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ABSTRACT

THIS STATE-OF-THE-ART SURVEY CONSISTS OF TWO SECTIONS A TECHNICAL
SUMMARY AND A BIBLIOGRAPHY. ALTHOUGH THE BIBLIOGRAPHY WHICH CONSISTS
OF 128 REFERENCES AND COVERS THE PERICD OF 1 JA\UARY 1963 TO 31 DECEMBER
1963 DEALS MOSTLY WITH THE SUBJECT OF LASER PUMPING., THE SUMMARY RE-

" VIEWS OTHER TOPICS OF LASER TECHNOLQGY INCLUDING A DESCRIPTION OF THE

VARIOUS TYPES OF LASERS AND THEIR POTENTIAL APPLICATIONS.
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FOREWORD

This document consists of two main sections, a technical summary and a
bibliography on the subject of lasers. Since it was prepared in response to a re-
quest for specific information, it is unusual in some respects. The bibliography
is mostly composed of recent references (since January 1963) and deals primarily
with pumping techniques. The ‘echnical summary, however, revisws the entire
field of lzser technology, and it is hopefully anticipated that it will be found useful
by those who are interested in a state-of-the-art survey on lasers,

The bibliography, whic)h is mostly annctated, consists of 125 references ar-
ranged in alphabetical orde}r by title. A personal suthor index for the bibliography
is provided. The material was obteined from the several sources of information
available at the Redstone Scientlfic Information Center (RSIC), which include

the following: '

a. RSIC holdings (books, reports, and journals).

b. NASA (a computer tape search of NASA' tapes which contain refer-
ences from the Scientific and Technical Aerospace Reports and the In-
ternations] Aerospace Abstracts).

¢. Defense Documentaticn Center (DDC), (abstract cards of pertinent in-
formation furnished on request by the Defense Documentation Center,
Arlington 12, Virginia).

d. Space Technology Laboratories, Ine., (a bibliography on Masers and

Lasers by J. F. Price and A. K. Dunlap).

Applied Science and Technology Index.

Solid State Abstracts.

The Engineering Index.

Chemical Abstracts.

Cumulative Book Index.

j. U.S. Government Research Reports.

Searching of the above sources was mostly limited to the period of 1 Jenuary
1963 through 31 December 1963, aithough a few references dating prior to and
after this period were also included because of their v Ive in the preparation of
the survey. Some references, although published in {yud, were not considered
worthy of inclusion and are omitted.

As with most summaries, the technical summary is necessarily brief and the
discussion rather general in nature, This approach was considered necessary be-
cause of the vastness of a subject such as lasers. This, however, should not de-
tract from the value of the survey, because sufficient bibliographic references,
especially in the area of laser pumping, are provided for those who desire more
information. The author will be grateful for any remarks or suggestions, Com-
ments may be addressed to the Redstone Scientific Information Center, Redstone
Arsenal, Alabama.
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TECHNICAL SUMMARY

Section i. INTRODUCTION

The word LASER is an acronym for Light Ampli-
fication by Stimulated Emission of Radiation. Lasers
are ‘also_referred. to as optical” masers, because the
laser concept s an extenslon of MASER - (Microwave
Amplification’ by Stimulated Emission of - Radiation).

The interest In lasers is so great that since the sucess-
ful construction of the*first luser by ‘T, H. Maiman in
1960, well over 500 domestic and about 75 forelgn or-

- ganizations have entered -the fleld. A listing of organi-

zations active in the laser field as of the fall of 1963 ap-
pears in references 11-and 12.-

The laser offers g means of producmg high mtensny -

light or infrared radiation that is highly monochromatic,

“coherent, and is ‘emitted in- almost perfectly parallel
rays. ‘In fact, the output radiation is so directional -
~in_nature; that if-a laser were 1ised. in conjunction. with -
~a properly designed optical. system, the divergence of -
. “-the beam -would be only about one. foot for every 190
“ miles that .the. beam travelled. - This would make pos-.

sible a V4-mile spot on' the moon™ "
. Another notable feature of lasers is the e:.treme]y

Vaemm smomesimem
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wavelength-range.  Under certain operating conditions

monochromatic bursts of millions of watts van be pro-

.-duced. Since the laser beam can be focused to an-ex-

tremely small- spot, the resulting power density is enor-..

- mous. For example, the focused: output of .a 50-kilo- .
~watt_ infrared burst from" a neodymium-in-glass laser-
. has a radiant power density of the order-of 10'? watts
per ‘square centimeter; this is' about: 100 million times. - -+

the power density at the surface of the sun. Further- .

~ more, since the electric field strength of an elegtro-' o

magnetic wave is proportional to the square root of

its intensity, the field at the focus of the laser beam
‘is millions of volts per centimeter."’ s

“These unusual properties of lasers suggést 8 vanety of
applications. Perhaps the most promising potential of

" lasers comes from time coherence, a property which per-
"-mits the exploitation of radic and microwaves for com- SR
_munications, Laser frequencies are millions of times - -

higher than radio frequencies, and hence in- theory

‘are capable of carrying up to millions of times more . -

information. In fact one single laser beam has'in prin--~ -

" - - ciple-‘more- infonnation-carrying - capacity than all the
radio and microwave frequencles in civilian and milltary:'

an B
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-lnsers as envisioned at the presem ume w:ll bé descrihed :
_later in greater detall :
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" Section Il.  GENERAL DESCRIPTION OF LASERS

HISTORICAL BACKGROUND -

The concept of stimulated emission of radiation was

first introduced by Einstein in 1917, although - his -
’ 'theory did not predict the properties of the stimulated -

* ‘emission. A few years later, Dirac developed a theoryr
that predicted the coherence and other. propemes of

oo stimulated emission.
. The first published reference to the theoretrcal ex- .
tension of maser operation to the optlcal portion of the

- spectrum was by A.. L. Schawlow (Bell Telephone
_ Laboratories) and C.'H. Townes (Columbia Univer-

sity) at the end of 1958. A’ practical ‘demonstration

- that this was possible was first’ reported by T. H. Mai-
‘man (Hughes Aircraft Corporation) - in 1960 ‘Dr.
_Maiman’s optical maser produced a pulsed output of

- visible. light from a ruby crystal device. Later that
.~ year -operation of- another solid-state device - using
©* -trivalent uranium was achieved by P. P Sorokin and
© M. J. Stevenson - (IBM). By using a different-type of -

t ‘optical maser, a gas discharge tube, A. Javan, W. B,

. _ - Bepnett,and D.'R. Herrio.:, al Bell Telephone Labora-
- tories in 1960, produced continuous emission at normal

- -_'temperatures Perhaps ‘the -bipgest step forward was

made in November 1962, with the virtually simuitari.

eous annoiificement from General Electric, IBM, and -
Massachusetts: Inistitute of Technology that an entirely -
- new contmuous -output  optical - maser -had' been de- -
“veloped. This. was & gallium-arsenrde ‘semiconductor E
device of transistor proportions and its efficieficy was

“stated to be in the region of 50:percent which is 10 .
to 20 times greater than that of the ruby laser,%0

PRINCIPLE OF OPERATION

Modern physics explains that electrons around atoms
cannot occupy all energy levels or “orbits," but they

cen exist in only certain discrete energy levels. For .
simplicity -let us consider a simple material with: two.

levels E, represented with the solid circle, and E, rep-

resented with the dotted circle in Figure 1.2, Initially
the electron is in the lower energy level E,. It can be:

stimulated to jump to the excited state of energy E,
by the absorption of a flash of light of an energy equal
to the différence of the energies of the two levels
(E.—E,). When it falls back or decays to the lower
cnergy level E,, it re-emits the same amount of energy
that caused It to jump to the higher energy level, E,—E,,

2

* ‘as°a photon or bundle of energy in the form cif a flash-

of light. ~
‘Most lasers-are based upon the absorptlon of optical

- radiation over a band of wavelengths to excite electrons.
in the laser material to an excited state from which there o

is a rapld decay -to-a state possessing a much longer

lifetime, called a metastable state, 'From this metastable

-'state, the- electrons normally decay to a lower energy
state, emitting fluorescent radiation. If this lower energy.

-~ state s the ground state, we have a three energy level .

system, or if it is a relatwely unpopulated state lying -

: above the ground state, it is called a four energy level -

- system. ‘An eéxample of the three level system is ruby

. ‘or chromium doped alumina, and of the four level sys-
- tem, = rare edrth doped material or host lattice such,
‘as Nd®+ in calciom tangstatc.

In strmulated emlssinn or laser acuon ‘the” electrons

- in the metastable state decay together in phase. In order - -
" to have this, there must be a population inversion (i. e.,

'there must be more electrons in the metastable state than -
there are in the state to which the electrons decay). This

“leads to the practical difference between three and four - . - _
- level laser systems. In three level systems, since the -
- electrons decay to the ground state, an inversion neces-
-sitates that more. than haif of the eiectrons must be in-

the excited state before the conditions. are right for.-
stimulated emission. In the four level system, the popu-

‘Tation of electrons in the metastable state must only ex- ~
-cezd that of the relatively unpopulated levels to which

the electrons must fall to produce stimulated emission,
The energy required to excite or pump electrons to these

ABSORPTION OF ENERGY
g2-Ei

GROUND STATE
ENERGY &1

'\- EXCITED STATE

ENERGY E2

EMISSION OF ENERGY
E2-El

Figure 1. A Two-Energy Level Atomic System
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higher energy levels is referred to as threshold energy,
As a comparison of a three level system to a four level
system, this threshold energy is 400 ]oules for ruby (a
three level system), while for Nd*+ in calcium tung-
state would be only 20 joules using similar excitation

-techniques.?®

During the period in which the atom is excited, it can

© be stimulated to emit a photon if it is struck by an out-

side photon having preclsely the energy of the photon :

that .would otherwise be emitted spontaneously. As a
;result the incomxng photon; or wave, is augmenL~
~ by the one given up by the excited atom. The most
" remarkable fact, however, is that both photons; the one
. _from the excited atom and that which trlggers its re-
" lease, fall precisely-in. phase 98, .

‘The basic requlrement constituting a laser ls a‘re-

‘sonant: cavity filled with a.suitable active medium (Fig-
© ure 2)." The principle of the Fabry-Perot intérfero-
. meter is-almost universally used for the resonant cavity.
..~ It consists of two carefully aligned parallel reﬂectlng
o surfaces, the spacing between which is- made-equal to’

E "an mtegral number of half wavelengths at the required ; !
_millisecond after the beginning of the irrediation.

operatmg frequency, that is d _,2)‘

‘versing ‘the cavity  is reflected at one end in the di-

- .. rection from: which it came; it is then reflected at the
*other mirror in phase with the original ray, which is
‘then’ reinforced. ~ The active medium must be one

which .is capable of possessing at least two distinct

- energy levels ‘corresponding to-the ‘desired output- fre-

guency. Furthermore, the -properties of the medium
must be such that it is possible to overpopulate the
upper energy level of the subsiance with respect to the-
lower level or levels. A further necessity for suceess-
ful operation of a laser is the provision of suitablé and

- sufficient power to achieve -population inversion.5.

In Figure 2, the laser tube is silvered at one end (left)
and partially silvered at the other. Photons are cemitted
when high energy atoms (black dots) fall to lower
energy states (white dots). Many - photons -eseape
through the sides of the tube. Others build up in nim-
bers by reflection at mirrors, untnl they emerge from
the partially silvered end.

RUBY LASER*

The working clement of a ruby laser is & cylinder of
a pink ruby containing 0.05 percent chromivm. The
cylinder is usually between 1/2 and 1 cm in diameter
and 2 to 10 cm long with plane end faces and parallel
to a high degree of accuracy. One of the end faces is
provided with a completely reflecting surface, while
the other is partiaily reflecting. The ruby is irradiated

A hght ray tra-' ,

on its side by light from = flash lamp operated for a
few milliseconds at & time with an input energy of
1000 to 2000 joules. Most of the Input energy is

dissipated as heat; a fraction of it, however, is emitted-

by the flashlamp as blue and green radiation which is
absorbed by the ruby providing the excitation. The ruby
funnels the energy, which it absorbs over a broad

" spectrel region, into a narrow emission line of the

trivalent chromium ion around 6943 A, The radiation . . =

emerges coherently through the partially reflecting end

“of the ruby. A schematic diagram of a typical conﬁgura-
-tlon of a laser is shown in Figure 3. :

Actually, coherent tadiation -does not appear im-

‘mediately -at” the begirining- of excitation, At first, -

- fluorescent : radiation of about the same wavelength ap-
~ pears. “This radiation arises by spontaneous transitions
In the chromium-ions of the. ruby. Unless the exciting .. .
radiation is sufficiently intense, this fluorescent radiation -

will be the only one emitted from the ruby. When,

~however,. the excitlng radlnﬂon_ exceeds a c_artaln_
~threshold, coherent radiation. appears through the end
“with the partially reflecting surface approximately 0.5

“'Flgure 4 is a diegram of a fluorescent solid with three

“levels of efiergy. The ground state, which is the lowest = -

encrgy state, is denoted by horizontal line 1, the inter-

‘mediate state by line 2, and the highest energy state

by line 3. Stimulated transitions are indicated by W,
spontaneous radiative transitions by A, and spontaneous

- non-radiative ones by 8. The top levels in energy-level -

diagrams are shown as broad bands in contrast with the
other levels, ‘This breadth at the top level is a practical
necessity because there is not enough energy available
from ordinary sources of radiation in a narrow band.
If a laser were used to excite another laser, then a ma-
terial: with a narrow.top level would be acceptable,™
Excitation is cupplied te the solid by radiation of fre-

quencies whith produce absorption into level 3. Most.-
of the absorbed energy is transferred by fast radiation- -
less transitions into the intermediate level 2. The emise-

sion of radiation associated with the spontancous re- ..

turn from Ievel 2 to ground level is ordinary fluorescent.
Such ﬂuorescence will take place even at a low level of

excitation.  Whenthe exciting radlation is sufficlently-
intense, it fs possible to obtain more atoms at Jevel 2

than are ileft at ground level. The spontaneously emit-
ted photons traveling through the crystal will stimulate
additional radiation, and thus induced emisston is super-

posed on the spontancous emission. Ruby lasers operate

on a pulse basis and give quite high peak power output,
Characteristically, pulses of the order of 10 kw output
power and pulse durations of the order of 1 millisecond

3
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Figure 2. Fabry-Perot Resonator
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anure 3 Ruby Laser

...:_J;are obtained. - The total energy per pulse is therefore'
.on the order of 10 joules.®t” = R

F OUR-LEVEL I. ASERS

~ When the ruby is excited by a light flash, 0 laser"
“output is obtained for the energy invested in removing,
- by excitation,-one- half of the atoms. from the ground
level. ‘This Inefficiency is an intrinsic property of every -
‘three-level solid laser. To overcome it, it is necessary
to use a material possession four levels capable of par- -

ticipating in laser action. The schematic energy-level

rlummm of surh mnfprml ie chown in F‘umre §. There
is m this case an additional normally- unoccupxed level -

above - ground’ level at which the .relevant - transitions

terminate; therefore, laser action can’ begin as soon
as there is significant occupation of the initial level,

which in this diagram is represented by Horizontal line
3. Sorokin and Stevenson constructed the first four-

- tevel laser, utilizing urantum or samarium ions embedded

in a calcium fluoride crystal.®® Other examples of four-

Figure 4. Energy-Level Diagram for a Three-Level
Fluotescent Solid

level laser systems include trivalent neodymium in cal-
cium tungstate and in certain glasses, divalent dyspro-
sium in calcium fluoride, and trivalent uranium in
strontium fluoride.®

Solid-state lasers generally operate intermittently, It
is difficult to provide a sufficiently powerful source of
exciting light capable of continuous operation and the

" necessary imeans of dissipating the great amount of

heat which is generated during excitation.

In pracuce, four-level systems have muchvlower ex-
citation power requirements, frequently less-than 0,001

 that of ruby. In some cases, such as in excellent, well--.
" “finished crystals of CaWO,:Nd+, CaFy:U+, and
- . CaFp:Dy?+, laser action with output power meas-

ured in hundreds of milliwatts has been obtained for
periods up to 30 minutes using & high intensity con-

i tingous light source for excitation. Continuous opera-
‘tion _ (commonly called’ CW, for continuous wave) at™ -

room temperature-is a major objective of mueh TE-

. ASearch 85

";”m'. wzl_,/_ L @

Figure 5. Energy-Level Diagram for a Foﬁr Level
Fluorescent Solid

- GAS LASERS

The first continuous wave and also the flrst gas laser
was ‘constructed during the fall of 1960 at Bell Tele-
phone Laboratories by A, Javan; W. B. Bennett, Ir,,
and D. R. Herrlott.”-A simplified diagram of this laser

- is shown in Figure 6. The laser consisted of a discharge

tube 100 centimeters long with an inside diameter of 15
centimeters filled with helium at 1mm Hg pressure and
with neon at 0.1 mm.*® An RF (or dc) discharge is
established in the gas mixture and the energetic elec-

- troms in the discharge excite helibm atoms into a

variety of excited states. In the normal cascade of these
excited atoms down to the ground state, many collect
in the long-lived metastable state 2°S (See Figure 7).

