper is placed between the sample
and Rl.

3. The two mirrors Ry and R, are interchanged and steps
1 and 2 repeated for R,.

4. The reflectivity is calculated as follows.

path ABC -+ RIIQ or RyI

Psth ADFEC - IoRZRi or IORIRi
2 1/2 2 172
. n IGRIRS - IORZRS
' LK X

B. Transmittance:

1. Ry measured as in 1 above.
2. Sample placed between R4 and the source and R, i3
covered with opaque paper. The path of the beam is

A'B'C'.

TECHNICAL RESEARCH GROUP
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3. Calculation:
ABC -» RII0

A'B'Ci» RlloTi

3 2\1/2
. Ry, T2 )
s |51
i /)
S .
The values for reflectivity and transmission are an average
of two separate sets of measurements. Values for rubv light output at
each value of power input are an average of three measurements.

2.5.2 Output vs Rotational Orientation

The optical output of a 1 cm 0° ruby with a 667% reflective
coating, was measured at 325 and 400 joules input, as the ruby was
rotated in 90° cteps about its longitudinal axis. The variation in output
with orientation is small enough to be within experimental error.

In a zero degree ruby, the angular position of the ruby with
respect to the lamps is irrelevant since the light absorption is the same
in all directions. However, in a 90° ruby, the absorption of light
varies considerably with direction. In order to determine whether this
would be an important consideration, a 1/4" diameter, 90° ruby was
checked in 2 positions. 1In the first position the light side of the ruby
was facing the lamps and in the second, the dark side was facing the
lamps. The data show no significant difference between the ? positicns.

2.5.3 Light Output as a Function of Flash Rate:

The light output was measured as a function of ilash rate

(from 1 up to 20 flashes per minute) for a 0° 1 cm diameter ruby wich

TECHNICAL RESEARCH GROUP
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a) lattice structures with which rare earth dopants zre compatible,

b} stability toward thermal and othor environments,

¢) enhancing the photoactivation of rare earth ions andfor not
guenching their luminescence, and of course,

d) growability as single crystals.
& ready compilation of crystsl wnwmmmmmmwmmw furnishes many
selectiens of candidates te choose from. The particular case of yitrium

yanadate mwmoww%wwww which most of the race earth vanadates are isomorphous,

,mmw mmmwmw:WWMMmmwwym, mmwmmw%mmm D. L. Wood, "F! orescence and OJptical
~ MASER Effects in CaFy:5m . Preprint.

@2 Landolt-Borustein, Zahleowerte and Funktionen, 1. Bd., 4. Ti. Berl:ia:

Springer-Verlag {19557.
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a ~tograph, rhe relative diameters of the two fringe systems. The

measured value was 16- . 10°, compared with As = 152.7° calculated

by Peck, The deviation irom Peck's value may be due to Ttwo causes:

distortion of the fringe contours by overlapping of neighboring fringes,

Rl J

and the fact that the system optic axis is slightly skew from the normal |

to tre entrance face, an orientation buiit ianto the prisa and differing W

slightly from the case Peck analyzed, :
These observations, although made with an etalon, demonstrate

the feasibility of using cube-coruer elem:vts in 8 Fabry-Pero: inter-

ferometer with the flat and cube as separat: elements. (See Figwe 5) M

With such an interferometer the free spectral range and resolutinsn aie

— e L s 11%!

FWAS PIGpPALlTU sLU 1L3 RELLLUR PULHL TICRULAENEE Ry TEVEE SETE W B oSEmRETRE
was set up to heat a melt of wawmw and YVO, in & platinum crucibl: and t=2
Mmmmw the melt slowly in order te obtain well-formed microcrystals of WO,
Wmmm svalualion.

The possibility of thulium ion mwm+wu in the divalent state for
mmmmmmmwam light absorption seems worth investigating. Toward this end,

a small gquantity of anhydrous thulium trichloride mﬂmmwwu was prepared by
the usual dehydration method. The reduction of this nmawmmwm will require

an unusually vigorous method.

" &¥ E. Broch, zeit. Physik. Chem. B20, 345 (1933)

% §. v. Sidgwick, The nwm@wmmw Elements an’ Their Com
The Clarendon Press (1950); page BUJ AL _Looy
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the cube corner is set by the

t for total intermal reflection
in the cube-corner prism. (If a tripie mirror with metallic mwmwMMWm
is used, rather than a prism, the limit of rotation is set by reduction
of aperture}), The limit of tilt of the flat is set by the gross
requirement that the beam he istu .ed to the cube corner.

The property of angular insensitivity makes the Fabry-Perot
interferometer, composed of separate cube and flat, especially suited
for applications where stability of alignment is a major consideration.
In particular, the motivation for this work was to develop & more stable

resonator than the plane Fabry-Perot interferometer for 1ASER applications.
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or fluxes. A very possible decomposition product mmmwmu is very volatile,

3.0 Work Planned for Next Pericd

3.1 Future Plans in Growing the Tungstate Type of Crystal

i

The perfection of calcium tungstate crystals is considered
worth further investigation. Generally, the crystals have been grown
at a linear rate of 3/8" per hour,which is about as slow as is practical.
perfection prooably will entail more exact preparations of seed crystals,
various atmospheres about the crystal-growing crucible, systematic

material balances and chemical analyses throughout a given series of

rare-earth doped crystals, and improved temperature controls during .
TECHNICAL RESEARCH GROUP

z

gutsids the visiblke region of the spectrum involviig the usc of meterials
which are opaque in the visible, With cube-corner Fabry-Perot inter-

ferometer, good 2

grment will be assured, provided thers is adequate
eptical homogeneity in the optical material.

£
%

® previously. Besides venting of the apparatus, care is necessary to check

| the composition of PbMol, (Mo, volatilization) and correct it by adcition

M of mﬂww. The relative stability of unusual valence states of rare earth

. alements Iin PbMo0, may be compared with that in CaWQ, and CaMeQ, -

R [ E]

Calcium molybdate undoubtedly melts at a higher temperature than lead

| molybdate. Hence a vented induction furnace is recommended for CaMod, ,
: which probably has hardness and photo-excitation properties superior to
those of PbMol, .

TECHNICAL RESEARCH GROUP

Figuore 1 - a) Entrance face of & cube corper prism, Real edges
drawn as full lines; Reflected edges us dotted lines.