5
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- anure 6. A Schemuuc of the First Gnseous Lnser

It s pnmurlly these exclted metastnble he]xum atoms”
- which then- excite the neon atoms up into the upper .
levels labeled 2S. ‘They do this by colliding with un-
. --excited neon atoms, and exchanging energy with them, »
- The small difference in energy, about 0,04 volt in the, :
~case of the hlghest of the neon 2§ levels, is taken up‘_‘
by klneuc energy in the collldmg atoms. ‘Thus, the
L hehum atoms act as & funnel to ~convey, the’ broad band R
, '_ of eéxcitation (from the electrons) intoa few sels of neon- -
~ “levels. . The terminal lascr Jevel, or rather-the set of pos-
“sible terminal laser levels labeled 2p, decay radiatively _
“ to the metastable.ls state in a time (0.0lusec) which
is much shorter than the time for spontaneous decay of

- lz4.s—,ﬁ!i—-
L) com.lsnon '
MASER LINE
2of; i9.81= —L—' 28 e 237" 2pe
T S ,“ n.szz T6A T. :
N S ({-]
18l o
DISCHARGE -
7k 15
]
e}
DIFFUSION
h TO WALLS
\
a He Nag

Figure 7. Energy-Level Dingram for H, and N.

the 25 down io the 2p levels (Oli'pseé)':, ‘50 the condi-

tions necessary for' laser- action are -indeed-satisfied.”
Other gaseous lasers include: Argon,:Krypton, Xenon, -

and Cesium-Vapor. The attractive feature of gas lasers
is that they can be désigned to produce output beams
over a wide range of wavelengths. Morgover, such lasers
operate continuously rather than intermittently. From

- the point of view of the details of the gas kinetice in-
‘volved, these various gaseous devices may be classed

under three headings. In the first of these, use is made

~ of a mixture of two gases one of which is’ the laser’

. “material proper and the othef an auxiliary medium that o
_transfers power into the fortner through impact excita- we
_tlon, In the second, excitation is effected.through elec-

_tronic impact excitation in a gaseous discharge without -
_an auxiliary atomic system. In the third, again uéing the -
laser material alons, excitation is purely optical arising -~
-~ out.of absorption of photons from an mcident radiation R
- flux.®
. In contrast to- the more. powerful’ crystal lasers, gasf c
'lasers are low-powered, but very pure spectrally and
- easily controllable. A gas-laser beam fs at present the.
"ultxmate in coherence and uniformity. ‘Applications of

gas-lasers appear to be those which require precision
rather than power, such as- experimentation, standardi-
zations, and demonstrations that depend on thc utmost :

in’ controlled acc.uracy of radlation

LIQUID LASERS

A llquld Iaser was constructeu at Hugnes Alrcran

Co. using organic liquids. ‘This laser operates on a: = °
,princlple called ‘stimulated “Raman” . scattering -which .
_has been observed in benzene, nitrobenzene,. toluene, B
* one-bromonaphthalene, pyridine, : cyclohexané, and .
deuterated benzene. This- laser is- excited by a very - -

strong incident -light, It has’ proved expedient to excite

 liquid organic lasers with-a high-power short-pulse ruby

laser.. The basic components of the Hughes Alrcraft‘ s

- liquid laser are shown in Figure 8.°

" In February 1963, A. Lempicki and H. Samelson of -

" the General Telephone and Electronics Research Lab-
- oratories reported a° laser with europium . benzoylace—

tonaté in a solution- of alcohol. The achievement was
particularly. surpnsmg “because one would expect the
molecules in a fiqifd to be so buffeted by thermal agita-

‘tion that the spectral emission lines would be broadened

too much to sustain laser action. The europium ion;
however, is not very sensitive to such buffeting, and is
somewhat shielded by the outer portions of the chelate
molecule. Almost simultaneously N, E. Woiff and
R. J. Pressley at the RCA Laboratories anncunced
operation of another europium chelate laser in which
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) the chelate was suspended m an acrylic plasuc quuid

' V_Iasers provide more useful outputs than gasses, and are -

easier {o handle than solids, which must be shaped. At

the time ‘of this writing, however, relatively lrttle has ;

: been publxshed concemlng hquld IBSETS

SEMIC ONDUCTOR LASERS

: Undoubtedly the most mteresung development has"
. been the discovery. of laser stimulated emission insemi- -
“conductors announced simultancously in - November .

1962 by IBM, GE, and MIT.3" Although the semicon-

diictor laser is not mtrmsrcally a hlgh power device like -
- the ruby or the glass. luser,. its" power capacrty ‘as a
cOntmuously operating light source of more than one-:

. watt exceeds those of- any other type Its capabrllty to be

L\lllV:lllGlluV muuurulr:u ﬂl Vﬁl‘y l'llgll m:qucncu:s maxcs, .
' _rt an attractive candidate for applications inthe field of
communications. . The extremely small size of the. unit'.

» and its high efficiency in' converting electrical energy -
. to coherent radiation make it an ideal source of narrow
- band of energy for exciting lower frequeucy lasers-in the .-
-, far and near infrared and the submillimeter regions in’

. " a manner. analogous to that of the more comentional .-

* “three level maser in-the microwave region.: : o

The pnnciple of operalmn of the semiconductor laser' ;

- is best illustrated by the diagram shown in Figure 9, in-
which a diode is biased in the forward direction as
* shown, . The effect of this is to produce:an overlap of -

the two degenerate regions of the dicde, namely the p- - -

and n-type sides. The overlap- regions ‘are then charac-

terized by two degenerate populations .of electrons and .

holes at low temperatures in- which the conductxon band

is filled to a level described by a quasi-Fermi energy-

F. and the top of the valence band contains empty
states to an energy of the quasi-Fermr level F, below

- the top of the valence band. Under these conditions it

can be shown that if the stimulated emission is to exceed
the absorption for maser action to be possible, then
F.=F,>hv>E; where hv is the cnergy of the emitted

>4lll\-lnlulv, \.mna at 8 o-rw A
- (room’ temperature), ‘InAs at 3.1 “microns_ - (77°K),
~.InP at 9,000 A (77°K), GePAs at: 7,100A (77°K), . ..
“GalnAs: at. 1.77 microns . (1 9°K) and 'InSb at 5.7

Y v

" photon and E, is the energy of the forbidden gap in the
-semicouductor,™

* By far the most fully developed injection laser 1s the

',-:'galhum arsefide (GaAs) type, which operates -at a -
-/ wavelength of 8500°A wlien cooled to 77°K.” However,
- -at-this time five other semiconductor materials, namely

mdium _arsenide "(InAs), indium phosphide (InP),

_ gallium ‘phosphide arsenide (GaPAs), gellium indium - B

arsenide- (GalnAs), and indium antimonide (InSb)’

“have been’ successfully operated as- injection lasers, and.. .~ -
a silicon carbrde device has been announded. . The. wave-
- length coverage of available injection lasers now extends'j' T
< from 6,500°A to 5.2 microns. .Although lasers could . =
- be ‘constructed: from alloys such as. Ga(PiyAs(1—x),
* where x i the percentage of phosphorous in metual fact -

only a few. spot wavelengths have.been reported in.the - -

A INF' N N
(L7 n),unu 5,000 A

microns (1.7°K).  ‘Although both GaAs and InAs

lasers have been operated continuously at liquid helium- -
* temperature (42°K), only. the GaAs type. has been op-.
:erated contlnuously at liquid ml:rogen temperature_' o

O . £

N =TYPE P=TYPE

Figure 9.  Energy Diagram of n-Diode Laser with Forward Bias,
Showing Overlap Region at the Junction, with Inverled
Population Giving Rise to Stimulated
Photon Emission




(77°K). and nonc except GaAs has been operated at

room temperature. However, there is no fundamental
reason why lasers such as the InP and InAs types can-
not be operated similarly. At present, however, their
lasing thresholds (required current density) are much
higher than that of GuAs. Present lasing thresholds for
Fabry-Pcrot typc GaAs lasers are typically 1,000 to

2,000 amperes per cm® at 77°K, although values as low -

as 400 amperes per cm® have been realized.

Poveer outputs and efficiencies of injection lasers are
strongly dependent on temperature. In liquid hydrogen
(20"K) ‘more than a watt continuous wave has been
reported.. The total overall efficiency (de to light out-

put) at-77°K"is greater than. 10 percent. This high-

efficiency as compared to that of other laser types is a
principal advantage of semiconductor lasers.™

A detailed description of specific lasers is beyond the
scope of this survey. The rapid growth of laser tech-
nology has led to generation of nearly 200 coherent
optical and infrared frequencies in dozens of solids,
liquids, and gases. A table of laser frequencies (re-
produced from the January 1964 issue of Microwaves)
is included in the appendix. The table was compiled
through a survey of the literature and from correspond-
ence with leading research organizations and reviewed
by several scientists in the field. The table includes ail
the significant materials and wavelengths reported as of
December 1963.3! '




Section Ill. PUMPING OF LASERS

BASIC THEORY
In general “pumping” is a process of rmsmg matter

from lower to higher energy; for example, raising the

potential energy of water by moving it from an under-

ground well to an elevated tank. In lasers, pumping re- -

fers to the process of raising atoms from a low energy
level:-to a higher energy level.

To understand the principle of laser pumping, we
shall consider a simplified atom with only three levels

of energy A, B, and C (Figure 10), Levels A and B are
low-lying and close together, and initially all the atoms

are distributed equally between these levels as shown

in Figure 10(a). Level C is much higher and the

transitions A~C and B-C correspond to lines in the

optical region of the spectrim, Suppose we radiate & °
_sample of these atoms with & light beam from which the - -
'spectral line BC has been- filtered,” The beam contains_

" photony that-can excits atoms .in lévél ‘A but not in-

Leéve! B, Atoms exc:ted out of A absorb energy and .-
- rise to C. They remain there for a short time (as little -
* -aw ten ‘millionths of u second)-and’ then drop back to-

AorB emmmg energy.. The proportions going to each

. cncruy ICVCI ucpenus on. Ihe au’u:turc of. mn gioms,- Du‘
the t.aportant thinig Is that occasionally an atom drops
- imta B, When'it does, it can no longer be excited by the -
“incident light. I it returns to A, the light will raise it to - -
'C 'state_again, and again it will have some probability

of droppmg to B.  Given enough ume, every atom -will
end up in the B energy level, and the material then is
completely pumped. “Referring. to Figure 10, before

pumping, the atoms are divided evenly between energy

levels A-and B, (a). After absorbing photons from a
beam of light,-(b), and aiter being raised to- energy
fevel C, atoms drop back in equal numbers to energy
levels A and B, (c). As the process continues, only

one atom is left at fevel A, (e); finally it, too, ends.up in
level B, (g). The atoms are then completely pumped.?4 -

Population inversion, which means raising more atoms
to a_ higher -energy level as compared with & lower

énergy-level, is achieved through pumping (or-excita- -
.tion), and is a .necessary condition to produca laser .

action.
* PUMPING OF SOLID- LASERS
OPTICAL PUMPING

One of the most popular methods of pumping or
exciting a solid state laser is by illuminating it with a

high-intensity light source, such as that produced by a
xenon or mercury lamp, which induces an absorption
transition in the laser material at & wavelength shorter

~ than laser output transition, This technique can be used

for either pulsed or continuous operation. Only in rare

cases can lamps be found which emit only over a -
_small wavelength interval which corresponds .to the

absorption band of a laser material. Instead, under

- conditions of maximum output, the spectral distributiori: o

of most gas-discharpe lamps is quite broad (extending

over several thousand angstroms in the visible spec-
‘trum)." Since gas-discharge lamps are one of the most

convenient and efficient sources of high-intensity optical
radiation which have been developed to date, this means

_that for efficient utilization of the light available from
. these pumps,. the laser material must have broad ab- -
-.sorption bands, 3% . . ‘

“'The basic ﬂuorescent process and optlcal pumplng Leer g

¢an' be understood by referring to Figure. 11, ‘With no .
- excitation’ app]ied to the mateml the popuIadons are @8- |

follows. :

Where N,, Ng, and N,. are the populat!ons in levels 1 Lo

2, and 3, respectively, E; i3 the difference in enargy;, S

- Between levels 1 and 2, E,. is-the energy ‘difference
between levels 1 and 3,k is Boltzmann's Constant, and
T is the temperature of the solid. When the materlal'is .

" excited by pumping light, ground state fons are excited:
to level 3. A .nonradiative process then takes up some .

of the excitation energy and the ion drops back-to level

2.'The ion In Jevel 2 has less energy than i initially re-"
__ celved from the pumping radiation but, nevertheless, ~

maintains the energy Ejp with respect to the ground
state. Since this situation represents & deviation from

" Boltzmann's equilibriim; the excited fon will return by -
some process back to' the ground state. The two

- dominant mechanisms by -which this can occur are
- either another nonradietive. thermal process, or a re-

diative process known as-spontaneous emission, This
Iatter process is dominant ln emciently ﬁuorescmg mate-

rlals, %8

- In smﬁmary, the' ﬂuorescant process consists of the

tollowing steps: First, pumping. radiation causes ab-

sorption from level 1 to level 3. A thermal process
tekes up part of the absorbed energy leaving thie lon in

9
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NON-RADIATIVE
TRANSITION

PUMP
COLIBHT T

STIMULATED‘
. EMISS|ON-, :

: Figure 11, Energy Level Dlagram fora Three Level
F!uorescem Solid-

Vlevel 2 (ie., ground stafe ions are pumpcd mdxrectly

“-to level 2). Finally, the ion returns to the ground-state

by spontaneously radlatmg the energy E;, as ﬁuores-

. gence..
S “The 1ate at whrch lons are, pumped upward is equal~ _
S to- _WN,;" where W is: ‘a’ factor directly ‘proportional.

- . _-to:the intensity of the - ‘pump. light ‘The ‘rate that ‘lons -
.7 " decay from level 2 is ANy, where A is the rate factor -
B 'determmmg sponitaneous. ‘emission, known as’ the Ein- -
-~ stein A coefficient. Under s!eady state pumping, then, -

- we must have

- \Il\v = AN,

' "ithus. we obtain- N5>N1 only when WA, Since we
. -cannot obtain ampllﬂcation until Ny,>N;, the emcxency'
--of a three-level pumiping scheme is low unless W-is much’

. greafer than A. In practice, however, making W much

greater than A necessitates 1mpract1ca11y high intensity .
It is; in fact, very difficult to
" even reach the condrtion W=A. For this reason, three-
-fevel systems -are not very practlcal for “ contintious -
operation, and fuby, which is a prime example of such

_pumping light levels.

& three-level system, is. almost always operated under
pulse excitation.?? ~
" Pulse excitation can be understood by egein referring

< to Figure 11. The rate-A is an inverse measure of the

decay Ume of ions in Ievel 2, or
' 1

=

A

where 7 is referred to as the fluorescent lifetime. Thus,

if a high energy pump pulse with duration less than
-7 is applied to the system, lons pumped up-from the

- ground state will be stored in level 2. The total pump-

energy must be greater than %V;E“V in order to obtain
Ny>N, (V is the volumie of the material).s

Due to the inefficiency of high pumping intensitics
required for three-level systems, another scheme, shown

FLubREscsncr:'
AND

in Figure 12, is preferred. In this four-level scheme,
level 1 is now high enough above ground state so that,

L << 1 and

~—Eq;
at normal operating temperatures, T

thus level 1 is relatively empty. When pumping power
is applied, ions are excited from the ground state in-
directly to level 2, as in the three-level scheme, but

" . now a comparatively small population need to built

up in level 2 because it requires very little.population

" -inlevel 2 to have ar excess with respect to the relatively

empty level 1. -Examples of a four-level system are

e 'Nd-glass and Nd-CaWO4

_ OPTICAL PUMPING ARRANGEMENTS

o There are several techniques for surrounding the laser s
~ rod by the light source in order to:produce as uniform ‘

" excitation as possible, ‘A commonly used srrangement
was shown in Figure 3. The light source is arrenged in

a multi-turn. xenon-filled quartz high energy - helical

flash tube and the laser rod is ‘placed coaxially in the -
center of the helix, Although this {8 & convenfent ar- . -

" rangement, pumping efficiency is rather low because of = .
- the large amount of light energy which is Tost, from the .
" outer surfaces of the helix.? . s

Figure 13 shows another arrangement where the lamp,,'
and laser rod are both enclosed in an elliptical reflector.
This tvpe of arrangement has the advantage of concen- -

- o.-aolu.. :“\. Hnl-w on tha vnﬂ 122

Another interesting approach to the problem of tocus-f E

ing as much light as possible into a small volume is by :
- using the conjugate foci of several elliptical cylinders,
Except for reflective losses, this method provides for .~

almost. 100 percent coupling between the light source

~and the laser rod. Figure 14 shows -such.an optical

pumping arrangement which makes use of several light :

NON-RADIATIVE ~
PROCESS -

PUMP- :

LIGHT FLUORESCENCE
AND
STIMULATED
EMISBION

NON«=RA Dl.t'i‘lVE '
PROOESS

Figure 12, Schemnatic Diagram of a Four-Level Fluorescent Solid
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~EL LIPTICAL
REFLECTOR

ELLIPTICAL.
REFLECTOR

LASER ROD

7 ’Flgurc 13 Pumpmg Arrangemem Usms Lmear anp in an _' N

L Ellnpucal Cylindncal Reﬂector o

sources and several truncated e]lxpncal cylxnders (iour
in this case), all sharmg a common focus which con-"
tains the. laser rod.*. In general, low optical excitation - -

efficiencies are obtained (circa-1 percent) regardless: of

.the arrangément cmployed because only a small frac-~ .~
tion.of the light- emitted by the light source falls w:thm" =
) the absorpuon band of the. laser material. :

Figure 15 shows a pumping scheme used by D. F
Nelson and W, S. Boyle to obtain continuous laser action

+ - in a-ruby laser.*® The high-intensity region of a short
arc .mercury lamp is. nmaged on the broad base of a
- trumpet-shaped rod ~with ‘unity magnification, - The
light .incident on the cone base is trapped by total

LLIGHT i
SOURCE - -

Figure 14. Four Ellipses Confocal Laser Pumping Configuration
12

_ internal reflection so that intensity at-the ruby shank is

larger than at the cone base by a factor which is equal
to the ratio of the arcas. The pumping radiation zig-
2ags down the rod and afier reflection from the far

_ mirror retraces its path, thus, increasing the optical

path length and consequéntly the: absorptjon The in-
creased absorption plus the high-intensity were sufficient -

" to maintain.continuous wave action at 77°K. It should - - -
be noted that the end-pumping scheme is especially-ad-.
* vantageous for three level Jasers. This is because the

concentration of the active atoms must be kept low

o enough s0 as to-ensure uniform | pumpmg over the rod’

EXTRACTION =~ DEWAR

SPHERICAL
BACKING.~

e ~.. MIRROR
SPHERICAL - {7~ SPHERICAL
COLLECTING .~~~ COLLECTING

; ‘_"Hm, - (a) - MIRROR

= ~CAvITY
‘MIRRORS ~

‘SOLID ANGLE )
- OF PUMPING (.0

Figure 15. Ruby Continuous Wave Pumping Arrangement

length. Another pumping scheme for continuous laser
has been proposed by J. Kremen, The method consists
of using ellipsoidal mirrors for collecting a large solid
angle of light and focusing it remotely ‘with minimum
image spread.® In addition to the use of high-intensity .
lamps, other sources of light include exploding wires,
chemical reactions, nuclear energy, the sun, etc.

‘By exploding wires electrically, C. H. Church and

. hiz associates at Westinghouse Research Laboratories,!#®
- excited a-3-inch long; 0:25-inch in diameter-ruby crystal - - -
- to a room-temperature output.of about 0.4 joules. The

wire received about 14 kv from a 168-farad capacitor




‘bank: The crystel, which was side-pumped in an ellipti-
cal cylindrical cavity, was encased in pyrex and plexi-
glass to protect it from an intense shock wave generated
by a 50 to 100 usec explosion (Figure 16). Tungsten,

nichrome, aluminum, and copper wires wera used in -

lengths of 2 inches and diameters of 8 to 15 mils,
Exploding wires were found to be two to three times
less efficient than xenon flash tubes in the visible spec-

trum, but more efficient in the ultraviolet portion of the -

- ~ spectrum, However, rise times were fast, and peak out-

put’ powers of about 80 joules are. predlcted for im- '

’ ——’proved versions of the system.2¢.

L Researchers at Westinghouse's Air Arm Divislon re-’
" ported the near-completion of a cathode-ray tube- de-

signed to excite its own ruby crystal by cathodoluminis-
. cence. It has a special gun designed for electron optics
and a longitudinally placed 4-inch long hollow crystal

. encased in a shield of Vicor. The gun's hollow beam

. strikes the Inside of: the cavity, which is coated with &

-manganese-doped zinc-ortho-silicatc - Py phosphor, and -
" releases photons to the- crystal, ‘This pumping. arrange: -
... ment is-shown in- Figure 17.. The tube is designed to

- convert.a 1000-joule- pulse: into-40 joules of incident .