G e e e T e

b) Mask, placed over face of prism to isolate pairs
of opposite sextants.

Figure 2 - Arrangement for observirg polarized frirges through
cube corner etalon. S = source; light pormsl to paper.
M, K, = mirrors oriented 45° to beam.
E = cube corner etalon #ith silvered
A = analyzer,

Figure 3 - Polarized fri- s of cube corner Fabry-Perot
interferomater,

Pigure 4 - Refel
, directions, Only one of the two orthogonal polarizations

2
£

‘or each sextant,

|

i

mmwwwwmwmwmwmmmmmmwmmmwmmwmwwmwwmmwwWWWWN

Planning the work with new crystal candidates is subject Lo
frequent revisions as experience with their preparation may dictate.

The yttrium vanadate should be obtainable in micro-crystalline
form [or evaluation at an early date. The design and construction of a
very high temperature furnace (for 1800°C operation) is under way in
anticipation of growing crystals of YVO, or other material from the melt.

Seversl other kinds of oxy-salts will be considered for pre-
liminary examination: titancsilicate mmmwwwwwWww yttrium gallium gurnet
mwwmwmmmew and ceratec mmmmmmmew to mention only three types.

Oxide crystals (other than Ti0,. &l, mw or Mgl)will require

&) N. Chatterjee, Zeit. f£. Physik 113. 96 (1939)
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a 92% reflective coating. At each flash rate the output was measured
on the 11th shot after 10 consecutive firings  The data are shown in
Figure (.13).

2.2.4., Comparison with & 4 lamp light pot

A 0° - 1 cm diameter ruby with an 807 reflect:ive, dielectric
film was tested in the two lamp light pot and its energy output measured
from 300-600 3cule input. Then the ruby was transferved to the four
lamp light pot and the energy ourput measured from €50 to 800 joule input.
The data are shown in Figure (5.14)The slope of the curve remains about
the same for both light pots but the output at 6350 and 700 joules is
somewhat low. This is to be expected since the lamps are not operating
at maximum efficiency at these low power le 2ls. This effect also occurs
at 325 and 350 joules but since the ruby is so close to threshold at that
output, the difference is much smaller.

3.0 Work Planned for Next Period

For the next period we plan a continued investigation of high
peak power pulses by the Kerr cell. rotating mirror, and avalanche

methods, and the effect of these pulses on moterials.
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1. Optical Pumping of Pare farth (Crystals

1.6  Summary of Work Performed

The study of the optical pumping of rare earth ioas during this
period has mainly centered on the investigation of calcium tungstate
crystals containing eithevr Dy3+ or ﬁd3+. Two crystals of SEWQ&:Nd have
seen polish-d to optical tolerances. LASER csclliation has been observed
in botn at 1.065u. No cscillation has yet bean observed {(at 574CA} in
the several crystals of CawQ, :Dy tried.

2.0 Analysis of Work Performed

2.1 The Neodymium LASER

3+

Emission from the Nd ion occurs from the QF}jz level

H 4
primarily to the *19/2, ‘IIIJZ’ and &Ii3f2 levels ar wavelengths centered

around 88004, 1.06p, and 1 34y, respectively. Each group consists of a

series of sharp lines. The 1lifetime of the éFjjz level for 0.17 molar
concentration cf Nd in CaWo, was observed to be 150 usec. The strongest
of the emission lines arz those around 1.06u. Oscillation of these

lines have previously been reported by Johnscn and Nassauaﬂ) (Nd in caueé)

and by Snitzereg)(Nd in glass).

ARG

At TRG three boules of Cad0, containing 0.1 molar percent of
¥d have been ground into cylindrical rods and two of these have been
polished with the ends flat and parallel to cptical telerances. The

third is presently in the process of being poclished, All of these crystals

(#B) L. F. Johnson and K. Nassau, Proc. IRE 49 1704 (1961)

®) E. Snitzer, Phys. Rev. Let. 7, 444 (1951)
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were annealed for five days at 1250°C and cooled slowly. Fabrication

cylindrical reod from a fourth boule was sttempted without annealing.

53]

o..
This boule however shattered in the grinding process.

Each of the two polighed crystals s coated with an opaque
silver film on one end and a film of ~5% trensmission on the other. They
were inserted in a quartz dewar mounted inside the helical GE FT 524 flash
lamp surrounded by an Al reflecting foil. Colid nitrogen gas was passed
through the dewar to cool the crystal. Qurput gas temperatures were
normally about 100°K arnd the crystal temperatures were probably close to
this value.

LASZR oscillation was observed from each of the crystals with
an input to the xenon lamp of 300 joules. 1Initial detection was
accomplished with an RCA 7107 photomultiplier, suitable neutral density
fiiters, and an infra-red filter to eliminate all wavelengths below
8500A. Figure (6,Dshows a typical ouscilloscop~ trace with cxcitation
above threshold. The spiked ecscillation is cbserved superimposed on
a background of scattered light from the clash lamp, accepted over a
very wide range of wavelengths. The wavelength of oscillatiocn was
determined by passing the light tarough a Jarrell-Ash monochromator.

In one of the crystals oscillation occcurred at 10,649A with 2 widch
certainly less than lA, and probably very much less. These resulis

hase been achieved very recentlvy and the characteristics of the LASER
¥ 3

are being investigated.
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LASER Osciilation from CaWi, :Nd
L 4

Figure f,1
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2.2 1Investigation of Dy in Calo0,

Since the last report several attempts have been made to

zauwite Dy to oscillation at 5740A. No oscillations have been obsgerved.

Six differxent crystals have been investigated. These included

two concentrations of Dy ion and three different orientations of the
c-axis to the axis of the rod. The finished crystals varied in diameter
from .25" to .4" and in length from 1" to 1-5/8". A4ll were polished
with ends flat and parallel. Silver films were generally used for the
reflecting ccatings, although one of the crystals had a multilayer
coating of 5% transmission on the cutput end. One of the crystals,
0.5% Dy with the ¢ axis along the axis of the cylinder (N cryscal),
appeared to be of exceptional optical qualicy.

Several excitation geometries were tried. These iacluded
the normal helical GE-FT-524 flash lamp, a similar lamp modified to
obtain & faster flash (by filling with Xe to higher pressure), a
helical flash lamp filled with He at relatively high pressures, and a
more efficient cylindrical geometry with straight Xe flash lamps.

The crystal was coocled In a guartz dewar to about 100k
by cold N, gas In each case. While the inciusion of the dewar reduces
the excitation efficiency, there remains a net gain for low temperature
operation. Measurements at low power indicate that the brightness of

0, . . : .
emission at 100 K iz about 4 times greater (hen at room temperature

(see Filgure&lj.
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The presence of the dewar also makes the problem of shielding
against stray light from the flash lamp more difficult. This background
1ight does not prevent the observation of an oscillation, since the output
beam of an oscillating crystai is5 normaily {through a mnnochromator) orders
of magnitude brighter than the background. However. the observation of
the intensity of spontaneous emission in the presence of this stray light
is more difficult. It has not vet been measured adequately at high power
on any of the crystalé investigated,

This intensity measurcment is a crucial test (o indicate the
direction in which the investigation must vroceed to be successful. An
emission brightness in excess of the critical brightness for oscillation
can only mean either

a) the lower level of the transition has also beeu populated
{either by the lamp directly at infra-red wavelengths, or
by decay from upper levels) or

b) the crystal quality is not adequate.

Since the latter is not believed to be the case filtering to
exclude infra-red pumping to the lowor levels would oe callied for. On
the other hand, if the emission brightness at high power is below the
critical brightness for oscillation, then it would not have been linear
with excitation power. Measurements at low power indicate that the

crystals will oscillate at 5740A at lower excltaticn power than ruby.
Such saturation effects might come about for several reasons, nauely.

TECHNICAL RESFARCH GROUP
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a) pumping out of the excited state

b) a botile neck in the non-radiative transitions from the
abgsorbing level to the excited state and

¢) line broadening a> high population densities in the excited
gtate.

Investigation of these crystals and others at lower power
has vyielded the following information,

A high pressure Hg flash lamp excites Dy more efficlently than
Xe. Hiwever, much of this excitation is in the UV below 3200A and in
the absorption band of the Caw0, iattice itself. This may not prove to
he desirable hecause of the large heat loss involved in excitation at this
wavelength and subsequent decay to the lowest excited state of Dy at
21,000 cmml, High power Hg flash lamps must be operated hot because of
the low vapor pressure of Hg at room temperature. Wnile this involves
difficulties it remains & possibility for higher excitation of Dy.

Witn the xenon flash lamp, which has very little energy below
3.000A blue phosphorescence has been ébserved from the vryatal after an
intense flash. The connection between this and an cbserved decrease in
emission incensity directly after the flash has not been established.
This decrease in emission intensity is observed with excitation by
a CW xencn lamp between coils of the helical flash lamp. The 5740a lirve
is detected through a monochromator and recorded continuously on a
Sanborn recorder. When a shutter is inserted momentarily between the

crystal and the monochromator the detected signal goes to zero and returns

TECHNICAL RESEARCH GROUP
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Lo its original value. 1f however the flash lamp was fired during the
time that the shutter was in pla~» the signal returns to only about half

of its originag. value. It increases slowly te nearly its original valus

,mm

with about a %0 sec time constant. The long time constant suggests the

connection between this decrease in Intensity and the cbserved phosphores-
cence of the crystal. The excitation of Dy by xzenon is mainly in a series
¢f lines in the blue between 4200 and 45C0A. Filtering to eliminate the
IV may reduce this phosphorescencs and give better r=sults on emission

intensity. At the present time. however the lIoss of cificiency due to

-

filtering could not be tolerated.

S

vy
2]

Investigation of the infra red :psctrum of Dy has not revealed
any lines sufficiently strong to oscillate hefore the vellow 5740A line.
However, the investigation has not been verv complete ard this posuibil
is not entirelwv eliminate«. The critical population density for oscilla-
tion in an infra-red transition from the same upper level could be less
than for the “740A transition  if an osciliation did occur in the infra-
ved without ¢ing observed it would ciamp the population tsnsity of the
upper level. DFIIIZ’ and the yelicw line would nsver resch ssoillation.
The use of a multilayer reflector on cre of the erystals saould eiiminate
this jossibility since it only reflescted wail ic 3 wavelength band

centered at 3740A and iz transparent in rhe ipira-red

i fferences are ohserved ip the sgrocrura ¢l the emigssion

spectrum for different oclentatisne of Lhs Zrystsl v,z *o o¥e axis of

rhe rod. This indicates the =xistence cf Yotk ~ ardfTradiation in

TECHNICAL RESEARCH GROUP




heen studied.

Excitation of Dy by & high pressurc He [lash lamp proved less

21

Bosu

efificisnt than Xe althcugh Dv has a series of sharp absorption lines

1.“1’5

U

the neighborhood of s pressure brocadered

2 3 Other LA3ER Materials

An improved low tempevature apparatus for ipvestigating the
LASER possibilities of other materials has beer constructed, tested. and

is ready for operation. It is shown In Figure ‘A% . The preparation of

- variocus other materials for investigation
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3.0 Work olanned for the Next Period

The program on rare earths for the next period will include
the following:

a) Continued investigarion of the cutput characteristics of the

CaW0, -Nd LASER, including its operatiorn at ¥,

L i
ot

4

y.‘

Continued iuvestigation of Dy in CaW0, tc achieve an operating
LASER at 5740A. and

=

on of the LASER possibilities of the rare earth

3
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ions in cther host lattices. These will mainly include the

molybdates and the vanadates.
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VII. Growth of Rare Earth Doped (rystal

1.0 Sumary of Work Perfcrmed

The foremost type of single crvstals grown in this period was
the tungstate (scheelite) tvpe. The great majority of specimens con-
sisted of calclum tungstate (cgga&) doped with variocus concentrations
of Racésﬁyonﬁwﬁg in one series and of Raggsﬁéﬁisﬁﬁé in another series,
Six Dy-doped crystals were grown (all at predetermined orientation by
seeding) . and five of these were annealed. S§ix I-doped crystals weve
similarly grown. three of which were annealed. me ¢rystal was grown
from a melt of Nay (La, -WO,, which proved to be inhomogeneous by
observation and by chemical analysis of the crystal. 1In place of the
induction furnace used for the above crystal growths, a resistance
furnace was designed and built for the lower-melting host material:
lead molybdate (Pbﬁﬁﬁﬁ);

The earlier study of anhydrous lanthanum chloride as & host
crystal was supplemented in this period by a study of anhydrous strontium

chloride (S5rCl,). The resistance furnace used for lead molybdate was

. modified by maintaining an inert gas-hydrogen chloride atmosphere about

HiR

the crucible of molten Srclz to prevent its hydrolysis and oxidation.
Fulling a crystal from this melt {(to be doped wirh divalent samarium
chloride) will be attempted.