- radiation on the ruby rod in 100 usec at 200 amps and -
"°50 kv.: Continuous wave output is expected to be at least ~

- 100 watts for a 1000-watt input. Advantages. of this

. “method wete listed ‘a8 easy matching betiween phosphot"
. emission and Iaser-absorption bands; good conversion -
*'eﬂiciencies. reaching 2§ percent; high-saturation radi. "
~ ance; relatively easy control of tlming and intensity; ease -

~ of cooling, because the solid-state phosphor contacts the

" cooled strface; and hlgh reflectivity allowing good -
_ coupling to laser crystals 120. Pumiping lasers by light -
from-a shock wave caused by ‘detonstion of high ex-:
. plosive has been suggested as a way of achieving high-
*laser output power and energy without -the necessity -
. of 2 large pnmary power storage system Figure 18

s

‘light ‘source -is

—VICOR SHIELD
—RUBY ROD

EXPLODING WIRE

RUBY ROD
< N\
gl 2N0 U
33,600 JOULE BERT
CARAGITOR 2 'f’:,“.f\‘.....-«.‘{;\:
i = i
- e TR AT~ ) | B Y o t°
TRIGOER | ) 4/
cHERRY ELLIPTICAL
, — -CAVITY
ki PYREX
PLEXIGLASS

I-‘ixure' 16. Explodlnu"ere Pumpiﬁx Arraniéﬁaéni

shows the basic arrangement for pumping 2 neo-

dymium-doped glass laser from a distanes of 3%

meters without damaging the laser.!d The explosive '
‘placed behind & concrete wall pointing =~
up into a: mirror This mirror directs the light hor- .~
- zontally into & plastlc Freenel lens which images the light - .
; ‘source aperture, A, on the 60-cm dlameter paraboloidal. -
_ tirror. This mirror then forms an image of the Fresnelr T
: -lens upon the laser rod.. : 8
-Solar pumping of lasers was reported by G R Slmp- R
'son of Amierican Optical Co. at the 1962 Spring Meet- - '
~ ing of the Optical Soclety of America ® A rubyrod one. - -
centimeter long and three millimeters in diameter was -
- exclted by uting 'a 44-inch in- diameter .catadioptle -
paraboloid to focus the energy into an immersion optical
" system consisting of a menisus aplanat cepable of a
five-fold concentration, and en immersion hyperhemis-
pherical aplanat of sapphirs. A schematic of this ar- -
- rangement is shown in Figure 19. Solar excitation of -

CaF,: Dy was achieved by RCA Laboratories, and the
details of this experiment sre given in reference 120,

Sun-powered lasers would permit direct sunlight to

ELECTRON
_OPTICE GUN

~CATHODE AND
CONTROL ORID

’METAL _CYLINDER

Figure 17, Excitation of Lucr by Cathodoluminescence
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- Figure 18. Arrangement for Laser Pumplng by Explosive Light Source

.. power a system for communlcating with satellites and

other space vehicles, . Use of the sun as a source of

- power-will_simplify the laser and provide a long-llved
“self-containéd communications system.

. Researchers aj the Martin Company's Orlando Divi-- )
L sxon are working toward ‘the use of: nuclear power to .
o develop lasers ‘capable of extremely high power and - - .

7777 frequencles. -At present, three basically different ap- -

5 _proaches are. being epplied. “These. are the use of atomic -
gases, the tuse of nuclear rddiation to actlvate a laser "
- crystal,. and the development . of - self- -activating laser

" crystals containing radioactive Isotopes.®

The hght mtensmes required to. obtain continuous

=‘xnacl nuuun eoill UG uauumu;u U, uams @ mculuu Lubl',

employed by W. Kaiser et 'al.!!? If the energy flux pet-
unit wavelength incident on the. crystal is I()), then the
power per unit volume absorbed by the crystal is ngen';’

PT= f m)kmw -

RUBY ROD
SMM DIA,

GLASS LENS SAPPHIRE
S . ... SPHERE
~44 N, DIA. , 20MM DIA
'CATADIOPTIC s SRR
PARABOLOID

- anure 19 Solnr Pumping
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where the attenuation of I(A) is descnbed by I(A X) =
I(), 0)e—Xtix and the integration is over the useful ab~

sorption ‘ranges. The “equilibrium population of the " -
metastable level established by the pump light is ob- -

. tained by equating the rate of excitation (atoms per ms
“per second) to the rate of decay (assumed radiauve)

' fn(x)x(x)q = N
J T

c Vtupent.

where V'is the volume of the crystal and 7(A) is the o

quantum eﬁiciency for ‘pump light ‘at wavelength A for

exciting level 2. It is aleo assumed that K s small =~ -

enough s0 that the decrease iri I due to crystal -absorp-
tion ‘is small; By replacing No by No. (i.c.. Ny at
'threshold), which for a four-level laser is equal to
~AN., we obtain an expression for' the critical light
mtenslty “If we- replace 1, K, and m by their average

”;‘values for the useful absorptmn range Ah we can

rewnte the above equation as- -
)JK»M -_‘ m‘ .
. s hc vtlpnnl .
Further details conceming this method of eetimating' )
the required light intensity for optical pumping as well
as several numerical examples can be found in Refer-
ence 119, i
_'The intense Lllummatlon required to pump lasers
‘produces a considerable amount of heat which must
be dissipated to prevent damage to the laser rod. Several
cooling methods, such as- optical cooling, are. being
investigated.!!! Plasma pinch excitation of a suby laser

-has been proposed by R. A. Brandewie et al?® An
-.unusually intense -and well-defined output pulse was

obtained from the ruby with apparently negligible heat-

- ing of ruby or flash tube. The pump light was found
- .-.-to. consist of. line spectrn father then the blackbody
». continum emitted by the xenon flash tubes, The theta



plasma pinch configuration allows the important ad-
vantage of eliminating electrodes from the high current
discharge tube. The flash tube consists of coaxial
Vycor tubes, arranged to encircle the ruby rod with a
theta pinch. The discharge is driven by a single-turn

coil snnected by a triggerable spark gap switch to a

low-uiluctance capacitor,

Peak plasma currents exceeding 150,000 amps are
obtained with this driver, which transfers approximately

35 percent of the initial stored energy into the plasma, -

the remainder being dissipated in circuit losses, Pro-
nounced heating of xenon flash lamps Is noted after

firing with several hundred joules. For similar energy

input the electrodeless flash tube- _produces no notice-
able temperature rise, whether filled with xenon or

argon. 'This unusual lack of heating is one of the most
. important advantages of electrodeless excitation. - Al
..~ .though-the detailed energy transfer mechanism is not
. .- well understood- at present, it should be noted that the
observed | spectral energy distribution would be expected
. 'to produce significantly less heating than a blackbody
'dlstnbution : ,

_ - In summary, most attempts to increase | power output

- in- pulsed lasers, or to achieve continuéus operation,
seem-to be takmg the brute force approach of slmply

" .. trying to get moré.pumping energy into the active. -

material;; Through a combination of high-intensity light

ers all over the country are literally blasting eriergy into

laser crystals and serious problems of thermal cracking
have been encountered. In many instances, ruby crys-

tals have been blown apart with a single pulse of the

~ Input enetgy. While some progress has been made in -
terms of higher pulse rates and higher peak power out- .

puts, the energy conversion efficiency has not improved
significantly, A further limitation of this technique is
the increasing requirement for extremely large power
sources, which simply cannot be provided in any mobile

“application,

The ultimate approach to achieving significant im-
provements in power, efficiency, and lifetime of laser de-
vices probably lies in the exploitation of nuclear sources
for pumping energy. Some laboratory work is now in
progress aimed at determining the feasibility of the
several conceivable methods by which nuclear energy
could be used in a laser system. In the Molecular Am-
plification Laboratorics of the Martin Company in Or-
lando, Fiorida, two possible methods are being in-
vestigated, One involves the self decay of a gaseous
isotope in a Fabry-Perot interferometer. A second
method involves the direct irradiation of crystals by
gamma rays, alpha particles, beta particles, or neutrons.

This-holds the promise of better power output, probably
sufficlent for a wide range of applications.®®

EXCITATION OF GASEOUS LASERS

In gaseous laser materials it Is possible to bypass the
intermediate process of generating light by using colli-
sion processes in the gas. There are several different
schemes for accomplishing this, which, although differ-
ent in detail, all have the same basic process of collision
excitation in common. In one family of gas lasers, of

" which the helium-neon laser is the archetype, a mixture

of two gases is used. One of the gases (helium in this-
case) is chosen because it has a metastable state which

coincides in energy with one of the excited states of the-
other gas in’ which the laser output transition occurs

(neon in’ this case). This type of laser is excited by -

~.passing an electric’ current through the gas mixture. =~
- This heats the gas so that some of the atoms are fonized

and electrons are freed.. These electrons collide with.
the atoms of the first gas (called the exciting gas), and
excite them to higher energy levels. As the atoms of

- the exciting gas decay to the ground state many of them

will pass . through the metastable level. Undér. some

.. conditions of relative concentrations, the probabllity‘

- ‘that exciting atoms will exchange their metastable energy -
‘with atoms of the laser gas in collisions can be made

" greater than the probability that they will decay to the..

- sources and xmproved optical cavity geometty, resenrch-"'-_-.,gmund state by other processés. Thus, the exciting

atoms excite the laser gus atoms in very much’ the

- memdfmal mooafias

$ oL
same way a3 the I nanl. in an Spuca: eacitauon sciems,

1In gases, however, the absorption transitions are ex-

tremely narrow, therefore, direct optical pumping would

- be very. difficult, - The overall efficiency of the collision

excitation method is quite low; maximum efficiencies of
the order of 0.02 percent have been roported.

In another type of collision-excited Iaser only a single
species of gas is required, This type of excitation has
been used for pure helium, neon, argon, and krypton
gases. This type of laser, as in thé preceding cuse, Is
excited by either a radio-frequency or current discharge,
The excitation of the laser gas atoms is believed to
result from inelastic collisions between electrons freed
by the discharge and the atoms. Selective excitation of
the higher lying states of the atoms occurs because the
cross sections for excitation of the levels differ from
level to level,

A gas mixture is aiso used in still another type of
gas laser; one of the gases changes the broad spectrum
input energy into a narrow spectrum which can be used
to excite the laser gas. In this case, however, the laser
gas is molecular rather than atomic; when it is excited

by collision with the exciting gas it dissociates into two

15



atoms, on¢ of which is in an exclted state. The laser
output transition occurs betwen levels in the excited
atoms, Examples of this type of excitation scheme are
Ne~O; and A-O: mixtures. The advantage of this
scheme is that the molecular dissociation process can
be cxcited by a broader spcctrum of energies than-atomic
energy transfer.'s®

EXCITATION OF SEMICONDUCTOR
LASERS

In scmiconduc.tor lasers, or junction-diode lasers en-
" ergy states characteristic of the host lattice are involved

in the lasing transition. Thecse states, because of the-

overlap of the wave functions of the electrons -in the

" atoms, are not discrete energy states or energy bands. -

“The highest band filled with electrons is called the
valence band and the next hlgher band is the conduc-
_tion band._In a semiconductor these bands are: sepa-
rated by a region of energy in which there are no allowed
states. ' Electrons can be excited from the valence band

. to_the conduction band, leaving a hole in the valence .
-~ barnd. The radiative transitions: that can. give rise to

"_stimulated emission . are caused by -the recombination

- of these electrons and holes, LY The probable mechanism .
7 Ior the process ls that electrons pass from the conduc- -

16

 tion band of the n-type material through the junction

barrier to a virtual level in the p-type material spectrum,
ond then make transitions to levels at the top of the
valence band. If a sufficiently large current is passed,
then an excess population in the upper level is created
over that in the valence band and the conditions for
laser action are established. Optical masers of this
type are of considerable potential interest in the ficld of
communications. Since the coherent radiation is gen-
erated by direct conversion of electric energy, then a

. modulated optical output may be produced by direct

modulzation of the exciting current.
The light emitted by the GaAs injected: laser, which -
is a prime example of semiconductor lasers, is less co-

“herent than that from a fluorescent solid laser. Typical

values for one measure of coherence (frequency)/ (line

_width in fr;q\jency units) are as follows:

gas Ix 1o
-ruby.- -3 x 10"
GaAs 3 x 10*

Furthermore, the injection laser does not have the ca-
pacity to store large quantities of energy which can be

- relessed in a short pulse like the ruby laser, Thus, the -

semiconductor laser, by companson, delivers low peak

'pulse power. -




Section IV. POTENTIAL APPLICATIONS OF LASERS :

When the transistor was invented in 1948 therc was
an obvious markct for it. The trend towards miniaturi-
zation needed a miniature, reliable valve without com-
plicated power supplies, and  the transistor easily
achieved great commercial success. Although the prop-
ertics of lasers supgest a variety of applications, there
was no ready market waiting for them. After four years
of rescarch, lasers have been confined to laboratory
uses. A preat many applications have been proposed,
but the arcag in which lasers might be fruitfully em-
ployed will be discussed- here in rather general terms. -

Lasers operating throughout the infrared, visible
light and ultraviolet regions of the spectrum will find a
varicty of applications, and will possibly revolutionize
communications and guidance techniques, Their em-
ployment within the earth’s atmosphere appears to be

" subject 1o severe limitations because of atmospheric

attenuntion, but this will not uffect their employment in’

. the vacuum of space, where their potential is virtually
unlimited. - :

Some medical uscs have been proposed including
repair of retina separation in the eye and the removal
of caturacts. When the reting of the eye is torn or
injured, it is possible to “weld™ the retina to its support
by cougulation with an intense spot light and thus pre-
vent it from becoming detached. Preliminary tests on
animals conducts at the Palo Alio Foundation and the
Stanford University Schoal of Mcedicine have shown how
to regulate the output of the laser. If the device proves
equally successful with human patients, it would enable
the repair of retinal lesions ™" Physicists also leok for-
ward to the luser as a tool for further study of the
structure of the atom, and its heam may be useful in
controlling delicate chemical reactions,

Military uses will be manifold. both on cuarth and in
space.  Optical radar systems will provide superior
detection and target-seeking devices of extremely high
resolution. Communications and puidance systems for
space vehicles will not only be much more cffective, but
will be virtually undetectable. In comparison to micro-
waves, highly directional coherent light is less likely to
be detected because of the smaller angular divergence of

its beam."® A number of companies are under govern-
ment contract to exploit the laser’s potential as a military
weapon. The principal area of interest is in missile
defense. If a beam of sufficient intensity could be
developed, a few bursts of laser light would knock
dowr warheads or divert satellites from their course.
Most of thése projects arc in their carly stages of de-
velopment, and significant technological advances will
be required before they can be completed.

The output cnergy of a laser probably can be focused
into an area so small that intensitics of one hundred
million watts per square centimetcr and temperatures
millions of times. hotter than the sun can be produced,

" This, of course, opens up the posibility of innumecrable

processing and fabricating applications in manufactur-
ing operations,®

It has been suggested that lasers may one day make
“wireless” computers possible. Optical fibers, instead
of wires, would transmit bits of information on a pulse
of light. Such a computer would be faster thas the.
present-day computer and would eliminate many prob-
lems with wires and transmission lines.

There are many optimistic references in the literature
concenning fulure applications of lasers. The reader
can be easily misled by such spcetacular claims that the
laser will be abie to burn up intruding missiles in a
Buck Rogers “death ray” fashion. It is truc that a laser
beam is capable of boring its way through a [/8-inch
thick stecl platc in about 0.001 second; however, this
technigue would have to be extended by several orders
of magnitude if it were to be used to remove large
amounts of metal at a distance. Even if a conventional
present-tay Taser system were scaled up by a factor of
10,000 it would only vapmize about one pound of
steel ! The reader should keep in mind that the luser
is stifl mainly an experimental device and many technical
problems remain to be solved. Until the eificiency and
the average output power (in contrast 10 the peak
power) are increased, it will not be practical to use
lasers for some military and industrial applications.
The first applications will very likely be those in which
some other property of lasers, such as high peak power
or very monochromatic spectral output, is important.
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- APPENDIX

| TABLE OF LASER FREQUENCIES"



TABLE OF LASER FREQUENCIES"

Note: Infrared spectrum begins at 7000 A

0.7009
07041
0.708
017 lo(l‘l)
0.7306*
0.7431
0.7456
0.7457
0.7464
07568

0.7580%*

0.7672
0.7673
0.79454¢

0.7991

Crystal

Crystal

Crystal

Semicon

Gas

Raman Liguid"®
Raman Liquid*®
Raman Liquid‘™
Raman Liquid®®
Raman Liquid®®
Plasma

Raman Liquid®®
Raman Liquid™
Raman Liquid®
Raman Liquid“®

ALO,:Cr*
AI;O.:C]’.‘
CaPy:Sm™
(GaAsi-Py)
He 4 Ne
Deut. Benzene
Benzene
Pyridine
Toluene
Nitrobenzene

N

Bromonaphthalene
Orihoxylene

Elhyl Benzene
Deut. Benzens

Wuvelength Flrst
(Microns) Laser Type Materials Reported by
0.2313® Crystal ~ Al0.:Cr™ Ford Motors
Scientific Lab.
0.3125 Glass Si Glass: Gd Naval Research
Laboratory (NRL)
03164 Gas He -~ Ne Philco
03230 Raman-Gas H, Ford Motors
’ Scientific Lab,
0.4175™ Semicon GaAs:Zn IBM
0.4650¢ Semicon SiC "Tveo
0.4905"" | Ramarn-Gas Dy Ford Motors
o : Sclentific Lab. -
0.4942®0 Raman-Gas CH, " Pord Motors
: Scientific Leb.
0.5300 Glass Ba crown Glass:Nd Lenr-Siegler,
: o ’ Univ, of Mich.
0.5940® Gas He 4+ Ne Bell Telephone
. B I.abs. (BTL) .
0.598% Crystal LaF,:Pr* Varian Associates
0.6046 Gas He 4 Ne BTL
0.6118%® QGas He 4 Ne BTL
0.5118 Gas He 4+ Ne " Spectra-Physics
0.5129 Liquid . EuB,™ _7|_.Qenefel Telephone & .. -
: oo o N o7 7| Electronies (GT&E)
0.6130 . EuD, + “DMF"® - GT&E - e
0.6130° ~ Plastic’ CEu“TTA"® _Radio Corp, of
America (RCA)
0.6293© Gas He + Ne¢ BTL -
0.6293 Gas He 4 Ne Spectra-Physics
0.6327 Gas He 4 Ne BTL
- 0.6328% Gas He + Ne BTL
0.63287® Gas He + Ne .Spectra-Physics
0.6351® QGas He 4+ Ne BTL
0.6401® Gas He -- Ne BTL
0.6403® QCas He 4 Ne Spectra-Physics
0.692 Crystal AlQs:Cr* Hughes'
0.6934 Crystal Al0,:Cr* BTL
0.6943 Crystal Al0::Cr Hughes
0.696 _ Crystal SrFy:Sm™ BTL
0.697 Crystal SrFy:Sm* IBM
0.699 Crystal ALOs:Cr* BTL

BTL and Varian
BTL and Varian
IBM

GE

BTL

Hughes

Hughes

Hughes

Hughes

Hughes

Services Electronic
Research Lab.
(England) (SERL)
Hughes

Hughes

Hughes

Hughes
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TABLE OF LASER FREQUENCIES® (Continued)