A new material for incorporating rare earth ions was prepared:
yttrius vanadate {Y?Gé}. It melts at about 1.800°C and seems to promote

iine fluorescence nof rare earths.
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2.0 Analysis of Work Performed

2.1 Tungstate Type of Crystal

2.1.1 Introduction

Since the beginning of 1961  TRG has conducted studies on the
growth of calcium tungstate (C&HG&) as single crystals; The technique
used is to initiate crystal growth centrally at the surface of the melt
and to withdraw the growing crystal siowly by means of 2 pulling (and
rotating) mechanism. The melt is contained in a large rhodium crucible
which i3 heated inductively by a 45 kw source of rf power. Suitable
insulation surrounding the crucible is provided and the insulation above
the melt is adjusted by trial until temperature gradients are right for
growth of a rod-like boule by pulling and rotation.

various furnace configurations (for example, the number and size
of turns in the rf coil) were tried. together with increasing amounts of
calcivn tungstate melt. Best results are cbtained when the rhodium
crucible is filled nearly to capacity and adequate rf power is used to
maintain the melt.

At first, crystal growths were initiated by dipping a slender
platinum rod into the melt. Later. when a supply of single crystal
specimens had accumulated. seed crystals werz prepared by cutting out
pieces of crystals and drilling hcles in them for attachment to the
platinum rod.

In both initiation methods (bare platinum and seed crystal), some
unusually hot streaks in the emerging crystal occurred all too frequently,
until resort was made to insulation of the platinum rod from the metal

chuck holding it. The electrical insulation at this point consists of a

TECHNICAL RESEARCH GROUP




Teflon sleeve over the end of the platinum rod and this effectively
insulates the entire supporting rig from the melt-to-rod junction. The
not streak at this junction was thereby eliminated.

2.1.2 Txperimental Results

Ir the period covered by this report, several seriss of tungstate
type crystals were grown reliably, once the technique described above

was eatablished. The host compoundu for rare-earth dopants were:

calcium tungstate cgwca (Foremosc)
sodium lanthanum tungstate Nay ~La, MG,
lead molybdate PbMo0,

All of these compounds crystalliz~ in the tetragonal system
(scheelite - CaW0, - structure). The approximate ionic diameters (in A)

are listed below:ax»

cat¥ 1.0 pptt 1.2
Nat 1.0 Wt 0.6 0= 1.4
Lttt 1.2 %t 0.6

The tripositive icns of the rare carth elements Ce{At.No. 58)

through Lu (At.No.71) have diameters diminishing gradually from 1.1 to
0.9A., Substitution of these ions in place of cat™ or o't requires
4

addition also of Nx 1in equal number for charge compensstion. Otherwise,

there would be vacancizes in the scheelite lattice.

at TRG by combining stecichiometric quantities of Naowoh and 303(0r

NaZMQO& and 3033), and R,04 and firinc the well-blended powders at 700°¢.

&) J. Green, Bull. Geol. Soc. Am. 70, Table 2 (1959)

E
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Therefore, the rare earth dopants were ﬁaeisaﬂ'SWQ& or Naonﬁag'ixnea

(R denoting the tripositive rvare earth ion}. These dopants were synthesized
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Alternatively, the doublas sslt Na, Ry <50, . 1/2 Hot is readily obtained
in pure form and, when fired (above ?ﬁﬁgﬁ} with the stoichiometric &nount
cf W05, displacement of 303 and 1/2 H-0 ensues with formation of

Nag, sRq, sW04-

Nearly all the single crvstal specimens of the tungstate type
which were produced during this period are listed in Table 1L . The
only sdditional specimens of any significance are Nos. Dy-17, 18 and 19
(CaWo,, host) grown most recently with 0.0l Dy concentration and standard
orientation, Fig. (7.1) shows two of these boules in addition to three
finished crystals containing Nd and Dy.

A few explanatory remarks .ould be made now on the crystais
produced. Standard orientation de iotes the angle with respect to the
tetragonal c-axis at which the cry a’ grows spontaneously (from bare
platinum rod initiation or sintere: pellet initiatjon). The standard
orientatinn is not & matter of chence but is quite characteristic as
demonstra.ed by directions of cleavage and by polarimetric examination,
Seed crystals prepared on the basis of this informaticn lead to the more
definite orientations of new crystal growths (00 and 9903,

The experiment with NaO.SLaO,SWO& was performed with the same
apparatus used for Cav0, crystals. The experiment with PchOA, however,
was perfermed with another arrangement (specially buillt resistance heater

furnace)} located adjacent to a ventilating hcod because of toxic fumes from

PchOQ,

TECHNICAL RESEARCH GROUP
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! TABLE 7.1
§ List of Single Crystals Produced
{chronclogical ovder)
Melting Depant
- Host Point Con-=- {rystal Weight Code
Material {9C) centration* Orientation {grams) Annealed Number
Cavoy, 1530 None Standard 17.8 No Ca-1
CaHOQ 1530 None Standard 17.6 No Ca-~2
Cawo, 1550 Nene 90° to std. 46 No Ca~3
cawo, 1550 0.005 Dy 90° to $td. 35 No Dy-11
CaWo, 1550 0.005 Dy ©° to c-axls 45 Yes fy-12
Cado, 1550 .01 Dy 0° to c-axis 36 Yes Dy-13
Cawo, 1550 0.01 by 90%to c-axis 22 Yes Dy-14
CaWo, 1550 0.01 Dy 90°to c-axis  18.5 Yes Dy-15
CaWo, 1550 0.005 Dy 90°to c-axis 26 Yes Dy-16
S&UiSLaO,Sgsﬁ 1220 None Standard 13 No o
Pbldof}Z+ 1068 C.005 Ev Standard L Yes Fb-1
PbMoOQ 1068 ¢.0065 Eu Standard . No Pb-2
PbMo0,, 1068 0.005 Eu Standard . No Pb-3
Cawo, 1550 C.001 Nd Standard 15 No Nd-1
CaWo,, 1550 0.001 Nd 90%c c-axis  4& No Nd-2
Cawo, 1530 0.001 Nd 90%o0 c-axis 65 Yes Nd-3
CaWo, 1550 0.001 Nd 0° to c-axis 68 No Nd-4
cawo, 1550 0.001 Nd ©0° to c-axis 82 Yes Nd-5
CaWo, 1550 0.001 N& 0° to c-axis 54 Yes Nd-6
PbMo0, 1068 G.005 Eu Standard 15 No Pb-4

£ 1 5
¥Numerical value is for x in the formula Cay oy Na R WO, where R is the

rare earth slement noted.
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Boules and Finished Crysnals of Nd and Dy in CaW0,

Figure 7.1
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The annealing of crvstals was done by propping the crystals
upright {as they had been grown) inside alumina crucibles packed loosely
with alumina pebbles and heating the objects incide a silicon carbide
resistance furnace. The annealing cycle was manually programmed to a
temperature rise over a Z-day period {rom amblent to 1450°¢C maximum
temperature (in the case »f Dy-12---16) ov 1225YC {in the case Nd-3,5,6),
held there for five tc seven days &nd lowered to amblent temperature
(in two days for Dy-crystals. in seven days fov Nd-crystals). Not a

single crystal was cracked by these annezlings.

Z2.1.3 Discussien of Results in Growing the Tungstate
Tvpe of Grystal

Calcium tungstate (melting point approximately 1550303 is
readily grown as large single cryvstalline boules by the techniqﬁe described
above. As the houles are fragile. annealing is essential before they can
be finished into cylindrical rod forms. Optical clarity varies but some

rod specimens have been found to be of good quality.

Exaninaticn of Cawo, crystal fracture surfaces shows that often
these are multi-faceted and not merely conchoidal. Whether these re-
present variois faces of a truly single crystal or a moseic pattern of an
imperfect crystal is net certain. Occasionally there is found sharp
cleavage of the crystals,

The composition of rare~-earth {eon dope (Nas_iaﬁiéwo& for example;
establishes the dopant concentration in the CaWd, nwelt, because the

weights of the two are always known. It is assumed that the dopant con-
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centration in the crystal is the same as that of the meit. Th
assumption is reasonably valid, bhecause of the isomocrphous character of
the two compounds {the partition constant of the dope between melt and
crystal is close to unity). The variation in dope concantration along
the axis of a singie boule should be very slight, because at most only
10 £o 20 per cent of the melt is withdrawn to form a single boule.

Just how the Na® and R ions occupy the ca’" sites in
CaWO, i{s not certain. Partly to secure information on this, and partly
to find & mere suitable host thea CaWQ, for europium jon (which has &
tendency to change from +3 to +2), an experiment was undertaken with
N50*3L20‘§W0& as 3 host crystal. A preliminary value for the melting
point of this was taken to be 1220°C. In the rhodium melting potf, however,
there was evidence of a2 melt existing above a heterogeneous layer at this
temperature. Although a crystal was pulled from the melt, chemical
analysis showed that its composition was not Naﬂ’sLao.SWO&.

The best available lead molybdate (Pbﬁﬁﬁa) was purchased
and used to test its growth as a single crystal doped with NaG.SEQO‘SMﬂGé‘
In the course of densifying the commercial PbMo0, by preheating,
evolution of NO, fumes at 500°C clearly indicated impurity consisting
of lead nitrate. Pb(NO3)2‘ The crystal boule from the doped melt sub-
sequently was too dark-colored for acceptarnce as 2 candidate crystal.

2.2 _The Anhydrous Chlorides

2.2.1 Experimental Results

The very first crystal growth system investigated at TRG

was anhydroug lanthanum chloride {LaC‘ig)a Our experience of finding this

TECHNICAL RESEARCH GROUP
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syscem difficult ro master agrees with that of other laboratcries. It

i

{s felt. however, that the LaC13 host deserves further consideration
- pecause it is o faverable medium for sharp line fluorescence of rare
- garth trichlorides incorporated therein.
As the Bridgman technique used earlier did not yield good results,
preparations nave beern made to try the pulling-from~-melt technique. The
large quantity of anhydrous chloride material required for this purpose

has besn made by a new procedure. A resiscance furnace of the type used
¥ ¥p

for lead molybdate has been constructed with the modification of maintain-

&t

ing an iuert gas-hydrogen chloride atmosphere about the crucible »f melt
to prevent hydrolysis and oxidation of the molten chloride.

The procedure adopted has been applied to both anhvdrous L3C13
and SICEZ. The strontium chloride melt preparation and initial crystal
growth test was better than that of laathanum chloride, probably because
of improved technique.

By means of procedures previously used for small quantities of
chlorides, supplemented by reduction with hydrogen, aahydrous EuClz and
smCl, have been prepared.

2.2.2 Discussion of Results in Growing the Chloride
Type oL Crystal '

The difficulty of growing anhydrous chloride crystals can be
overcome. However, apecial precautions in hardling the crystal will
have to be taken, becausa of its hygroscoplic nature. This may not be
an acute problem for a large single crystal,as it is for a loose powder

of the anhydrous chioride.
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The interest in strontim chloride (SrCl,) as a host,especially
for dichlorides such as Smﬁlz,may be greater than that in LaﬁlE for
trichlorides, because of broadband light absorption by smt.  The sample
of rrduced SmﬁiB which is available now for doping of strontium chloride
is probably not 100% Sm'zzf Vowevar, &s reported else@h&regﬁ; for the
case of fluorides, even the partial existence of the Sm lon in the +2
stzte is effective in media such as CaF,.

2.3 Miscellaneous Crystals

2.3.1 Experimental R sults

The properties of numercus crystalline compounds have been
surveyed in searching for other host camwpounds for rare earths. Hard,
thermally conductive crystals are most desirable fcc high LASER powes
applications. This generally means that crystals with melting points
above 1600°%C are the best candidates. They should also fulfill the
requirements of

a) lattice structures with which rare earth dopants are compatitle,
b} stability tcward thermali and other environments,
¢) evhancing the photoactivation of rare earth ions and/or not
guenching their luminescence, and of course,
d) growability as single crystals.
4 ready compilation of crystal strasnuresqéﬁ furnishes many

selections of candidates tc choose from. The particular case of vitrium

vanadate (fﬁéé),with,whicﬁ most of the racre earth vanadates are isomorphous,

C.G.B. Gavrett, W. Kaise¥+gné D. L. Wood, "F! crescence and Jptical
MASER Effects in CaF,:5m . Preprint.