Wavelength First
(Microns) Laser Type Materials Reported by
0.8053 Pnman Liquid*® Benzene Hughes
0.8053 nan Liquid“® Pyridine Hughes
0.8350" Semicon GaAs:Zn 1BM
0.8400 Semicon GaAsiZn IBM
0.8400 Semicon GaAs:Te GE
0.84404% Semicon GaAs:Zn 1BM
0.8446 Plasma O (Also, Br + A) BTL
0.8446 Gas ~Ne - 0. . BTL
0.8470 Semicon . GaAs ITT -
0.8540 Ramar Liquid® " Nitrobenzéne Hughes
0.8658 Raman Liquid®" Cyclohexane Hughes
0.8683"" | Plasma N SERL
0.8691" Plﬂ'sma' N ~SERL -
0.8698"0 Plasma N SERL .-
0.8704" ' |" Plasma N’ ""SERL
0.8710°»:. | Plasma . N : . SERL
0.8819 - Ramtn I_tquld‘“’ S Benzens ¢ Hughes
08844 | Plasma . NC SERL
0.88479% - 1. Plasma’ N " SERL -
0.88521um Plasma N --SERL
0.88569" Plasma ‘N SERL
0.8863"" - - Plasma N . ‘SERL
Q. 837]"" Plasma N SERL - .
- OR&78 .- |- Raman qul.lld‘"’v }Paperidme L -~ Hughes
08879"" 7| Plasma’ N -*SERL -~ -
0.8886Y. | .. Plasma-:- . N - SERL . -
. 0.8893°® | Plasms N " SERL -
. 08899 | Plasma N < SERLF -+ 7
0.89001" Plasma N " S8ERL
0.9050 Semicon InP:2n IBM
059223 Giass Si Glass: Nd* Corning
0.0610 Ramen Liguidts Nitrobenzens Hughes
0.9806 . Raman quuld““, Cyclohexanone Hughes
09856 ° [ Raman Liquid™® Orthoxylené Hughes
09864 Raman Liquid'® Acetone Hughes
0.9865 Raman Liquid®*: Orthoxylene Hughes
0.9876 Raman Liquid™ Piperidine - Hughes
0.9876 Raman Liquid®" Metaxylene Hughes
0.9876 Raman Liquid™® ~ Orthoxylene Hughes
09833 Raman Liquid®” Piperidine Hughes
0.9886 Raman Liquid™ - Piperidine Hughes
0.9888 Raman Liquid®® Cyclohexanone Hughss
0.9927 Raman Liquid™" 1,1,2,2,C:H. Cl, Hughes
0.9941 Raman Liquid™® Paraxylene Hughes
1.034 Crystal SrMoO,:Pr BTL
1.018 Glass LiMgAISi: Yb™ NRL
1.037 Crystal SrF,: Nd BTL
1.039 Crystal CaWoO,Pr> BTL
1.042 Crystal LaFy:Nd™ BTL
1.045 Crystal CaF,:Nd* BTL
1.04494% Plasma N SERL
1.0455 Plasma SF. BTL
1.04619» Plasma N SERL
1.047 Crystal S tF.: Nd*™ BTL
1.04720> Plasma N SERL
1.0480"» Plasma N SERL
1.04519% Plasma N SERL
1.04954® Plasma N SERL
1.05 Crystal CaF;: Nd* BTL
1.0505" Plasma N SERL




’ : B TABLE OF LASER FREQUENCIES* (Continued)
. Wavelength First
) {Microns) Laser Type Materlals Reported by
1.058 Crystal CaW0,:Nd* BTL
1,058 Glass Ba crown glasa:Yb NRL
1.059 Crystal SrMo0,:Nd* BIL
; 1.059 Crystal PbMoO,: Nd* American Optical
3 : Company
- 1.06 Glass LiMgAISi:Nd*, Yt* | NRL
1.06 Glass Kodak Optical Glass —
1060 | Crystal o . SrWO:Nd* . -BTL
1.060 Crystal StMoO.:Nd* BTL
S © 1060 Crystal EAE - CaWO,:Nd* BTL
i Coe ~ 1060 Crysal.  ~ | : PbMoONd* BTL
‘ ’ 1.061 . Crystal s CaWO Ng® | BTL .
LT - - - 1081 .| Crystal X 5rMo0,:Nd* ‘BTL
: 1061 - Cryatal - SrWO.Nd" BTL
1.062 Crystal o CaWONd® BTL
1.0628 Gas ~ | "SP4 He . . { -BTL
1.063 "Crystal- T SrtMoO: Nd® BTL
1.064 Crystal - | SrWO:Nd* BTL
- 1064 | Crystal - StMoO:Nd* ~~ - [ BTL °
.1.064 .| Crystal < |7 BaRuNd# ‘| BTL
1.064 Crystal _ CaWO,:Nd* _ BTL
1.064 Crystal S CaWOiNd® © |..BTL -.
3 1.064 . Crystal - = .77 " "LaFg:Nd* ) " “BTL
-.1.065 - [ Crystal -+ - 1 - SrMoO(Nd* - - BTL. . .
1.065- CCryatal - T - CaWONd® {..BTL ---
1,066. |- Crystal ~- . 17 7 CaMoQ:Nd¥ 1 BTL -~
C 10882 0 Plasmia o - " SR, BTL:
B i e e 1.0689 Plasma co BTL
i O 1116 - Crystal CaFeTm RCA
o . o 1) Gas He 4 Ne . BTL"
1.12§ Cryatal . CaPRy: Tm® BTL
1.1524» Gas MNe BTL
1.15308 Gas He 4 Ne Spectra-Physies -
1,153 Gas He + Ne BTL
1.160 Gas He + Ne BTL
1,198 Gas He 4 Ne BTL
1.207 Gas He + No BTL
12303 Plasma N SERL
12312 Plasma N SERL
1.23194» Plasma N SERL
1.2334w Plasma N SERL
1.2347» Plasma N SERL
1.3588 Plasma N BTL
1.4539 Plasma CO, BTL
Ty 1.4544 Plasma NO BTL
) 1.529 QGas Hg BTL
1.612 Crystal CaWO,Br® RCA
1.618 Gas A BTL
1.6201 Crystal MgFNi BTL
1.690 Gas Kr BTL
1.694 Gas \ Kr BTL
1694 Gas : A BTL
1.770% Semicon (InsGaw)As:Zn MIT
1.784 Gas Kr BTL
1.793 Qas A BTL
1.813 Gas Hg BTL
1.819 Gas Kr BTL
1.91 Gas Kr BTL
1911 Crystal CaWO0: Tm* BTL
1.921 Gas Kr RTL




'TABLE OF LASER FREQUENCIES® (Continued)

Wavelength First
(Microns) Laser Type Materials Reported by
1.98 . Glass LiMgAIS{: Ho* NRL
1.974 -1 Crystal | - 8tR,Tm - BTL ~
2,026 Gas Xe : BTL
2.048 Crystal CaWO0,:Ho" BTL
2.060 Gas : He BTL
2.062 Crystal CawO.:Ho" BTL
2.062 Gag .~ A 'BTL
2,07- - - | Semicon - (InuGau)AsiZn MIT -
~>2.094 - - Crystal- -~ - | - CaFy:Ho* - -BTL
2,102 | Gas = . [ ] : BTL
2116 | Gas. o Kr - - BTL .
02189 0 {:Gast T T Kr . © - -~ BTL -
274 77 | Crystal L ] sCaRyUt < BTL . -
..2.360, “ Crystal CaFy:Dy' -RCA
= 2407 | Crystal SrF: U™ BTL
2479 - - |- Crystal - CaF,U* IBM
2800 | Crystal- - - | - CdRJU™ - IBM -
2604 - . Gay - . . .. | He _BTL
2609 .| Crystal -~ .l BaRU% MIT .
- -2.613 - Crystal - - CaF,U* - IBM
3.117% | Semicon - - [ .InA:Zn o MIT .
. 3.199% | Gas co Co - IRG. T :
~.3236" | Gas. [ .. ‘Hg | BTL = e
339 .U Gaseoooo0 oo | ‘He'd Ne .| - Spectra.Physics -
3837 " Gas. . o | -He OBTL -
- 82w -1 Semicon . - | . InSb:Te oMIT
= 7058 |- Gas: - 7 T RE BTL
7.180 .. Gag’™ Ce TRG -
8.445 Plasma v Br 4 A BTL
8.683 Gas N, BTL
10.234 Gas A ‘BTL
- 18.506 Gas He BTL
‘ 34,552 QGas Ne BTL
-~ 52.00 . Qas Ne BTL -
- 488.5™ Gas Maser Nd* ~ Martin
(1) Produced as a third harmonic from ruby's second har. (10) One version emits on 1.153 and 3.39u.

(2)
(2a)

)

(4

~—

(5

(6)
(7)

(8)

(9}

22

monic of 0.3470,, Ford has also produced many lines
between 0.2313 and 2.5« by four-photon techniques, by
frequency mixing, and by a combination of the two meth.
ods.

Second harmonic coherent emission.

Achieved through Raman scattering induced by coherent
pulses from a 6943-u ruby Jaser. The figure shown is the
shortest wavelength component of an output spectrum
which includes several other frequencies.

Cw version of IBM's pulsed semiconductor lasers. The
0.4175-4 second harmonic has been detected by IBM
directly from the junction.

Whether this is an actual laser emission is still unresolved
at this time.

Achieved through mechanical suppression of wnwanted
oscillations in a multimode laser.

Mechanically tuned.

Europium ion in trisbenzoylacstonate molecule, a chelate
in alcohol form. Also described as an adduct of piperidine
and benzoylacetonate.

Europium dibenzoylmethide chelate with dimethylforma-
mide.

Phenoyl trifiuoro acetonate chelate in polymethyl meth-
acrylate plastic. reportedly a Iaser material,

(1)

(12}
(13)
(14)

(15)
(16)

an
(18)

(19)
(20)

20

(22)

Also operated at several hundred wavelengths down to
0.66004, and believed capable of reaching 0.6000u; emis-
sion wavelengths of semiconductor lasers are temperature
dependent.

Coherent emission resulting from Raman scattering in-
duced by pulsed ruby laser emission into an organic liquid.
One of many wavelengths produced from polyatomic
molecules through dissassociation excitation transfer, first
used by BTL, and indicated he,e by “plasmea.”

Principal wavelength among 7 Raman lines.

This is an np junction device.

More than 130 other wavelengths have been produced
from nobla gases at BTL; these range in Ne from 1.152
10 34.554; A, 1.61 to 2694; Kr, 1.69 to 7.058y; Xe, 2.026
to 18.5064; and He, 2064.

Radiative transition is phonon assisted.

Different compounds of (InGa) as are believed cupable
of emitting at from 0.84 to 3.1x.

Also magnetically shifted to 3.125..

Achieved with a Q-spoiling filter on TRG's 7.18-u opti-
cally pumped laser.

Operates only in a magnetic fleld but is magnetically
tunable.

Highest microwave maser frequency.
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. Academy of Sciences., Physics Tnstitute, Moscow, USSR,

“Coherence and Time Scanning of the Emission Spectra
of a Ruby Laser,” Korobkin, V. ¥, and A. M. Leontovich,
Zhurnal Eksperimental' noi i Teoreticheskoi Fizikl, Vol.
44, pp. 1847-1851, June 1963. Sovist Physics—JETP,

© vol. 17, Pp. 1242-1245, December 1963.° (A Translation)

Experimental inveslfgaiion of the coherénce of ruby laser
radiation over the entirc end surface, if order to éxplicate

_the nature of the time dependence of the excitation of -
these: modes. .The spectra and  beam divergence. in ‘sep-.

arate pulses were studied at — 165°C, - The radiatlon co-

" herence was investigated by observing ‘the interference of

the .radiation_with a Michelson interferometer that had
one of its mirrors replaced by a prism. Time scanning of

- the generated: radiation was carried -out with a type SFR
fast- camera’ opermmg as a photorecorder. The scanping

shows . that, in the-individual bursts, generalion occurs. in

“several modes having different axial characteristics.” The

_emission of excited modés is not propagated in a single

. direction as it would bein a plane-parallel” resonator, but -
- in'a certain set of dnrectmns with a loml dlvergence of 30, |

fo 4 feel

5 "Acrmpaue information " Biv., Washmgton. D(‘ “Stlmu-
" lated” Emission -from Organic.’ Molecules”:with Possible "~
Laser App]lculmm v AID cht No. P 63 85 17 June

1963 AD-407 046.

. Air Force (ambndge Resenrch I.absi Bedford, Mass.,

“L:asers—A " Basic’ Discussion of Types, Properties,. and
Principles.” Stickley, C.- Martin, Report 'No AFCRL—

U 63-1.January 1963, AD-401, 888.-

This report describes-the basic nspecls of a laser. Tt in-
cludes a quantitative discussion of the major properties
und the different typies of lasers, as well as-the basic laser
mechiznism—stimulated emission. - Not - included are - de-
tailed discussions of items that will be soon outdated,
Severul applications are presented in.order to illustrate
the properties of the laser.

Akademiia Nnuk, Fizicheskii Institut im. Lebedeva, Mos-
cow, USSR, “Primenenie Opticheskogo Kvantovogo Gen-
eratora Dlia Vozbuzhdeniia Rekombinatsionnogo
Svecheniia V Poluprovodnikakh," Application of an Op-
tical Maser to the Fxcitation of Recombination Lumi-
nosity in Semiconductors) Basov, N. G., L. M. Lisitsyn,
and 8. D. Osipov, Doklady, Vol. 149, pp. 561362, March
21, 1963. (In Russian)

Investigation of the recombination luminosity of gers
manium. silicon. and gallium arcenide, at high excitation
jevels, using a ruby laser with a wavelength of 6934A
and a light-pulse duration of 200 usec. The experimental
procedure is described, and oscillograms of the recombina-
tion-radiation pulse and the excitation-light pulse are pre-
senied. The use of a laser with light pulses of a duration
of the order of 10-7 sec is recommended in future fnvesti-
gutions of the kinetics of recombination processes.

Akademiia Nauk, Fizicheskii Institut im. Lebedava, Mos.
cow. USSR, “The Use of a Laser for the Excitation of

Recombinational Radiation In Semiconductors,” Basov,
N. G., L. M, Lisitayn, and B. D. Osipov, Doklady, Vol.
149, pp. 561-362, March 1963, Soviet Physics—Doklady,
vol. 8, pp. 290-291, September 1963, (A Translation)
Investigation of the récombinational radistion of Ge, 51,
and GaAs at high levels of optical excitation by ruby

lasers, It is-found that at the temperature of liguid nitre. -

gen  (78°K) the intensity of the recombinational radiation
is about orders higher than that at room temperature.

" The Intensity at liquld hellum temperature (4°K) Is about
- " two or three times higher than at room temperature. The
.~ spectra of the radiation of Qe at liquid. He and Ni

temperatures s given, and It is noted thnt lhe mults
for Si and for GaAs are annlogous. :

. - American Tristrument Co., Inc,, Silver. € prlnss. Md.. “Pm- .

posed Pumping Scheme for Continuous Laser,” Kremen,
Jerorne. Applied Opdcu. Vol 1. pp. 773-774 November
1962,

Description of four laser {lluminator schemes, The opti-

" mum method, by Incorporating-a spherical mirror, ¢ollects |
almest ‘a full solld. angle of light from a lamp. B AN| BEE

addition.” the ruby. is: sapphire clad ‘and the rear of the .

- - ¢ladding s silvered, -the. !mage_»may be reduced and

double-passed through the rod.

.. Amerlcan Optical Co., Southbridge, Mass “Neodymmm

Glass Laser," Snitaer, Ellau. Paper presented at the Third
Intern. Symyp. on-Quantum Electronics, Paris, Report No.
AROD~3209-2, February 1963, Contract’ DA=19-020-

\'RLI—JJIJU

The properties of the neodymium glass laser in high power

and In fiber configuration are discussed. The results ars. -

presented of recent expetiments on spectral pumping of-
ficlency, output as a function of time,-influence of the
glass base containing the neodymium and spectral output,

. Anofiymous, “Laser Pumping may Bridge Submillimeter

Gap,” Electronics, Vol. 35, No. 26, pp. 7-29, June 1962.
Hughes Research Labs. last week announced development
of an experimental laser-pumped maser. Tts optical pump-
ing principles, Hughes sald, can lead to devices operating
in the submillimeter region betiweer microwaves and the
lowest laser frequency, 30,000 Ge.

The Hughey maser uses ruby. Its operating frequency is
22.4 Ge, outside the 200-30,000 Ge¢ gap, but Hughes says
the discovery of materials suitable for those frequencies
may now be “confidently expected." The company says
that efforts to incresse maser frequency have been ham-
pered by the unavailabliity of pumping sources in excess
of 150 Gc, limiting maser frequency to 400 Gc. Optical
pumping, Hughes said, extends the pumping range by
three ordera of magnitude,

The maser cavity is a waveguide length loaded with ruby
to act as a reflection cavity resonant-at 22,4 Gv. PFlaced
in a magnetic field and pumped by ruby laser beam, it
exhibited amplification and emission at 22.4 Ge, Hughes
reported. The experiments were performed by D. P.
Devor, Jr.. I. J. D'Hacnens and C. K, Asawa, under a
$100,000 one-year contract with the Signal Corps.
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Arnonymous, “Laser Technology Explodes—New Develop
ments Unveiled at Fast Pace,” Electronic Engineering,
Vol. 82, pp. 41-43, January 1963,

. Anonymous, “Reman-Effect Laser uses Orgenics.” “Elec-

ronic Design, Vol. 11, No. 2, pp. 28-29, 18 January 1963.
Anonymous, “A Directory of Laser Organizations," Semi-
conductor Products, Vol. 6, pp. 48-50, 56-62, Angust
1963.

Listing of approximately 150 organizations active in the
laser field. These organizations are listed elphabetically

_ within the following categories: (1) lascr suppliers; firms
_ that manufacture and supply lasers, (2) laser materials
- supplicrs; firms ‘that “supply crystals, -glasses, chemicals,

and other ‘materfals suitable for laser action, (3) laser
accessory equipment suppliers; companies that offer power

supplies, modulators, démodulators, instruments, and opti- ~ -
_cal and other accessorics-used in Jaser systems, (4) laser

research and development groups; organizations that seek

1o perfect lasers as components in varions - systems and
- programs or investigate the use of lnsers B8 Iools of re-'

B search and production,
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Arionymous, “Directory. of Forelgn R&D Laser Orgnmza-
tions,” Semiconducior Products, Vol. 6, p. 9, September
1963.

“A listing of foreign organizations active in the laser field.
Anonymuus “Laser. Pumping Technique.” Science News -

Letter, Vol. 84, No. 12; p. 182, 21 September- 1963,

-Thé Air Force hus received rights to an internal pumpmg

technique for use in lasers,

~ Lasers,. which. prudmc a- very narrow beam of mtcnsc

light, ordinurily use ‘an exteaal-pas-filled - flash™ tube to
- irradiate light on the transparent-laser crystal and “pump"
. the atomic system from a low to 8 high levél

ndor LS, malen: 2.102. 0230 af Yo A Clunmn

11
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of Springficld, Ohiv, an internal electric arc or plasma’

provides the “pumping” saurce, allowing a coolant to
pass over the outer zurface of the crystal.” This coolant
ensures a grealer cmission of light radiation when the
system is suddenly dropped to its-low Tevel.