{42 Landolt-Bornstein, Zahleswerte and Funkticnen, I. 8d,, &. TL. Beri:a:
Springer-Verlag (19557
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was then investigated. Yttrium vanadate has the zircon structure. The
methad ?ublisheééﬁ} for the preparation of YWQ, {from ?233 and §§§¥§3}
was followed. Sintering finally at 1000°¢, as directed, did not yield the
“grav' product. Repowdered. the crange product was fired at 1600°¢
{withour melting) to give & white product with a whitish fluorescence.
Repetition of this procedure resulted in & white product but with a bright
red flucorescence. Visual spectroscopic exsminaction showed the red
" fluorescence to be a line {not band) flucrescence, probably because of 1
minute impur.tv of eurcopium ions.
The melting point of this yttrium vanadate was estimated by
a flame fusion test (using pure alumina powder frr comparison) to be in
the neighborhocd of 1800°¢. It she . be noted that the melting point of
yterium oxide {YEQS} is 2410°C and that of vanadium pentoxide {sts} is
666°C. The latter camnot be sublimed or chemically decomposed up to 18(}{}{:%{Ei
As & means of fluxing Y70, , rhe salt iithium vanadate {Lizvo&}
was prepared and its melting point established at about 1200°¢. A furnace

was set up to heat a melt of LiBVOQ and YV0, in & platinum crucibl: and to

4

cool the melt siowly in order to obtain weil-formed microcrystals of WO,
for evalualion.

The possibility of thulium ion (Tm%+) in the divalent state for
effective light absorption seems worth investigating. Toward this end,
a small quantity of anhydrous thulium trichloride {TmClB) was prepared by
the usual dehydration method. The reduction of this compound will require

an unusually vigorous method.

5 E. Broch, Zeit. Physik. Chem. B20. 345 (1933)

A Ny, Sidgwick, The Chemica} Elements and Their Compounds. Oxford:
The Clarendon Press (1950); page dUY
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Discussion =f Results

sl

The discovery of sharp line fluorescence in vitrium vanadate

KU

due to a rate earth impuritfv (probably europiuwn) suggests strongly that

yttrims vanadate merits further consideration as a host crystal for

it

rare earth lons. The compound YVO, offers the advantage also of directly
incorporating tripositive rare edrth ions in place of Y3+ without the
necessity of additional ions such as Na' for charge compensation,

which 18 necessary with (aW0, as & host,

Since rhe elements niobium {(columbium) and tantalunm are in the
game family as vanadium, vttrium niobate (Yﬁbﬁa} and tantalate (YTaGa)
alsc offer promise, especially since minerals of this type are known.
They should have melting points at least as high as that of YVQ&. The
crystal structure of YNbC, or ¥Ta(, 1s not clearly that of zircon.

The phosphates, also of analogous chemical composition but not
the same structure as vanadate, do rnot appear feasible to grow from melts
or fluxes. A very possible decompos.tion product (PZGS) is very volatile.

.} ¥ork Planned for Next Period

o

L)

fh

.1 _Future Plans in Growing the Tungstate Type of Crystal

it

The perfection of calcium tungstate crystals is considered

R

worth further investigation. Generally. the crystalis have been grown

at a linear rate of 3/8Y per hour,which is about as slow as is practical.
perfection provably will entail mor= exact preparations of seed crystals,
various atmospheres about the crystal-growing crucible, systematic
material balancea and chemical analyses throughout a given series of

rare-earth doped crystals, and improved temperature controls during

I S e ey
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growth of such ervstale.

The rare earth ions (34+) of chief interest in Ca¥0, or any
other crystal are Pr, Nd, Sm, Eu, Tb and Dy. The tendency for Pr to
bacome +4 is more pronounced than that of Tb. On the other hand, Eu has

Ly a more pronounced tendency than 5m to become +2. These peculjarities must
be considered in the interpretation of optical and electrical phenomena
in crystais contairing these lons. Specific atwospheres during growth and
annealing of the crystals =m&v be required.

g The sodium lanthanum tungstate (NaG’SLag'ﬁﬁoé) heost crystal
should be tested for growth once again, but at a tempezéta:e higher than
1220°C. The welt from which che crystal is puvlled should then be homo-
geneous, If this test is successful, the replacement of a small fraction

of La by a rare earth ion would be attempted.

t The lead molybdate crystal (meliing point 136863} can be grown
ts in the specially designed and constructed resistance furnace mentioned
le. previously. Besides venting of the apparatus, care is necessary to check

the composition of Pbﬁcﬂéikaég volatilization) and correct it by addition
of HQQB. The relative stability of unusual valence states of rars earth
elements Iin Pbﬁﬁéa may be compared with that in Sﬁ%ﬁé and CaMoQ, .
Calcium molybdate undoubtedly melts at a higher temperature than lead
il. molybdate. Hence a vented induction furnace is recommended for CaMoy, ,
.8, which probably has hardness and photo-excitation properties superior to

those of Ph&aﬁ&,
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3.2 Future Plans in Growing the Chloride Type of Crystal

A limited effort should be devoted to obtain clear single
crvstals of SrClz and/or LaC13 doped with SmCl, and/or RCIB {R-several
rare earth eiements). The case of yttrium chloride (Y813) may be
advantageous for the heavier rare earths.

Flens have been formulated for study of & few fluoride systems:
CaF, {which forms anomalous solid solutions with YF3) and StF, (which
forms anomalous sclid solutions with LaFB); Heavier rare earth fluorides
substitute readily with YFB’ the lighter ocnes with L3F3= The measured
fluorescence spectra of rare earths in Ganeéj suggest that the mixed
fluoride L3F3 5 YFB be studied as host material. Tn general, fluorides
are preferable to chlorides because they are not as hygroscopic as the
chlorides.

3.3 Future Plans for Miscellaneous Crystals

Planning the work with new crystal candidates is subject to
frequent revisiong as experience with their preparation may dictate.

The yttrium vanadate should be obtainable in micro-crystalline
form {or evaluation at an early date. The desgign and construction of a
very high temperature furnace (for 1800°C operation) is under way in
anticipation cof growing crystals of YVO, or other material {rom the melt,

Several other kinds of oxy-salts will be considered for pre-
liminary examination: titanosilicate (CaTiSiQS}; vttrium gallium garnet
(?3635332}, and cerate. (RaECe§3}- to mention only three types.