Arditi, M. and T. R. Carver, “The Priniples of the Double
Resonance Method Applied te Gas Cell Frequency Stand-
ards.” Proceedings of the IEEE, pp. 190-213, Junuary
1963,

In recent years, gas eell frequency standards, using opticul
pemping und optical deteciion of the 0-0 hyperfine transi-
tion in alkuli metal vapors, have been devecloped - with
good performances regarding stability, reliability and ease
of operation. Tn this paper (he physical principles of the
doubie resonance method used in this Jevice arc described.
‘The factors affecting the sccuracy of the gas cell frequency
standard are discussed, together with the solutions adopted
for optimum results. The possibility of developing an
optically pumped rubidium master oscillator of very high
specirum purity at microwave frequencies is also briefly
discussed.

Armour Resezrch Foundation, Chieago,’ 1ll., “Optically
Pumped Materials Research,” Interim Report No. 2, 1
October-31 December 1962, Noble, G. A. and 8. Nude]
man. Rpt. No. 219 10. 31 January 1963, Contract DA
009 ENGS5173, AD-406 796L.

Attempts to enhance the ability of phosphors to detect
IR radiation by the simaltaneous application of UV radia-

16.

tion (for pumping) and electric fields have been made¢ on
normally infrared quenching and stimulatible phosphors.
Significant improvement in detectability was not accom-
plished. The preparation of samples. experimental pro-
cedure and results are described. The feasibility of a light
amplifier using the Stokes shift to obtain the inverted
population depends upon the lifetime of F centers. Equip-
ment has been assemnbled for obtaining periodic, short
time light pulses. It consists of a multisided spinning mir-
ror system, and is described here with the shape of iis
output light pulses: A proposed light amplifier-is examined
to determine the effect of amplifier geometry on signal
and noise. It is shown that.the noise figure depends upon
amplifier geometry as well as its material properties,

Army Electronics . Research and Development Agency,
Fort Monmouth, N.J., “On the Fessibility of an Eiting-

shausen Semi-Conductor. Laser,”. Mette, H., E. Schiel and -

C. Loscoe, AELRDL TR2374, June 1963, AD-413 364.

The p055|bl]lly of achieving stimulated recombmalion radi- -
_"ation. in a semiconductor by dn’ alternate method to the
‘injection diode is investigated. The results show that an

excess concentration of recombination carriers sufficient

"“to initiaté laser action may.be obtained in scmiconductors e

by drift and defiection in a-magnetic fleld .(Ettingshausen
effect). However, further data are required to calculate
the exact size of the threshold -value: Although- the cur-

. “-rent densities reqmred for operiting the device appear.of %
" similar-order as for injection diodes, the pumping method -
is -bascd entircly on bulk effects. Therefore, the device -

offers a- number of practical advantages-over junction de-
vices. such as a larger emitting area and- fast response

time.. The design of a_ possible Emngshausen laser-is dis+". .

cussed in detail and problem areas f0) fumrc ‘work are
listed.

I nd Dhe
i Uommand, ays

‘stone Ansenzl, Ala., "“Radiation Dnmngc by Compton

Scatiering in Gamma or X-ray Pumpcd Oplkul Masers,"
Shates, R. A., Kepori RR-TN-63-2, 15 ‘April 1963,

The computation of threshold. energies of ‘X-rays and
gamma rays for the displacement of a lattice element by
the nuclear Complon scaticring is reported.  Numerical
results are given for alkali halides and oxides. These com-
putations were carried out 4s a part of a general feasibility
study of direct pumping of oplicul masers by radiations
emitled in th. nuclear fission of transactinides, Rased on
the analysis of the fission data for U™ it is concluded

that the direct pumping is not yet technologicully feasible

because: (1) only a small fraction of the tofal energy re-
leased by the nuclear fission can presently be made avail-
able in X-rays and gammus, (2) serfous radiation damage
to the optical maser material would occur if fast neutrons
or high-energy gammas were used in pumping, As en
alternate, the conventional conversion of fission energy
into electricity and the electrical pumping by carrier in-
jection into recombination radintion devices is suggested.

Bell Telephone Labs., Tnc., Murray Hill, N.J., "Fluores-
cence in CdS and its Possible use for Optical Maser,”
Thomas, D. G. and J. J. Hopfield, Journal of Applied
Physics, Vol. 33, pp. 3243-3249, November 1962,

Comsideration of fluorescence from semiconductors for
possible use in constructing a laser. Attention is given
to the sharp-line emission which occurs at low tempera-
tures in cadmium sulfide and which arises from excitons

[N
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bound to impurities. Some recént experimental results
are summarjzed which give information concerning the
fluorescent efficiency and the depth to which crystals are
excited vsing UV light for exciiation. Possible laser
geometries are discussed, and the opportunities for vsing
an evacuated ground state are pointed out, There appear
to be several severe difficulties associated with the small
depth of penetration of the exciting light, with the low
fAuorescent efficiencies availuble, and with the inability
to grow large perfect crystals with controlled impurity
content. With CdS, both pkonon and Zeeman effects can
be used (o produce depopulation, The effects are briefly
discussed: - It is indicated. that an improvement in-the art

of crystal growing is probably necessary before the effects

described can be expected 10 result In a useful Jaser.

.Bell Telephone Labs, Inc., Murray Hill, N.J, “The -
Laser,” Yariv, A. and J. P."Gordon, Proceedings -of the
‘IEEE, Vol.- §1;.No. 1, pp. 4-29, January 1963. -

This article is m:ended gs a review of the field of optical

. masers, or lasers as they have come to" be known, sum-

marizing bolh theory und- practice. It starts with a ™
- theoretical - section in black body rndlalmn theory. is

used to introduce the concepts of spontaneous and in-
duced transitions.” This is followed - by. the derivation of
the Schawlow Townes instability( - start-oscillation) con-
dition and a description of the different laser media, Other

“topics | ‘treated iricludei- optical. pumping, -expérimental -

2.

techmqucs output power und nolse. The sectlons on . - :

7 20;

21,

'opucnl fésonators: and communlcauom which’ conclude o
‘thepaper have been slightly: emphasized  since;: perhaps' i
' to a larger extent thin .the other topics. covered {d this:
_paper, they coincide with traditional areas “of lnteresl ot
".._microwave anid commumcations ‘engineers, : s

Bell Telephone Labs;, Inc., Murray Hill, N.J; “CW Solld-' ’

State Optical Maser (Laser),” Quarterly Rept. No, 2; 1§
October 1962-15 January 1963. Contract DA36 (039sc-
89068, AD-405, 127.

The further siudy of the dlﬁructlon-hmlted Oscillalor '
presented. The variation of threshold pumping power, 03--

cillator perk output power, and -oscillator energy as a

- function of aperture size has been studied. . Experimental

studies of the spectral width of pulsed ruby oscillators are
reported: The results of some of the measurements are
¢consistent with the assumption of a homogencous line-
width for ruby at room temperature and seem to indicate

~that spatial cross relaxation -is not present in the ruby

optical oscillator. Also reported are some experimental
results which at present are not understood. The spectro-
scopic study of Yitrium Aluminum Garnet has continued,
The spectrum of trivalent Eu in YtAl Garnet is discussed
and a term scheme iy suggested, Work during this last
quarter has also continued on the TWOM. The S-stage
TWOM hes been operated with a gain of 20 db and bas
produced output powers of [0 megawatts. This power
output limitation was due to the driving oscillator and not
the amplifier. A description of these experiments will be
reported at a later date.

Bell Telephone Labs., Inc., Murray Hill, N.J., “The Focus.
ing of Light by a Dielectric Rod,"” McKenna, 1., Apphed
Optics, Vol. 2, pp. 303-310, March 1963,

The focusing effect of a dielectric circular cylinder in a
uniiforsy, hree-dimensional light field is studied. The ¢yl-
inder consists of an absorbing core surrounded by a
coaxial, nonabsorbing sheath. The dielectric constants of

4.

25.

the core and the sheath are the same. An expression for
the energy density (or the light intensity) in the core is
obtained. The study was motivated by the problem of
pumping & composite rod aptical maser.

Bell Telephone Labs,, Inc., Murray Hill, N.J., “Excitation
Mechanisms and Current Dependence of Population In-
version in He-N¢ Lasers,” White. A. D. and E. 1. Gordon,
Applied Physics Letters, Vol. 3, pp. 197-199, |- December
1963,

Consideration of the results of spectral measurements of
the spontaneous light intensity emitted from de-excited

_He-Ne gas laser tubes, as a function of dischargs current,
These neasurements, in conjunction with measurements

of the He metastable. density, were used to explicate the
tole played by various dmcharge mechanisms in the crea-
tion of inverted populations. in the He-Ne aystem. The
spectral {ntensity measirements consisted in plotting on an
x-y recorder the current and radial dependence of the Ne&

- and He emission lines observed from the end and side of - » S
a short dischnrge tube, with a Jarrell-Ash %%-m Bbert - -
* Monochromator. ~ - .

23.:

Belorussian Acsdemy of Sciences, Physlcs Instltute. Ninsk,
USSR, “Dependence of the Genetation Thresholds of an

Optical Generator on the Properties of the Cavity,” Sam-
- son, A. M., B. 1. Stepanov, and L, D, Khazov, Akademiin

Nauk USSR, Doklady, Vol. 148, pp. 317-320, Janunry -
. 1963." Soviet Physics, anlady, Vol -8, pp.- 54-56; July-

* 1963 (A Translation), .
. Determination “of :the threshold pumping energy “for o
- three-level quantumi generator.. Among the results found

I8 that for thé thrashold pumping power, the _prohability
“ = of a foreéd yrensition of particles. to” the. third level Iy~

" approximately. equal ‘to- the probability- of the daparture

- of particles form the second level to the first Jevel via the

spontaneous and nonoptical effects.

Bloom, Arnold L., “Optical Bumping,” Scientific Ameri-
‘can, Vol, 203, No: 4, pp. 72-80, 1 October 1960, -

In this new technigue of experimiental physies, H;hl in
used to “pump” electrons to higher energy levels,- The
methiod i3 employed to ntudy the internction of Moma nnd
radio waves.

Bowness, C..and D. V. Mlssio. “Pulsed Solid Slnte'mérl,_'"'

Raytheon™ Blectronic Prog., Vol 7, pp. 2-6, January-
February 1963;

A review- of the - historical background of lasers and a
descriptiion of some of the significant achievements in
pulsed solid state Iasers are presented. The MIT-Raytheon
Moon Shot using a four-ellipse laser head with output
energy of approximately S0 joules is decsribed, The de-
velopment of more powerful flash lJamps and longer ruby
crystals has lead to the 350 joule Jaser which when focused
to a small spot Is capable of boring through 14 inch thick
steel in the millisecond or two that a single pulse lasts,
The efficiency slightly exceeds 1 percent, Cooling the ruby
to 77°K nearly doubles the efficiency of the device. Plans
center around improvement of the efficiency of these high
energy lasers. Four percent appears to be possible using
ruby and the existing type of flash lamps. By using other
dopants in place of chromium it is possible to achieve
other frequencies than the characleristic 6943A tuby oul-
put. Some laser drawbacks including the phenomenen of
random spiking are discussed. The possibilities of utiliz-
ing short pulse excitation techniques are suggested.

25
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California Univ.,,
“Diatomic Gas Optical Maser with Exploding Wire Pump-
ing Source,” Hajdu, L., Report No. 63-12; AROD-33233,
$ Juae 1963. Grant DA-ARO (D)-31-124-G317, Con-
tract AF 49(638)-102.

The feasibility of a gaseous maser in which the excited
atoms are produced through photochemical decomposi-
tion of diatomic molecules (such a8 Ny, O: and -NO) is
studied. As an example, the photodissociation of NO is
discussed in detail. Because of the required high excitation
energics, the useful pumping band of such a system is in
the extreme ultraviolet. Exploding wire is suggested as a
suitable light source, having very intense output in the
vacuum ultraviolet, with excellent reproducibility of its
spectral characteristics per flash. Frchmmary experiments
show that when. Ny and O, mo'lccules are photoacuvaled
by the light output of an exgloding wire, the 7468.8 ‘A

" nitrogen and B446 A oxygen emission lines appesr with -

rel:mve]y high intensitles,

California Umverclly Dept.. of Fleun:nl Engmcering,

Berkeley. California, "Optical Masers,” Singer, J. R, In-
Cyrogenic Technology, pp. 311-331, 1863, Vance, Robert o

W.. ed.1 John Wiley and Sons, Inc., New. York,

Discussion of the optical or electronic excitation of-gases -
. und solids, and of the consequent coherént emission in the

submillimeter, 1R, or optical frequencies. Some ideas of .
. Schawlow and:- Townes on general design principles of IR
" and”‘optical  cohierent -oscillators and amplifiers are re-.

viewed. - The problem of constructing a resonant structure

" with dimensions equal to one, or even a few, wavelengths,

is considered, toge(her -with specific systems for oblaining

~inverted level populations;- Also described is the possibility-
“of oh(ummg negative . absorptlon (ampllﬁcauon) by ex- ..
amining the relative -populations- of. the upper- and lower.’

level states of atomic’ hydrogen in a Wood's =1ecu-icnl dise

- charge tube.-

PN
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Carnegie lnst:tut§ of Technology, Pittsburgh, Pa.. “Plasma

Pinch Excitation of a Ruby Laser,” Brandewie, Richard
A., Joe S. Hitt; and 1. M. Feldman, Journal of Applied
Physics. Vol 34, pp: 34!5—34!6. Novemnber §963.

Brief descrlpmon of ruby laser excitation with a high-

.current theta pinch in argon. An unusually intense and
--well-defined ottput pulse is obtained from‘the ruby with

apparently negligible heating of ruby or flash tube. The
pump light is found to consist: of line spectra, rather than
the blackbody continuum emitted by the xenon flash tubes
ordinarily employed for laser excitation.

. Church. Charles H., Walter K. Smith and Gene R. Feaster,

“The Design and Development of the Laser Machine
Tool,” ASTME Creative Manufacturing Seminars, Tech.
Paper SP 63-35, November 1962,

Cornetto, Alan. “Novel Pumping Schemes Studied to
Boost Laser Power,” Electronic Design, Vol. 10, No. 8,
pp. 16-22, 12-April 1962.

Cornetto, Alan, “Table of Laser Frequencies,” Micro-
wives, Vol. 3, pp. 4549, January 1964,

The rapid growth of Jaser technology has led to generation
of nearly 200 coherent optical and infrared frequencies in
dozens of solids, liquids, and gases. The progress achieved
in less than four years is dramatically cvident in this up-
lo-date 1able.

Bérkeley Electronics Research - Lab;,”

32,
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Dacey, G. C., “Optical Masers in Science and Technol- - -
ogy," Science, Vol. 135, No. 3498, pp. 7174, 12 January
1962,

David Sarnoff Research Center, Princeton, N.J., “A Re-
search Program on the Utilization of Coherént Light,”
Interim Rept. No. 6, 1 October 1962..31 December 1962.
Blattner, D. }.. G. Goldsmith et al, AD--296 145, 20
January 1963, Contract AF 33(616)8199. i
A CaF2;Dy2* optical maser, a cuprous-chloride electro-
optic modulator, and a lead-selenide detector were used
together in a demonstration of an optical maser communi-
cations system carrying an audio channel, The modulator
is-intriniscally capable of much largér bandwidth, and it is-

_ hoped that the system can be extended-to a video channel

by replacing the detector with a faster device.. An.optical

. maser has been operated in a pulsed mode &t a high repeti-

tion tate suitable for tracking radar applications. The de-
vice, a CaF2:Dy* maser, produced 90 pulses per second
of infrared radiation at.2.36 microns. The high pulse repe-
tititon rate was achieved by using a double-pumping tech--
niqgue. A continuously operating tungsten lamp was

.operated at n-power level just below the threshold: of -

operalion of the optical maser.. A pulsed x¢non lamp was -
used. as an auxillary source to raise the pumping level
ubove threshold for very short periods.” A- CaF2:Tm2

- maser- was operated continucusly for the first time this

quarter, The device is of Interest because it can be tuned.
over & large band of frequencies by. application of & mag-

netic fleld. A GaAs p-n junction master has peeu operated ) ]

at liguid nitrogen and helmm temperatures,

Electro-Opm:al Syslems. Inc ‘Pasadena, Cahf "‘Ruearch
and - Tnvestigation” of Materials"for Laser Applicntiong,
Final Rept. 30 April 1962-30 June.1963, Lee, S. M. and

" K."A. Yamakawa, Rept. ASD TDR63-603, May 1963. -

AD-412 863, Contract ‘AF33-657 8918, Project 4460, -
“Task 446002.

This report describes the results of a study for the prepata-
ttion and characterlzation of optimized solid state ma-

. terials for laser applications. Primary emphasis was placed

as.

on the rare-¢arth arganic chelates; but also included- the
development of special glasses as host materiels for rare-
earth. ions, ‘The rarescarth fons and ligands studied were:
Eu+ 3, Nu4 3, Er4 3, Tb4 '3, Sm+4 3, and Pr+ 3 in
conjunction with the ligands of acetylacetone, triffuoro.-.
aeetylacetone, thénoy!- trifluoroacetone, ethylacetoacetele, -
dibenzoylmethane, bensoylacetone, phthalocyanine, - and
prophyrin. Moderate to high intensity fluorescence emis-
sion was obsetved for the chelates of europium, terbium,
and samarium. Halogenation was found to.improve the
fluorescence emission. A host material study including
molecular organic crystals, plastics, and organic liquids
was made. A glass host material having a high fluores.
cence cfficiency when doped with neodymium jons was
developed. Glass matrices capable of being pumped both
in the visitle and ultraviolet when doped with neodymium
ijons were also developed.

Electro-Optical Systems, Inc.; Pasadena, Californin, “High
Intensity Purip for Optical Lasers,” Final Report, 1 July
1962-1 April 1963, Clark, G. L, N. . Chase and H. R.
Moore; Report No. 3270, August 1963, Contract AF33
657 8805. AD-416, 024,

The development, construction, and testing of a laser head
in which the source of pump radiation is the dense hot
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. No. 3390QI, August 1963, AD-41$- 361 Comract AF3%

657711326, Project 415608, "~ - -~~~ BN
-~ Primary- attention has ‘been. givén- 10 the problem of the .
. gerieration-.of background light- caused by spontaneous
“ emission and ‘its amplification-ia" passlns through an in-: -
. tensifier. ‘Because of - the high ﬂuorescence ‘Jevel occuring,

plasma produced by electrically: exploded wires ie de-

scribed. A capacitor bank energy storage system was
constructed which has a maximum capability of 150,000
Joules at 20 KV. ‘It consists of nine independent sections
which can be operated in any parallel combination. The
capacitor sections are switched with ignitrons, the meas-
ured ringing frequency being 50 KC/sec with a rise time
of 5§ x 10~ seconds. Utilizing ore section of the energy
storage system, the radiation characteristics of electrically
exploded tungsten wires were evaluated over the wave-
length range 2500-8500 Angstroms using a plane grating
spectograph. The peak spectral radiance of exploding

" tungsten wires was measuted at 5460 Angstroms using an

. absolutely calibrated photomultiplier detector and-narrow
* band filtér combination.. The problem of efficlently trans-

ferring thé rediation from an exploding light source into

* a laser rod was considered. -Some conclusions wers drawn
- with regatd to the optical aspects of this problem suf.
ficient 16 allow:the design and construction of a multiple - -

exploding wire laser head.: The multiple exploding wire

" laser head. The’ multiple exploding wire laser head, the .
.- energy storage 'system, and the control syatem have sntls- i
fa:tonly undergone electrical tests: -

- Eleclro Opncal Systemns, Inc., Pasadena, Calif., "Opllcally

Pumped Image Light Ampliﬁcatlon.“ Quartérly Report
No, 1, 10 May 63-10 August 63, Bernstein, H, P.
Fletcher, B. Kazan, L. Nugent, and D, Welsman, Rept.

" - schemies for possibly lowering this  background were con-

38.

sidered. One of these involves the incorporation of a non--.
uniform pumping intensity or the Incorporation.of -a non.

uniform density of juminescent siates siong the ampiitier

axis. Another possibility considered is'the use of an aux. -
iliary absorbing medium placed between the lnlenslﬁet, -

output and the obsefver's eye, which would -be’ ‘optically

" ‘non-linear in such a way that its tight transmission’ is low

below a specified light level, but high above this threshold.
The factors concerned with the choice of a material for

- the amplifier irself were separately considered, .and the

protlem of obtaining uniform purmiping in the case of an
optically-pumped amplifier was also considered.

7. Garrett, C. O. B., “The Optical Maser,” Elec. Engr., Vol.

80, No. 4, pp. 248-251, April 1961.

A brief description is presented of a solid-state device, a
ruby maser, that utilizes the principles of microwave am.
plification by stimulated emission of radiation (maser).
Experiments under way point to a new medium of com-
munication in which a be-m of light is used to transmit
vast amounts of informaution from one point to another.

General Dynamics Corp., Physics and Infrared Section,
Pomona, Callf., “UV Exciton Laser,” Fink, E. L. and
G. N. Ellison, Proceedings of IEEE, Vol. 51, p. 951, June
1963.

Investigation of the theoretical pDSSIbI]lIy of stimulating
UV laser oscillation from exciton levels in pure KI. 1t is
indicated thuat the relatively broad emission band of KI
(800 A) suggests that it could be used as a coherent
(spatially) broad-band amplifier when pumped below the

39,

40,

" temperatures.
.. optical-pumping princlplel, noise considerations, - pump-
" -power requirements, and maximum signal -frequencies,
- Potential advantages and limitations which can exlst- when
: 'usmg optical. excitation_are considéred, "The developed-
»-._’concepu and procedures are applied for iliustrative pur-

oscillation threshold. In order to obtain highly mono-
chromatic emission form K1, the crystal would have to be
pumped well above threshold, The emitted energy would
be distributed among many cavity modes, each with its
frequency pulled toward the center of the exciton band.
General Electrlc Co., “Semiconductor Laser,” Research
Laboratory Bulletin, pp. 16-17, Summer 1963.

Discussion of a novel type of laser in which coherent light
is generated directly by passing an electric current through
a semiconductor crystal. The device does not require
pumping by an auxillaty process; instead, the excitation
is achioved directly by injecting electrons (and holes) Into
the plane of the jurction region (a plane less than 0,001

in. thick) In the middle of & tiny dlode of gallium arsenide. -
“The . directional and coherent béam of IR light, with a

wavelength of the order of 8400 A, is emitted from the

junction-plane edges at two carefully polhhed nnd pre-

cisely parallel sides of the device.

General Electric Co., Blectronics Lab., Syucme, NY., -

“Optice! Pumping of Microwzve Masers,” Hsu, H. and

F. K. Tittel, Proceedings of 1IEEE, Vol. 51, pp. 185-189,
- Janunry 1963, Contract No. DA-36-059-50-87209 c
Discussion of the application of: optical pumping ‘tech- B
niques to microwave masers. It -ls shown that optical o

pumping appears to be promising for achleving low-noise
maser action_ at very high frequencies and at elevated
The analysis includes the treatment of

' . poses o evahme the expected © performance of & ruby

42.

43,
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General Electric Co., General Engineering Lab., Sche-

~nectady, N.Y., “Focused Side Pumping of Laser Crystal,”
~Tamiyasu, K., Proceedings of IRE, Vol. 50, PP 2488~

2489, December- 1962,

_Study- of the focused side pumping of laser cryml as

found, for example, in an elliptic configuration. -In this

-.simplified analysis it is assumed that all the pump flux-

propagation vectors are normal to the laser rod- axis, and
that the fiux is constant and Independent of direction of
arrlval. It is shown that at low energy levels, focusing in
the laser rod s enhanced since the flash-lamp discharge
diameter is smaller than at higher energy levels.. A dia-
gtam showing the pump flux distribution inside a laser
crystal is presented.

General Electric Co., Heavy Military Electronics Dept.,
Syracuse, N.Y., “Pulse Power Supply Design for Laser
Pumiping,” Grabowskl, . I., Electronies, Vol. 36, pp. 33—
35, 20 December 1963,

Practical circuit design that specifies a minimum of equip-
ment combines constant-current capacitor charging with
limiting of output voltage.

General Electric Co., Research Lab., Schenectady, N.Y.,
“The Laser,” Kingsley, J. D., Rept. No. 63-RL-3306-G,
April 1963,

An elementary, qualitative discussion of the laser Is given,
including a description of stimulated emission. Several
fundamental means of achieving a population inversion
are discussed as well as the basic form of a laser. The
areas in which lasers may be applied are discussed briefly
and in very general terms.
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Gereral Telephone and Electronics Labs., Inc., "A Solu-
tion for Continuous Pumping of Solid-State Lasers," Keck,
Paul H., Bulletin American Physical Soclety, Vol. 7, No.
1, Pt. 1, p. 15, 24 June 1962, Paper CA9 prescnted at the
1962 Annual Meeting at New York, 24 January 1962~
27 Jatiuary 1962.

It will be shown that a continuous luminous flux which

_is above the threshold value required for pumping solid-

state laser materials, such as ruby, can be obtained using
a xenon arc Inmp or the sun as the light source. A suitable

Joptical system for continuous pumping, including a proper
geometry of the laser ‘crystels, will be described. This -

systern allows filtering of the pumping flux, as well as
cooling of the crystal in a.convenient way, since light

‘source’ and leser- cryatal ‘are not an'anged ln close prox-

imity.
Genera] Telephone and Electronics Labs., Inc., "Pump{ng
Requirements for CW Solid-State Lasers," Keck, Paul H.,

. Bulletin American Physical Society, Vol. 7, No. 2, p. 118,'7
23 February 1962, Paper presented at 1962 Southwestern
Meeting of The University of Texas, Austin. 23 February_

1962-24 February 1962,

The conditions for continuous. pumping of a solid-stats
laser materin), depending on-the spectral distribution of

‘the source, absorption characteristics, threshold for lasér

action, and geometry will be discussed. Sevéral suggested

-,;arrnngements for' CW solid-state lasers will be descrlbed

‘General Telephone ‘and Electronics I.abs.. Inc Bnyside.' B
~. N.Y., "Power and Efficiency’ Consideration in Continuour [
-Laser Operatlon L Appendix—Steady-State Equations for
‘4-Level Laser,” Frank], D.R., Journal’ of Applied Physics, -

" Vol, 34, pp. 459462, March1963.

Surnmary of various factors entering into the contimmun Co
' operation of nmmnllv mmmnl eolid.atata lagar

) cal estimates for ruby and for Nd**-activated ‘materials

in two types of aptical systems suggest that aeveral walts

of output power should, idenlly, be obtainable when pump«j

- ing with a i-kw Hg arc lnmp

47.
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VGeneral Telephone and Electronics Labs., Inc., Bayside,
N.Y. Argonne National Lab, Argonne, ll]‘ "A Method
_ for Determining the Threshold of Laser Materials,” Lem-

picki; A.-and R. L. Martin, Proceedings of TEEE, Vol.
51, pp. 1778-1779, December 1963, N

Demonstration that a single. measurement of absolute
emission intensity at the peak of a fluorescent line of a
material determines, in -principle, the flash energy neces-
sary to cause laser oscillation, No detailed knowledge of
absorption and quantum efficiency is necessary. It is
shown that, since this applies to ruby as well as any other

meterial, and the threshold excitation of ruby. {s known,

a comparison of the relative emission intensity of the ma-
terlal to that of the R, line of ruby also yields the desired
result,

. General Telephone and Electronics Labs., Inc., Palo Alto,

Calif., “Fluorescence and Stimulated Emission from Tx-
velent Europium in Yttrium Oxide,” Chang, N. C., Journal
of Applied Physics, Vol. 34, pp. 3500-3504, December
1963,

Description of measurements of the absorption, emission,
and excitation spectra of Eu®* in Y, 0;, and also of fluores-
cence lifetime and quantum efficiency. An approximate
level scheme is given. Conditions for laser action are
calculated, and the results of a laser experiment are de-

Numarl-
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seribed. The importance of a strong UV ecxcitation band
probably corresponding to transitions from f-electrons to
d-electron levels is indicated.

Goodwin, Deryek, “Lasers——Fact and Fiction,"” Discovery,
Yol. 18, No. 4, pp. 26-30, April 1964,

One of the most exciting technological discoveries of the
decade, the laser has been hailed as the new “‘death ray"”
and a final answer to communications problems. But
after four years of research its uses are atill confined to

the laboratory. What are lhe real facts behmd the lasers .

future?

Harrls, Aunbrey, “Lasers 1,” ereless World, Vol 69 pp R
’ 370—375 Avugust 1963, =
" General description of the bnslc operating prmciples and’
characteristics of different classes of lasers. Those dis-
cusied are -doped-crystal, gas-discharge;’ semiconducior-

junction, and liquid. A table lists their operating charic-

- teristics, including output frequency, spectral width, beam-

width, pumping requirements, and cfficiencies. The active - -
materials and output- wavelcnglhu of ‘various types ot
Insers are also tabulated, S

Hewlett-Packard Co., Palo Aho, Calit., “Some: Potenﬁdi K
ties of Optical Masers,” Oliver, B. M,, Procecdings of IRE,
“Vol. 51, pp. 135-141, February, 1962, - )

This paper, originally presented at. the - 1961 WESCON' w
Convention, Is intended as.-an introduclion to’ the prln-r" T
. - ‘ciples and possible applications-of the optical maser. Very -

- little prior knowledge on the part of thé reader Is assumed. - .- .
The intent Is to acquaint iim' with these exciting new des < -0 °
~vices with the hope that hc, in turn, will discover applica-

" tions not foreseen by the author. The methods of generat- -

ing coherent radiation, of focussing it, and of collimating
it Into tight beams are described. The use of lasers for
communication is explored and cenain medical and othcr

- - applications ara suggested.”

o
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‘Honeywell Research Center, Hopkins, Minn + “An Analy-
_sis of Radiation Transfer by Means of Elliptical Cylinder

Refiectors,” Schuldt, S. B. and -R. L. Aagard, Applied
Optics, Vol. 2, pp. 509-513, May 1963.

- Derivation of expressions which give the relative arnount

of pumping radiation transferred from a cylindrical source

-to a cylindrical laser by means of a reflector in the shape

of an elliptical cylinder. The general expression depends
upon the radil of the source and laser, the eccentricity of
the ellipse and the length of its semimajor axis, and an
arbitrary angular distribution of source radintion. The
effect of radiation reflected back into the iource itself
(source-blocking) is also considered. A considerable sim-
plification in the calculation results when the source dis-
tribution is invariant under a rotation of the source about
its axis, i.e., when the distribution depends only on the
direction of the radiation with respect to the local normal,
thus corresponding to virtually all practical cases. More-
aver, the special case of a Lambertian source distribution
yields efficiencies which may be evaluated directly. Es-
pecially simple and illustrative is the Lambertian source
which is sufficiently small compared with the reflector so
that source-blocking ¢an he ignored.

Howell, B. J. and W. M. Macek, “Lasers,” Discovery, Vol.
13, No. 9, pp. 16-22, September 1962,

The production of a pure and coherent form of light has
been hailed as the most important technical innovation
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of the last three years. Opening up a completely new
range of optical science, the laser is finding applications
in fields as far apart as space communication and micro-
surgery.

Hughes Aircraft Co., Culver City, Calif,, “Lascr Applica-
tions.” Stitch, M. L., Solid/State/Design. Vol. 4, No. 11,
pp. 33-37. November 1963,

Hughes Aircraft Co.. Research Labs., Malibu, Calif.,
"Laser-Generation of Light by Stimulated Emission,”

Lengyel. Bela A., John Wiley and Sons. Inc., New York -

1963,

"Review of the lnser slate of-the -art and ity present level'

of achievement. . The book, a reference source for both

- _students and graduopie-level scientists, - emphasxzes prin-

¢iple. rather than engineering design, and includes back-

- ground ‘material on light and radiation. Described are:”

7 (1) Maiman's ruby laser; (2) Javan's gas laser, (3). solid-

- lando, Fla.. 7 January 1963=10 January'1963, 1EEE Trans- -

-and liguid-state lasers, (4) analytical problems, and (5)

applications - and - “development. ... Current . development

problems are explored, and information published after

completion of -the text is reported in 4 supplement

Hughes Aircraft  Co., ~Research Labs., Malibu, Calif.,
“Extension of the Laser-Pumped Ruby Maser to Mil

limeter- Wavelengths," Devor, D: P., Institute of Electrical

Engincers. Millimeter and’ Submllhmeler Conference, Or-

uctions on Microwave Theory and Techmques, vol: MTT—

PRI PR-251-284, Tuly 1963,

58,

Brief dcscnpllon of the operatlon of .a rhicrowave ruby

maser in-which the pump signal is the optical cmission of

a tuby laser. It'is shown that, for operation in" the mil-
limeter spectrum, the application of ‘a magnetic fleld of

inordinately hich intensity can produce Zeeman splitting of
“the Cr™ levels at millimeter wave energy in the ground state

in ruby. To ablain population inversion by optical pumiping
on the levels requires that the ratio of maser frequency to
femperature be v;,/T< 14.4 Gefsec. °K. A broadening of
the laser emission has been observed at_incrensed- power 80
that the limit on useful laser power can be given in terms

_of the shsorption-fine width of the -maser optical pumping
uansitioa. Tresting these various effects conservatively in-

dicates that the laser-pumped ruby maser can be operated
over the entire milfimeter spectrum. The design of an ap-
puratus with a hard superconductor electromagnet produc-
ing the ficld intensity reguired 10 accomplish this objective
is given.

. International Business Machines Corp.. Federal Systems

Div.. Bethesda, Md., “Injection-Laser Systems for Com-
munications and Tracking,” Johnson. C. M., Electronics,
Vol. 16, pp. 34-39. 13 December 1963.

Injection fasers can now be applied advantageously in some
communications problems and may well be the system of
choice for space missions. Possibilities for high precisicn
radar tracking are also excellent but more work is needed
in this area.

International Business Machines Corp., Thomas J. Watson
Rescarch Center, Yorktown Heights, N.Y., “Spectral Cher-
acteristics of Fxploding Wires for Optical Maser Excita-
tion,” Stevenson, M. J., W, Reuter, N, Braslau, P. P. Soro-
kin. and A. 1. Landon, Jaurnal of Applied Physics, Vol. 34,
pp. 500-509, March 1963, Army-supported research.

59

Experimental investigation of the light output for relatively
slow wire explosions in air and in evacunted quartz tubes,
As pulsed light sources, exploding wires can be used to
provide intense narrow spectral lines as well as the char-
acleristic continuum of very high temperature blackbodies.
The surface brightness depends on the wire material and
the conditions under which the wire is exploded. Optimum
conditions for 100-150x sec long light pulses from wires
exploded in air are found for tungsten, tantalum, and mo-
lybdenum wires (0.005-0.010 in. diam.) for energy {nputs
of 3,000 joules or more. Wires exploded in small-diameter
vacuum tubes (1-20;.Hg) radlate as blackbodies, but nar-

row-line spectra are produced in enclosures of Jarger di- - -.

mensions. -In the visible and UV regions of the spectrum,
the spectral radiance of air-exploded wires is one to three

- orders-of-magnitude greater than that of conventional

flash: lamps. Vacuum-exploded wires have a spectral radi-
ance that is greater by a factor of four to eight than nlr~
exploded wires. B

International Business Machines Corp., Thomas J Watson

Rescarch Center, Yorktown -Heights, N.Y., “Injection’
Lasers: Siate of the Art," Nathan, Marshall 1. and Gerald

Burns, Electronics, Vol. 36, pp. 6165, 6 December 1963

b'eﬁcription of the. pi'lnciples of operation and properties
of a luser that skips the intermediate step of optical pump-
ing-and convests de power .directly into coherent light.

*The injéction lasers are.thus more efficient and compact,

-and offer attractive possibilities for internial modulation, so

N lhey should be useful in the- communication fleld.” Other
advamages include power conversion efficiency, observed -

' in excess of 50 percent and CW output power sutpassing
-that of any other existing laser.

61

" 60,

Intetnational Business Machines Corp., Yorkton Heights."} o
- N.Y., “Optically Pumped Solid State Materials," Sorokin,

P. P. and W. V. Smith, Repi. RC-848; AROD-231R.G;

22 October 1962, Contract DA 30-069-ORD-3542, Avm]-
ableto U S, Go»ernment Agencies only. ’

The theory of optical transitions of rare earth ions in

_crystals is discussed. Emphasis is placed on the specira of

2 jons in On symmetry. Among the toples discussed are

Af «» 4f static-lattice transitions; 4f — 4f vibronic transi-’

tions, 4f - Sd vibronic transitions, and nonradiative tran-
sitions between both 4™ §d configurations.”

Jadavpur University, Dept. of Telecommunication Engi-
neering, Calcutta, Indis, “Laser and Coherent Optleal
Radiation,” Deb, 8., P. K. Chowdbury and M. K. Muk-
kerjee, Journal of Sclemlﬁc and Industrial Reseurch, Vol
22, pp. 314-334, August 1963.

Brief description of recent developments in the field of
lasers. The basic principle of laser operation is outlined
and a simple mathematicsl approach to the theory of laser
indicated. The performance of various types of resonators
used in the optical range is discussed. A classification of
the different types of lasers developed so far is proposed,
and representative experimental systems illusirating the
various classes arc described. The results obtained are
also briefly reviewed. The significance of coherent optical
emission is explained and the extent of coherence achieved
so far with lasers is mentioned, The outstanding properties
of cokerent laser ouipul are enumerated and the pessible
scientific and technological applications of these are de-
scribed.

29
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83,
“Pumped Solid - State ~Lasers,” Maimén, Ihr.odore H, .
. Solid/State/Design, Vol. 4, No 11, pp. 17-21 November

64,

: angular resolution capablilities for observations made. -

-siear the horizon in daylight. Two.versions of Q- switched

“lasers” are ‘described. Concepts of two systems are dis-
" ".cussed; In one, the.target is measured by electronic scan: -
ning; and in the. other, the target is luminated and imaged”

- SNR'is computed for nlghmmc rangmg on an Echo type
-satellite 1,000 miles away, :

'Levine, Albert K. "Lasers," Amcrlcan Sdentlst, Vol 51, 5
: T 78,

- 65;

o 86

67,

Kiss, Z. I, H. R. Lewls and R. C. Duncan, Jr “Sun

Pumped Continuous Optical Maser,” Applied Physics Let-
ters, Vol. 2, No. 5, pp. 93-94, | March 1963.