Oxide crystals (other than TiQ,, Al, 0, or Mglywill require

) N Chatterjee, Zeit. f. Physik 113. 96 (1939}
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. stable in the melt. Moderate melting oxides such as §2§3 or SiC_ cend

extremely high temperatures in those relatively few cases which are

to form glasses. Mixed oxides offer more possibilities, as do the oxy-

galts. Many oxygen compounds cannct be classified definitely as an

oxy-salt or mixed oxide.
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VI1I. Optizal Devices

1.0 Summary of Work Performed

Experimental and sznalytical work has shown thet efficient
coupling in optical pumping can be achieved using a reflective
¢circular cylinder. Efficlencies are higher than iu cifiuse cavities
or reflective ellipses under conditiosns where the lamp and sample
diameters are not negligible zompared to the cavity dismeter.

A theoretical analysis of the properties of cube cotrner
interferometers has been experimentally verified. An attempt was made
to build an oscillator using such an interferometer &8s & resonant
cavity.

2.0 Analysis of Work Performed

2,1 Efficient Optical Pumping
A common technique for optically pumping ruby is to place

the crystal in & helically shaped discharge tube. Typical thresholds
for oscillation in such s configuration range from 1000 to 3000 joules

into the discharge lamp.

1f the shape of the object to be pumped 15 a slender cylinder,

as it is in the case of ruby or some optically pumped gas systems, a

more efficient scheme may be to image a line source ontc the medium,

An ideal configuratfion is that of an eiliptical cylinder with the source

TECHNICAL RESEARCH SROUP
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_ at one line focus and the ruby at the ather.

Several such cavities were made for the helium pumped cesium
system., Some were machined ocut of sluminum and one was fabricated from
glass, It bacomes apparent that while a line at one focus is imaged
intc & line at the other, a source of finite diamete% will be imaged
with varying magnification depending on the zone of the elliptical
cross-gzection chosen, That is, rays focussed by that part of the
cylinder nearest the focus will form an image reducad in size while
those rays focussed by the part nearest the source will form an
enlarged image. This comatic image formation results in a iack of
pumping efficiency.

An effort was made to reduce this loss by constructing a
diffuse reflecting cavity as discussed in the previous report. Similar
small cavities were constructed for a ruby LASER and evalueted, Typical
thresheolds were 350 to 400 joules.

An alternative procedure to reduce the loss due te image
magnification is to work with a specular eiliptical cavity whose
eccentricity is as small as possible. As a matter of fact, for a source

£ finite extent to be imaged on an absorber of lixe size, an efficient
cavity is & circular cylinder with the source and absorber placed
diametrically equidistant from the center, This structure was used

with a ruby LASER and typical *hresholds were 170 to 200 joules.
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A LASER was constructed with a ruby whose dimensjons were 1/4" x 1-1/2"
in such a reflecting cavicy and had a threshold of 70 joules.
This configuration has been applied to the helium-cesium

experiment aml 4 gain of two is expected in the pumping efficiency.

2,2 Cube-~Corner Fabry-Perot Interferometer

The analysis of cube-corner reflectors has been submitted to
His predictions

the Journal of the Optical Soclety of America by Peck.

as to the polarized nmature of the fringe systems wre experimentally

verified at TRG and a paper submitted toc JOSA, This paper is reproduced

on the following pages.

TECHNICAL RESEARCH GROUP

==

=

=

=
£

CTHIH HHIE

(1]




145,

. Scheduled for publicacion in the JOSA, April 1962

ABSTRACT
CUBE -CORNER PABRY-PEROT INTERFEROMETER

by P. Rabinowitz, S. F. .Jacobs
T. Shultz and G. Gould

TRG, Incorporvated

Syosset, New York

tolarized Haidinger fringes have been observed in a

Fabry-Perot interferometer with one fiat replaced by a cube corner

- prism. Orientation of the polarization planes of the fringes and their

relative phase shifts have heen measured. Some appiications are

suggested,
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The polerization properties cf cube-corner reflectors
have been snalvzed theoretlically by Peck in the preceding articie.
He has shown that when one flat of a Fabry-Pe »t cavity is replaced
by & cube corner, & eigenpolarizations (invariant polarization states)
exist; that is, 2 orthogonal, plane-poclarized standing waves with
different effective optical path lengths may be esxcited through each
palr of opposite sextants (Figure la). Peck's results indicate that

. oxthogenal plane-polarized

F

when this cavitv is used as sn interferometer
Haidinger fringe systems will be observed., torresponding to two plane-
polarized standing waves within the cavity.

The predicted fringes were observed with an etalion con-
structed in this laboratory (Figure 2}, A solid etalon was used,
rather than a separate cube corner and fiat, to obviate the need to
anti-reflection coat the entrance face of the cube prism, This etaion
consisted of & cube-corner prisa of BK/ crown glass whose entrance face
was coated with & partially transmitting silver film (approximately 5%
transmittance}. The prism faces were flat te 3/20, The prism measured
approximately 1/2" <from apex to entrsnce face. No efiort was made to
construct the entmance f{ace of the prism exactly normal to Cthe cube
symmetry axis, The right angles of the cube were accurate to within

2 seconds of arc.

TECHNICAL RESEARCH SROUP
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198
Unpolarized light from a water-cooled Hg lamp was

introduced by means of 7 front surface aluminized mirrors, earh
set at 45° to the beam {Figure 2). Since a mirror i~troduces ellipti-
cal polarization when used at nor-noymal incidence, the pilanes of inci-
dence of the mirrors were made orthogonal so that the elliptical polari-
zation of the first reflection was compensated by the second, A mask
was placed over che face of the prism so that light entered and emerged
from opposite sextants {(Figure 1b), thus making possible measurements of
the polarization direction with respect to individual sextants. The
output light was analyzed with a Nicol prisam whose angulayr position was
megsured to within 1°.