Optical maser action in CaFa —Dy* crystal system at
liquid neon temperature (27°K), using sun as pumping
source; low pulsed maser threshold, long lifetime (10
msee for 0.05 molar % Dy"* in CaF,), and convenient
location of broad pumping bands make it especially suit-
able for sun pumped operation in satellite where radiation
cooling might be possible.

Korad Corporation,  Santa  Monlca, Calif., “Optically-

1963,

Kroeger, Raubert D., “Pulued Opucal Laser Ruda: " Spm'y' )

Engineering Revlew, Vol; 18, Pp. 44-53, Winter 1962. -

Description of a pulsed laser radar, and presentation of -

several examples that demonstrate the radar's range and

using the laser's high-power density. Both depend upon
the laser's narrow-beam capability. ~To demonstrate the

capability of the radar, a typlcal ranging system is ana-

lyzed, in which, with the radar located on the- ‘ground, the

pp. 14-31, ‘March, 1963,

Li, ngye and'S, D, Si-ns “Obnervntlom on the Purnp- ‘
Light. Intenalty Distribution of a Ruby Op\lcal Maser whth -
" Different- Pumplng Schamsi;” Prog, |
- Vol 50 pp 464—465, Aprﬂ 1962

Lick; C, ¥, Ir,, “Experimental €W Solid Staré, Lnura S
" - Raytheon E]ectronh. Prog., cul ‘7, pp. 12-16, January/. -

] nah

*February 1963,

68.

)
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The state-of-the-art of CW wlld state lasern is reviewed:
Problems entering in-design conslderations are: requ[red
pumping- energy intensity to preserve the necessary in-
verted population, heat dissipation due to lasér inefiiciency,

_ second order-effects due to temperature differences in the

crystal which tend to limit performance, and crystal qual-
ity. Details of the required optical resonator geometry are
given. The optimum resonator configuration {3 confoeal
with a cross-section and Iength chosen to match the lamp
with the highest brightness and the most suitable spectral
distribution vbtalnable. Results obtained with neodymium-
doped and dysprosium-doped caleium Ruoride CW lusers
are outlined.

The possibility of utilizing the sun as a source of pumping
radiation for space laser application is suggestsd. Some
recént Raytheon CW laser experiments are slso briefly
described.

Martin Company, Orlando, 'Fla, ‘;The Maser,” Brinley,
B. K., The Microwave Journal, Vol. 5, No: 8, pp. $6-94,
Augus! 1962,

Massachuseus Institute of Technology, Cembridge; Mass.,
"Gasecus Optical Masers,” Javan, A., Solid State Dellgn,
Vol. 4, No. 11, pp. 22-25, November 1963,

numn l:ugn o

v 70.
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Massachusetts Institute of Technology, Cambridge, Mass.,
“Semiconductor Dijode Lasers,” Lax, Benjamin, Solid/
State/Design, Vol 4, No. 11, pp. 26-32, November 1963.

Massachuseits Institute of Technology, Lincoln Lab., Lex-
ington. Mass., ‘Criterion for Continuous. Araplitude Os-
cillations of Optical Masers,” Kaplan, Jerome 1., Journal
of Applied Physics, Vol. 34, pp, 3411-3412, November
1963,

Demonst:_-athn that a long-time solution having a time-
varying amplitude can be obtalned for a previously de-

* rived set of equations describing a three-level laser self-

-T2,

~ oscillating between the uppsr two levels, No attempt is.
made to find the .particular analytic form of the solution.: -
It is noted that the previously derived minimum- condltion o

for the pump-power is much greater than that attained by
Bostick and O'Connar, so that-no continuous amplitude
oscillation for -the latter‘s CaF..U*' laser aystcm should

" be expected. :
-Michigan University, Insmute of Science ‘and Tech., Ann

- Arbor, Mich,, “Effects of y-Trradistion-on the Performance
*“of 8 Ruby Laser," Flowers, W, and J. Jenney, Proceedings

of JEEE, Vol. 81, pp_858~859, May 1963 Comracl No.

N DA-36—039-78801
7Description of experiments. showing. that irradlatlon of

ruby-laser ‘rods with Co® gamima rays -substantially ln-

“creases their efficlancy. The Increase-in efficlency s seen =

4. .to be caused by a more efficlent. absorption of the- pump:.
“" light by color centers produced- in’the-ruby by.jrradiation. -
However, the ‘mechianism of energy transfer between the

color centers and the laser transition is not yet determined.

Mikaelian, ‘A, L. and Tu. G: Turkov, “Kogeréntnye Gen-
eratory Opticheskogo Diapazona,” (Coberent G"eneratcrs

of Optic Range), Radiotekhnika i Elektronika, Vol. 8, pp. -

110 W U T PO

- .231-758, Miay 1563 {in Russian).

[ ~Review.of the présent staté of research activities in the
- fleld of lasers. The princlplea 6f aperation of both ‘solfd-

“ “state and gaseous lasers are considered.- Different designs

4.

78.

of lasera are described end their parameters glven.

Miles, P. A. and H. E. Edgerton, “Optically Eficient Ruby.
‘Luser Pump,” Journal of Appligd Physics, Vol. 32, 'No.

4, pp. 740741, April 1981,

Moscow State University, USSR, “The Effect of Cross
Relaxation on Population Inversion In Ruby," Klyshko,

D. N, V. S Tumanov and ‘L. A. Ushakova, Zhurnal

Eksperimental' nol i Teoreticheskoi Fiziki, Vol. 43, pp..

25-30, July 1962, Soviet Phyaics—-JETP Vol.
1720, January 1963 (a Translation).

Experimental Investigation of the inversion of spin-level
populations induced by a pumping signal in ruby (A1,0s
with an sdmixture of Cr* jons) for varlous values of 4,
the angle between the crystal symmetry axis and the di-
rection of the external magnetic field. The investigation
Is performed at a frequency of 3,000 Mc; the pumping
signal varies between' 9 and 17 Ge. The observations are
made at 4.2° and 1.8°K." Crystals with Cr™ concentra-
tions of 0.001, 0.0§, 0.02, 035, snd 0.12 percent are
studied. The extrema found in the angular’ dependence of
fnversion” are explained by cross-relaxation effects. It fa

16, pp.

pointed out that it should be possible to-design a para--
. magnstic: amplifier having a signal- frequency. higher then

the pumpling frequency by uslns two - substances with two

] paramagnetic admixtures,

otieties
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Muoscow State University, Nuclear Physics Insl 'Molcow,
USSR, “The Generation of Millimeter Waves in Ruby
by Optical Pumping” Zverev, G. M., A. M. Prokhorov
and A. K. Shevchenko, Zhurnal Eksperimental' noi i
Teoreticheskoi Fiziki, Vol. 44, pp. 1415-1418, April 1963,
Soviet Physics—JETP.. Yol. 17, pp. 952-954, October
1963 (a Translation).

Experimental investigation on the generation of millimeter
wavelength radiation in the range 35-50 x 10* cps, using
ruby cooled to liquid nitrogen temperature. The experi-
mental srrangement -is described and schematically dia-
gramed.  The microwave radiation’is found to appear in

" .- “spikes” on-the ostilloscope screen. - The. frequency of the

" spikes increases when-the energy of the laser pulse in- - -

7 '?7t

78

creases. The principal features of the operation of' a

. quantum . paramagnetic: amplifier with optical pumping

iire briefly déscribed in terms-of an :'malyms of the kinetic
equations for a system_ of three energy levels, taking into

account .the large energy |nterval between the two lower

and the third upper Jevels, -

National Bureau of Standards, Washington, DC.,"'De- :
pendence of Power Output of a Gas Laser on the Length-

and Rate of Excitation of the Discharge, White, 1. A,

Applied Physics Letters, Vol < 107-109, 1 October'
1963, .
‘Analytic lnvesugalmn of ‘the characteristic features of the" .
_.~ - gas. laser output-to be expected when the frequencies of " .
- oscillation -are . sufﬂclenlly far_apart that: intéractions_be< . .
“-iween the different modes can be neglected, It is assumed- -
that the: resonant frequenc:es of these- modes are-all dis-~ "
" placed from the ‘atomic- frequency-by at least a- nafural =~ -
- . ntomic linawidth, so that only -those atoms ‘moving- fast
enough along the axis of the cavity for- there to bé a -

Doppler shift of this magnitude’ will intéract gppreciably

-with'the radiation. It is shown that the number of photons
in an isolated mode incrénses high above tlireshsld as the *
sgusre of-the rate of excitation. ‘The results are comparedv
to those of White, Gordon, and Rigden.

National Physical Laboratofy, Light Division, Teddmg-

1on. Middlesex. England, “Optical Research and the Solid -

_Srate Laser,” Burch, J© M., Institute of Physies and
Physical Society, Annual Fxh:bitlon. London, England,
is January 1963, Journal of Scientific lnstruments, Vol
" 40, pp. 147-152, April 1963,

" Review of recent progress in laser research. Emphnsis is

79,

on the following areas: (l) examination of materigls,
hoth gascous and solid. which have been used as the
fluorescent devices and the improvements made on these
materials: (2) applicalion of lasers to communications
and optical experiments: (3) theoretical considerations
and comparisons of lasers with other light sources; and
(4) factors which intervene to prevent the ideal single-
mode type autput of laser oscillators,

National Reszarch Council, Radio and Electrical Engr.
Div.. Ottawa, Canada, “Microwaveé Maser Action in Ruby
at 78°K by Laser Pumping,” Szabo, A.. Paper presented
at the Symposium on Optical Masers, Polytechnic Insti-
wite of Brookyln, April 16-19, 1963,

Mascr amplification and oscillation at X-band have been
observed at 78°K in ruby, usihg a ruby laser as a pump.
The laser frequencies were matched 1o the required optical
transitions in the microwave ruby by thermal tuning of
the latter ruby. Measurements of the thermal tuning

.80

81,

- 82

rate of the R: line in ruby using the paramagnetic
resonance abrorption of the ground state levels for direc-
s5n will be described, as well as the conditions under
which micrawave maser action was obtained.

Nieisen, J. W., “The Improvement of Light Pumped

" 'Optical Maser Cryvatals,” Proceedings of TEEE Nat. Aéro-

space Electronics Conference, pp. 276-281, 1963.

Notth Afmerican Aviation, Inc, Space and Information
Systems Div,, Downey, Calif., "Space Communications
by the Use of Lasers; An Bnumerative Biblography,”
Simmons, Paul L., IRE Transactions on Communlcaﬂom
Systems, Vol. CS—IO, p. 449-456, December 1962,

This paper traces the -history of laters in ‘relatlon to

" communication and other applications from their incep-
‘tion to early 1962, Documentation includes’ booke and

pedodlcnls including foreign language research.

North American’ Aviation, Inc., Space and_Information
Systems Div., Information Systems Lab., Torrance, Calif.,
“"Efficiency of a Multiple Elipses Confocal Laser Pumping

" "Configuration,” Fried, D. L., and P. Eltgroth, Proceedings

- of IRE, Vol 50, p. 2489, December 1962. )
Presentation of the results of a study of an optical pump-

ing system which uses several light sources and.sevéral

.- truncated- elliptical cylinders: :It is shown that the ex-
pected improvement in  ability. to coficentrate large
. -‘amounts of light at the absorber is nonexistent;” It .. -
"+ found that, while ‘large’ eccenlrlcity in:‘the ellipse. in-: "~
~“creases the angle over which light would be gathered and
" focused in each.of the truncated ellipses, it has the ad-
-vantage of: increasing the spread of the image. In order . .

. to demonstrate the significance of the eccentricity the

‘relationships are . tabulated between the: semimajor axis,

. semiminor axis, the eccentricity, -and the percentage. of-

84.

the light gathered when the ellipse is so truncnted as to

.. allow four light sources to pump one laser rod:"
83..

Oxford University; Oriel College, Clarendon Laboratory,
Oxford, England, British Inatitution of ‘Radio Engineers,
Symposium on Masers and Lasers, London, England,

2 January 1963, Journal of British Institution of Radio

Engineers, Vol."24, pp. 365-372, November 1962,

Review of optical masers, with emphasis-on the principle
of the maser and its extension to the IR and visible regien
of the spectrum. Varlous types of optich] maser which

" have been successfully operated are described. The unique-

features. of high spectral purlty and narrow beamwidth
are pointed out, and some present and future applications
are considered,

Philco Corp., Western Development Laby., Palo Alfo,
Calif.. “Semiclassical Treatment of the Optlcal -Maser,”
Davis, L. W., Proceedings of the IEEE, Vol. §f No. I,
pp. 76-80, January 1263, .
Using the semiclassical theory of radiation, the steady-
state operation of the optical maser cscilfator is studied
in the case where a single “cavity" mode Is excited. On
introducing certain saimplifying assumptions, a straight-
forward calculation leads to concise results for the fre-
quency and amiplitude of the Reld oscillations. These
results are either well-known or readily interpreted. For
sxample, a frequency pulling effect is predicted which
corresponds 10 the Bloch-Slegert shift, or afternatively
ia understandable as due to the Stark effect.

K} |
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85. Picatinny Aﬁennl. Dover, N J, "An. Investigation into

the Feasibility of a Pyrotechnic Laser Pump,” Smith,
Chester L. and Paul J. Kisatsky, Rept. No. PA-TR-3102,
August 1963,

Pyrotechnie compositions consisting of two basic in.

gredients, fuels and oxidizers, were tested in various
combinations. Combinations of pyrotechnic ingredients
and high explosives were also examined, and high ex-
plosives in various configurations were tested, Brightness

tests on the above combinations were conducted with )

various means of containing and confining the materials.

A squib of Zr/KCIO, emerged as the brightest emitfer.

89.

* The “brightness was  enhanced by use of- a particular

- fixture. (This laser pump fixture utilized distributed -
pyrotechnics on the printed-bridge wire matrix.) The -

Ingredients of the Zr/KCIO, were varied from stoichio-
metric to.a fuel-rich combination. with the stofchioinetric

o ratlo: giving ‘the highest -output on the brightnéss bench,

 The temperature - reached  with ' the combinafion was

4900°K. The_brisance of the explosive ‘and’ pyrotechnic
composition was high and would therefore pose a severe

" problem when trying to-avold Jamage of the laser crystal.”
_ Consequently, it has been decided to work with a pyro.

technic composition, Zr/KCIO: in particular, in a standard

-..squib body rathgrVthan_vaiythran.explosive and pyrotechnic -

e composition.-

" 86

'Prlnéeannlvemlty. 'PalmérvPliysical Lébo}atorﬁ, Prin‘&-- )
ton, N. I, -"Optical Pumping,”” Carver, ‘Thomas R.,”

- Sclence, Vol. 141, pp. $99-608, 16’ August 1963,

Discussion of the process of redistribution of atoms among

- thelr_fine- of hyperfine-structure-levels by means of light.

"+ The selection” rules of ordinary - dipole ‘radiation are re-

viewed, and the effects of circularly-polarized Hght on

ateme ars deseribed. Meibods of deieciing optical pump-

‘ing; and conversely, of using the pumping process as a.. .
' “detector in RF and microwave spectroscopy, are discussed.
Considered is a method _involving. irradiation ‘of the

-, ssmple with light of & frequency which corresponds o

87.

88,

32

that of one of the possible fine or hyperfine transitions
of the atom in the magnetic fleld. The spin-exchange
process and the application of. pumping to atoms in meta-

stable states arc.also discussed,

Rabinowitz, P., S. Jacobs and G. Gould, “Continuous
Optically Pumped Cs Laser,” Applied Optics, Val. 1,
pp. 513-316, 1962,

A continuously operating 7.18~u laser oscillator has been
built using optically pumped cesjum vapor as the amplify-
ing medium. A power of 50 uW i3 coupled out of the
confocal resonator by emeans of a 45° BaF: pickoff
window. The meagured intensity distribution fs in good
agreement wich that derived from the Boyd-Gordon ex-
pression for the lowest.order mode.

Radiation, Inc., Stanford Div.. Palo Alto, Calif,, “Varia.
tion of Arc Resistance and Arc Power with Current in
Pulsed Xenon Optical Famp Lamps Heard, H. G.,
Proceedings of IEEE, Vol. 51, pp. 1234-1235, September
1963,

Analysis of extenslve measurements on linear, helical,
and concentric flash lamps, indicating the current-depend-
ent character of arc resfstance. The effects of discharge
circuit parameter variation upon arc impedance are in-

TNy
-

90,

" - Brief description of the successful Q-switching. of a-- - .
CaWO.!Nd" laser operated at foom temperature, with:
an output consisting of a variable number of short pulses
- (including the case of a single pulse); the number de-
pending on_the reflecior -separation. The erystal, V4.in, -

" reflector, ' Q-switching was effected by“me;m'of-;: porTo’ - -
~ “prism_rolating at 24,000. rpm. The ‘cryatal end- facing’

the prism was uncoated; the opposite end, through which-

the -output’ was ‘monitored, was coafed ‘with “dlelectric . .
layers having a_nominal 99 percent reflecilvity “at 1064,

cluded. Results are reported for a d-in. arc-length stralght
lamp of 3-mm bore. Despite the extrzmely nonlinear
character of arc resistance, it appears that the greatest
efficlency may be obtained from laser optical pump lamps
when they are excited by essentially aquare pulses,

Radio Corporation of America, Camden, N. J «+ “Develop-
ment of Effective Lasers,” Murray, L. A., M. F. Lamorte
and F. L. Vogel, Radio Corp. of America, Somerville,
N. J. Lasers, pp. 8-11, 1963.

“Effort has been devoted toward minimizing “strain and

The Q-switched laser output is discussed,

" GaAs Lager that can be Pumped Electrically,” Pankave,.
“J. 1, In RCA, Camden; N. J. Lasers, p. 28, 1963, )

" A very simple, electrically pumped; semiconductor laser

92,
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impurities in grown laser -crystals, Described are the

* ‘effects on laser performance of the -polish, parrallelism,
“and reflecting surfaces of the prepared laser rod and the -

geometry -of the pumping system, as well as the  con-
struction of absolute and relative. threshold measurement
apparatus. ' ’

Radio Corporation of America, Camden, N. ), “Q-
* Switched CaWO,: Nd* Laser,” Karlsons, D. and T. Fal- )
vey, - Journal of Applied . Physics, Vol. 34, p. 3407, -

November 1963, Contrict No, AF_30(602)-2761. -

in diameter and 2 in. long, was pumped in s elliptical

Rudio Corporation of Americe, Princeton, N, I., "A New.

was developed, that is comprised of a p-n junction diode
in a wafer of gallium arsenide. “The gallium arsenide was
converied Into & laser by altering its shape, by decreasing
the contact resistance to reduce losses, and-by Increasing
the current density through the junction,

Radio Corpotation of America, Princeton, N.:J., “Sun.
Pumped Continuous Laser,” Duncan, R. C, Jr, Z. L.
Kiss, and H. R. Lewis, In RCA, Camden, N. J., Lasers,
p. 27, 1963, 04-25, Contract AF 33(616)-8159,

Laser action has been achieved in a CaF.:Dy* system
at liquid-neon temperature {27°K) using the sun as the
pumping source. This loser action in the CaF:Dy* sys-
tem was reported at 2.36 microns. The low pulsed
laser threshold, the long lifetime, and the convenient’
location of the broad pumping bands of this system make
it especially suitable for sun-pumped operation.