The two seés of iringes, observed from each sextant (Figure 3),
could be independently extinguished by rotation of the Nicol prism.
The orientations of the planes of polarization for light emerging from
each cextant were separately measured to be 16 f 0.5° and 106 f 0.5°%,
in good agreement with Peck's calculated values, @ ~.16.32’, 1@6.32;.
Figure & shows the convention used for measuring these angies with »
raspect to each cube edge,

Differential phase shifts upon reflection through the prism
cause different effective optical path lengths for each of the pairs of

standing waves. The phase difference was determined by measuring, on
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2 ~tograph, the relative diameters of Lhe two fringe systems. The
,l-? % F - = o= - x : . 3
seasured value was 16- _ 10°, compared with Ag = 132,77 calculaiec

by Peck. The deviation from Peck's value may be due Lo two causes:
distortion of the fringe contours by overlapping of neighboring fringes,
and the tact that the system optic sxis is slightly skew from the normal
to trne entrance face, 2n orientation bulil inlc the prism and differing
slightly from the case Peck analyeznd,

These observations, although wmade with an etalon, demonstrate
the feasibility of using cube-coruer elempprts in a Fabry-Pcro: inter-
ferometer with the flat and cube as separate elements, (See Figre 3)
With such an interferometer the free spectral range and resolntion ave
identical with those of a plane Fabry-Perot of comparable reflectance
and twice the separation. This is truc because a ray must make two
reflections from the flat before interferenc. takes place. The cptical
separation, to be compared with the ¢ of de plane Fabry-Perot, is twice
the uptical path length meastved along a ray constructed normal to the
flat and extending to the apex of the prism, taking into account the
refraction of the ray at the prism interface (see Figure 3}.

Aligmment of this interferometer (separate flat and cube

corner reflectors) is insensitive to rotatlion of its elements because

£ the retrodirective property of the cube. The limit of rotation of

TECHNICAL RESEASCH GROUY




the cube corner is set by the requirement for total internal reflection
in the cube-corner prism. {1If a triple mirvor with metallic coatings

used, rather than a prism, the limit of rotation is set by reduction

pob
[

aperture), The limit of tilt of the flat is set by the gross

[
+y

regqulrement that the beam he itetu .ed to the cube corner.

The property of angular insensitivitly makes the Fabry-Perot
interferometer, composed of separate cube and {lat, especially suited
for applications where stability of alignment is a major consideration,

In particular, the motivation for this work was to develop & more stable

resonator than the plane Fabry-Perot interferometer for LASER applications.

The present work demnnstrates the feasiblility of a cube-corner optical
resonator and work is in progress in this laboratory to congtruct &
He-He LASER utilizing 8 cube-corner resonator.
An additional application for this interferometer lies in the

mechanical scanning of fringes by longitudinal metion of the prism, in

& [ 4 k] > - # i (1,2}
much the sam= way as s done with the Michelson interferometer .
It should be poszible to scan over large distauces {several meters)

without loss of aligpment, Another application is in interferometry

W Ew N mE o owe WD W A W W T D oy A e A B e e R N M I M S GE R KR WS R PR SR DG WG MW WS TR R T RS W A R M 6 T AN MO A W me e e

{1y E. R. Peck, J. Opt, Soc. Am, 38, &b 1948
{2) E. R. Peck, J. Opt. Soc. Am. 38, 1015, 1%48
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sutside the visiblk region of the spectrum involvirg the use of materials
which are opaque in the visible. With cube-corner Faory-Perot inter-
ferometer, good alignment will be assured, provided there is adequate

optical homogeneity in the optical material.
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Figure 1

Figure 2

Figure 3

Figuxe &

$

LIST OF FIGURES

a) Entrance face of a cube corner prism, Real edges
drawn as full lines; Reflected edges us dotted lines.

b) Mask, placed over face of prism to isolate pairs
of opposite sextants.

Arrangement for observing polarized frirges through
cube corner etalon. S = source; light normal to paper.
M,, H2 = mirrors oriented 45" to beam.

E = cube corner etalcn with silvered entrance face.
A = analyzer.

Polarized fri-=s of cube corner Fabry-Perot
interferometer,

Reference system used for weasurement of eigenpolarization
directions. Only one of the two orthogonal polarizatiouns
is shown for each sextant,
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n a cavity with
heliua-necn. The simplicity of such a device is very appealing. Wita
an optical flat at one end and the cube-cor.er on the other end, the
only adjustment necessary is to align ihe normal to the flat parallel
cs the axis of the tube. This is done to avod losses by vignetting and

riwe angular tolerance, 3, is approximately given by:

-
wd
s e s e

W
i

H

M

~t
i

ere D ls the clameter of the amplifying medium and L is its leagth.
i3 is based on a criterion of no more than LU% vigeotting., The

presence of vigneitin; —eans only thal e bean diameter is reduced

and does not other wise elfect the threshold condition., In the cage of
heiium-neon, D is approzbosoc o, ceatimeter and L™ 1Y centimelers.
Thus the accuracy required is about 3 alasios of are.

The apparatus was built and no osciliatic s vere chserved.
A post mortem ied te a more caeiul consideration oi ooih clifractinn
issses and lcosses from lack of planarizy of the cube sueriaces, and 1t

T

was concluded that this type of resonator is useful only fov high gain
systems. L€ 1s assumed that it is the cavily at fault rather rhan the
cemainder of thespparatus, and a type of confocal cavity is being

substituted for the cube-corner. A coniocal cavity Is onge o woich Iwo

TECHNICAL RESEARCH GQROUP

RS T R N




157,

spherical surfaces arve used such that their focal points are coincldent.
Resonanit modes with low diffraction loss can still exist if spheres are
used with & smaller separation than their radius., The same is true if a
fiat is used sgainst & sphere provided that the sphere has & radius of
at lesst Iwice the separation of sphere and {lat. Such a cavity has
been constructed and does sustain oscillation.

3.0 Work Planned for Next Perlod

Several regonant cavities will be coustructed for the
helium-neon system, A sphere-flat combination with the radius of vrhe
sphere being wore than twice the sphere-flat separation sustains
pscillation and its mode patterns and other properties wili be studied,
A confocal type with two spheres separated by their radius is being
designed., This will have external mirrors and have windows enclosing
the helium and neon at Brewster's angle., A plane FPabry-Perot helium-neon
cavity is also being built,

The crossed rosf prism interferometer (see Figure 81) will be
used with ruby. The ends of the ruby themselves will be polished at
Brewsteris angle, alichough for a first attempt anti-reflecticn coatings

will be used,
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A long, (one meter), helium-cesiux cavity 1s being buiit
using a sphere-flat combination as in the helium-neon systen,
Should the gain reach the calculated values, a crossed roof reflectorx

cavity will be substituted for the sphere-flat interferometer.
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