Raytheon Co., Research Div., Waltham, Mass., “Zee-
man Effects in Gaseous He-Ne Optical Masers,” Paananen,
R., C. L. Tang, and H. Staz, Preceedings of 1ERE, Vol.
51, pp. 63-39, January 1963.

Experimental end theoretical study of the Zeeman effects
in & gaseous He-Ne laser under weak and normal ex-
citation conductions. Attention is confined to the strongest
maser emission Iine (23, - 2p,). Under wenk excitation




. quency is pholo-delecled wnhout the need of a linear,_
‘ polurizer, - .

-Raytheon Co.,. Resenrch Div., Waltham. Mass, 'Spmral
Output and Splkmg Béhavior of. Solid-State Lasers.",

04,

conditions, the maser emission is a doublet of right and
left circularly polarized waves. These may belong either
to the same cavity mode or to different cavity modes,
depending on the strength of the spplied magnetic field.
When viewed through a linear polarizer, the maser emis-
sion is amplitude modulated. Under normal excitation
conditions, for suitable magnetic fields, -the maser could
oscillate in at least three modes. The maser emission
would then consist of a pair of right circularly polarized
waves of two different cavity-resonant frequencies and a
pair of left circularly polarized waves of different fre-
quencies. In this case, o beat note at.the difference fre-

Tang, C. L., H. Statz, and G. DeMars, Jourhal of Apphed
Physics, Vol 34, pp. 2289-2298; August 1963."

::T,hcorenc,.il investigation of the multimode oscillations of

" modes.. Formulas which relate, the number of unstable -

96,
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.solid-state . lasers. ‘The spatial variation in thc field in-
~ tenshy of the varlous modes produces nonuniform dis- .
”tnbunons in- the inverted population, ‘and there ‘s little - -

- tendency for ‘these. disiributions to smooth out, because - -
‘of spatial cross relaxation, - Such nonuniform distribii-

tions” could lead to simultereous oscillation in_ many

modes to the pump power and various other maser para-

“meters are obtalned. The resulis_show that it Is. difficult
. -10 obtain single-mode operation in-conventional masers -
-.at high-pumping levels. Wavs of. avoldlng 8- nonum!orm, K
;dislnbuuun demsity and melhods of achieving: high-
power - nmgle mode operation in practlce are” discussed.
~ The efféct of slow. spatinl cross rclnxntnon on the spiking

behavior is also cxamined, -

. Ready, J. F. nd D. Chen;, “Optical Pumping of Mastrs
Using Laser Oulput.” Proc_eedmgs of the Institute of.
" Radio Engineers, Vol. 50, pp. 329-330, March 1962,

Schwlow, Arthur L., “Optical Masers," Scientific Ameri-
can, Vol. 204, pp. 52-61, June 1961.

Shtcinshieiger, V.. B, G. S. Misezhnikov, and O. A, -
Afanas'iev, *Efficlency of Various Pumping Systems in-

Ruby Traveling-Wave Masers,” Radiotekhnika i Elek-
tronika, Vol. 7. -May 1962, Radio Engineering and Elec-
tronle Physics, Vol 7, pp, 828-833, May 1962 (a Trans-
lation}.

Comparison between three possible working systems of
quantum-mechanical, paramagnetic ruby amplifiers, using
a different quantum transition for amplifiers, and a dif.
ferent quantum transition for pumping. The dependence
of the amplification coefficient of traveling-wave, quantum
mechanical paramagnetic amplifiers on chromlum concen-
tration and temperature is investigated in these systems,

Siemens und Halske AC, Zentral Laboratorium, Munich,
Germeny, "Einschwingverhalien Torischer Rubin-Laser in
Abhingigkeit von der Pumpleistung,” (Initial Oscillation
Behavior of Toroidal Ruby Lasers As A Function of
Pumping Performance), Hanische, Harald and Dieter
Réss, Zeitschrift fiir Naturforschung, Vol. 18a, pp. 1020--
1021, August/September 1963 (in German).

Presentation of the results of measurements of the damp-
ing period, relaxation oscillation, and relaxation period
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of a toroid of ruby rs a function of the pumping per-
formance at various temperatures. The results, shown
graphically, demonstrate that the theories of optical
single-mode resonators cannot be used to describe the
oscillation behavior of the toroidal ruby laser.

Siemens and Halske AG, Zentral Laboratorium, Munich, -
Germany, “Radiofrequency Beats Between Components
of Split Axial Modes in Ruby Lasers," Roess, Dieter, Fro-
ceedings of IEERE, Vol. 51, pp. 1668-1669, November
1963.

Description of an “exfocal™ pumping technique' used in

experiments on the splitting of axial -modes in a ruby -

laser. The method involves placing thé’ Jaser and the

puniping source symmeu-lc to .one another at the respec- -
tive focl of the major axis of a mirror consisting of an
ellipsoid of revolution. For this confighration, the pump

. light is incident on the laser in exactly. rotational sym- "
- melry. and If the ruby rod is oriented at 0° to" the crystal

" nxis, this lends to rotational-symmetrical absorption of the

* pump light, and, furthermore, 10 a symmetrical expansion
" of the laser during the pumping pulse. This resulis in
2 perlodical relaxation ‘spikes-and in a longer durauon of

; ~lhe laser emlss(on than in other anangemenls

Sorokin. P.. 0 ‘J. Lasher, ILL Gelles “Cross Relaxahon'
- and Maser. Pumping by a Four Spin Flip Mechanism,”

Quantum Electronics, Columbin uU. Presa. Ncw York, pp.

- 293-297; 1960,

*_The four" spin”flip mcchamsm is dlscussed "“The. para- -
mugnenc resonance “of nitrogen centery in diamond was
‘studled to-determine the -existerice ' of- this: procéss, - For

- such & ‘niechanlam to exist, when Ta Is much less thén
“the reiaxation times of the svstem, the application of the

161
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pump to the center liné of the nitrogen spectrum should

_.make the absorpticn at either mel]lle drop to zero. 1f the

pump & 2pplied 15 onc of the saiclites, ihe cenier fine
absorption should reduce to 3/5 fts thermal equilibrium

“value and the abscrptiton At the other satellite should in-

ctease by a factor of 6/5. This behavior was observed at
liquid heliumy temperatures in diamonds contalnlng the
largest concentration of nitrogen centers, It is ‘pointed
out-that the four spin flip transition can he used in speriat
cases fo establish cw maser operation by inverting the
population of one of the satéllite Jines.

Sperry Gyroscope Co., Great Neck, N.Y,, “Lasers: Prin-
ciples and Uses," Collins, Stuart A., Jr., Electro-Tech-
nology, Vol. 71, pp. 64=70, March 1963,

Survey of the theory sad applications of solid-state and
gaseous lasers, The different types of enerpy levels in
laser fons and atoms are discussed for a ruby laser, a
calcium tungstate laser, and a helium-neon laser. Calcu-
lation of light intensity from » laser is demonstrated, as
is a lens system for improving the collimation «f a laser
beam. Some Iaser applications are described for a ruby
laser that radiates a 10-kw pulse in red lght, and for a
neon-helium laser that operates continuously on several
frequencies at a power of 3mw. Laser-device modifica-
tions based on the use of the laser Q switch, mode selec-
tors, or spike conirol are noted,

Stanford Research Instilute, Menlo Park, Calif., “Non-
destructive Laser Pumping by High Explosives,” Crosby,
John K. and R. C. Honey, Applied Optics, Vol. 2, pp.
1339-1340, December 1963,
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Description of a technique which allows the light from
an explosive light source to pump a laser material without
destroying the material. The technique has been demon-
strated by pumping a neodymium-doped glass laser from
a distance of 3.5 m without damaging the laser. Shown
in a flgure ‘are the oscilloscope records of photomultiplier
output during a shot. The records show that the pump
pulse is strong enough to cause this laser to oscillate
above threshold. The success of the shot proves that
rescarch into ways of improving efficiency and increasing
power output of explosively pumped lasers ¢an be per-

 formed without sacrificing a laser in each experiment.

-Sienford - University, ~ Calif.,  -“High-Irdex-of-Refraction

Spherical Sheath Composite-Rod Optical Masers,"” Svelto,-
‘0. and M. Di Domenico, Jr., Applied Optics; Vol. 2, PP-
~ 431-439,; April 1963, NSF Grant No. G-2292%.

Theoretical and expenmemal investigation of the focusing

of pumping light by high index-of-refraction spherical and .

cylindrical sheaths covering n ruby-rod maser- material.

“The reduction in threshold pumping energy and the in-
. crease in optical output energy for the same riby rod are )
mensured ns o function of the ‘Index of refraction of the -

sheath by using spherical and cylindrical sheaths of water
and” benzyl . benzoate. Results clearly show that the

spherical sheath ' is. better than the cylindricnl sheath. A

lhermoAdynumical ‘method of analysis Is used to develop

T an nppmxlmme ‘three- dnmensional theory for the power

o ‘absorbed per unit volume ateach point in the rod, .This " -
" theory tremts .the sphencnl and cylindncﬂl sheath’ com-

posite-rod structures in' n~unified “way. - The - theoretical

results are in fuir agrecment with the experiment. The
lheory shaws that .the spherical shenth of snpphire is an ..
* - oplimum composité-rod optical-niaser configuration. The

" theory predicts that in. this case -the threshold pumping
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_energy for maser o:vilintion shouid be reduced by a factor |
. of 4, whereas the cylindrical sheath of sapphire should

give nn improveineni by a factor of only 2.4,

Stanford Unlversnly‘ Dept. of Phys:cs. Stantord, Cullt..
“Advances in Optical . Masérs,” Schawlow, Artbhur L.,
Scientific American, Vol.-209, pp. 34-35, July 1963,

General review of recenl developments in laser research.
A description of a typical early ruby laser is given (o
illustrate the atomic basis of laser action. Among the
new “developments discussed are semiconductor junction
lusers, which promise cficiencies well above 10 percent
urd possibly approaching 100 percent, compared to the
1 percent efficiency of optically pumped solid state lasers
ond gas-discharge lasers. Means of achieving high output
power are discusved, including the use of a giunt-pulse
technique capable of delivering a SO megawait puise last-
ing about 10 nanusec, and an addition to this technique
which can produce a peak power output of about 500
million watts in a beam of cross section less then 1 c¢m.
A good lens of focal fength 1 em could focus this heam
lo spot a thousand of a centimeter in diameter where the
beam intensity would be 10'° w/cm. Laser beamis cur-
rently in use ¢an, when properly focused, weld, vaporize
or melt a small amount of any substance.

Stanford University, W. W. Hansen Labs. of Physics,
Microwave Lab., Stanford, Calif., “Pumping Power Con-
siderntions in an Optical Masci,”" Svelto, 0., Applied
Optics. Val. 1, pp. 745-751, November 1962.

Investigation of ihe theoretica] efficicncy of various pump-
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ing power systems that have been adopted in optical
masers. A thermodynamical method is used to calculate
the power transterred from the flashtube to the active
rod. In this way a general expression is obtained which
allows the calculation of the total power and the power

‘per unit required from the flashtube, for a glven power

absorption by the active rod. When the active rod, with
an index of refraction equal to n, is covered by a cylin-
drical sheath with the same index of refraction, then
(1) the power per unit area required from the flashtube
for-a given power absorption of the rod is at best n times
lower than in the case of a simple rod, and (2) the total

. power required from the flashtube s, however, the same-

i’ both cases.. The rod coveréd by a sheath is not the

- mhost efficient system. The theory, in fact, shows that the
_most efficient system is obtained by allowing the pumping

power to enter the active rod from all possible directlons.

.- Tn such a:case the power per unit area requiréd from-the

fiashtube Is n® timés lower lhan in the case ofa simple rbd

State Oftical Institute, Lenlngrad USSR, "Operation of
a Four-Level Optical Quantum Genera!or," Anan'sv, Tu.
A, V. F. Egorova, A. A. Mak, D. 8. Prilezhacy, and -

"B>M. _Sedov, Zhurnal Eksperimental’no i Teoreticheskoi” -
Fiziki Vol. 44, pp. 1884-1888, June 1963, Soviet Physics.

—IETP, Vol. 17, pp. 1268- 1270 December 1963 (a -
Translalxon)

- “Theoretical-and experimen(al mvesngmion of the effect, -
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- on the propeﬂles of an optical quentum generator (laser),
-of the working substance, the parameters:of. the reson-
“ator, and the pump intensity based on the" sleady-sme :
‘theory of a four-level laser. An equation s developed

- ‘which shows that the -optimum.value for transmission de- -

pends on the loss in the crystal and on the pump power.

In order to check this. the dependence of thrashold power
and generated power in CaF,:U* and CaF.:Sm* lusers

" on the crystal temperature and the reflection coefficient

of the resonator mitror was investigated, as was the de-
pendence of the generated. power on the pumping power.
The experiments were carried ont on cylindrically-shaped
crystals whose end surfaces were covered with a dielestric
reflecting Jayer, The resulls of the experimenis show that
the elementary theory of steady-state genetation -devel-
dped. satisfactorily describes the principal features of a

four-level laser. \

Technical Research Group, Inc., Melville, N.Y., “Ee-
search on Properties of Laser Devices," Fifth Quarlerly_
‘Technical Summuary Report, June 1963-August 1963,
Rothberg, S., ed., TRG-134-QTR-5, 1963, Contract AF
49(638)873, ARPA Order 356-62, Project Defender.
The limitations on power and efficiency of gas lasers were
analyzed. Lamp and laser tube construction including pro-
vision for pumping of the CsBr photodissociation laser
has been completed. A preliminary literature search for
transition metal molecules suitable for high-power gas
lasers was carried out. The development of apparatus
far the nuclear fission pumping of solid-state media is con-
tinuing. Various crystalline and noncrystalline media con-
taining rare-earth elements have been prepared. The
action of the Lummer.Gehrcke plate Q.switch has been
successfully demonstrated, The angular brightness meas-
urements of the He-Ne laser were made as a function of
cavity length for a sphere flat resonator.
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Technical Research Group, Syosset, N.Y., "Rescarch on
Properties of Laser Devices," Quarter technical summary
Rept. No. A, December 1962-February 1963, Newstein,
M. and S. Rothberg. eds.. Rept. No. TRG-134-QTR-3,
February 1963, AD-400 154, Contract AF 49(638)673.

Analytic work vontinued on the study of the varfation of -

the power output versus freguency for & doppler line
shape, and on the modes of laser cuvities. Osciilation
at 3.2 mu has been achieved in.the optically pumped Cs
Inser “in - sealed-off ‘cell. The study -of the possibility of

’ .. wilizing photodissociated T1Br as a gaseous laser medium

109,

was pursued.- Crystalline and. glassy medin for rare-earlh~~‘
ions were studied.: Oscillation has been sichieved in prism

cavitics formed by a corner-cube reflector facing either n

flat ‘or’ another corner-cube, -Results- are presented of a’
sluy dirccted toward maximizing the over-all efficiency
-.ond angular bnghlness of mechann.ally stnched ruhy

oscnllalors

Technical Research Group, Syosset, NY “Reseurch on©
* Properties of Laser.Devices," Quarterly technical surnmary

Rept.. No. 4, March 1963-May 1963, Newstein, M. and

" .S, Rothberg, TRG~134-QTR-4, May 1963, AD-411 950,
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T

Contract AF 49 638 673, ARPA Order 356 62; Proje:t

7300,

“Thearetical ‘study: of lhc performance of pulse oscillators
-was continued. - Qualitaiive agreement was obtained ‘with
results-of experiments denling with the eflects of varying.. .
cavity time constant and. sc.merlng Yoss. Crystalline .and ™~ " =
glassy rnedia’ for rare-enrth jons were studied. -Work on -

Inser pumping-by the photodissociation of molecules was
Continued ‘and extended 10 include CsBr and Cs¥ in addi-
1idg 10 TIBr, Work on the metastable transition laser was
begun. The noise power spectrum of a laser was investi-

gated. - Oscillation was  achieved in - more. lasers wnhr

retroreflecting prism cavities. and their propeiiles fnvest-

‘gated. The study of Q-switched lasers was continued and

n new: faster mechanical Q-switch was désigried. Expeti-
ments to investigate the possible axistence of a funda-

mentsl limit to the maximum angular brightnéss of a

laser were initiated,

Texas Instruments, Ing., Dallas, Tex. "Perfornance of a

Continuous-Wave Neodymijum Laser,” Keck, P. H.. 1. 1.,
Redmann, C. E. White, and D. E, Bowen Apphed Optics,
Vol. 2, pp. 633-837, Avgust 1963,

A high-pressure compact xenon arc lamp with an el
lipsoidal collector of 61 cm dismeter and an opening of
/0.4 served ns puraping source. The flux available from
this source is concentrated into the 2 x'2 x 12 mm Jaser
rods of neodymium-doped calcium tungstate by either a
straight cone condenser or by » chisel.shaped condenser.
Both condenser designs are discussed. Continuous. laser
action hus been achieved for periods up to more than
one hour. using water cooling at room temperature.

Tohoku University, Sendai. Japan, “Possibility of Optical
Cooling of Ruby.” Tsujikawa. Ikuji and Tsuyoshi Murao,
Journal of the Physical Society of lapan, Vol. 18, pp.
S03-510. April 1963.

Estimntion of cooling rates and cooling capacities of a
ruby. Tt is shown that when Cr™ {ons in ruby are optically
pumped by photons with o given energy and emit pholons
with higher energics, the lattice energy can be extracted
a¢ licht so that u cooling effect appears. Tf some pos.
sible heating effects do not overcome this cooling effect,
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the temperature will actually be reduced. Cooling rates
and cooling capacities ars given, Technical problems and
possible heating effects are discussed.

Tokoyo Institute of Technology, Japan, “Experiment on
Quasi-Fundamental Mode Oscillation of Ruby Laser,”

" Suematsy, Yasuharu and Kenichi Iga, ‘Proceedings of

- lations between a radiation- angle and the pumping energy -

1IEEE, Vol. 52, pp. 87-88, January 1964. )

Measurement of the radiation angles of the output light
associated with a ruby rod with dielectric multilayer plane
reflectors on the whole area at both ends of the rod, The
results are compared with the calculated values using re-

) -‘of a ruby Iaser, Tranaverse fundamental mode osciliations
. are obtaired by restricting -the diameter of one of -the

reflectors whhin approxlmn(ely one order smaller thnn'

B thal of the rod,
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US Army. Electronics Research & Developmem Lebs.

Fort Monmouth; ‘N.J., “Bibliography on Optical Masers

‘and Related Subjects,” Poullhey, S. K., Solid/State/Design, -
Vol. 4, No. 11; pp. 49-64, November | 1963 and nlso Vol." -

5, No 1, pp. 36-48, Ianualy1964

US. Army, Signal Reseatch and Development Lab Fune_'

Monmouth, N.J,, “A Method for- Evaluatlng,l.aser Po-

tentialities of Crystals,” Theissing, H. H., P. J. Caplan;
“T. Ewanizky, and G. de Lhery, Applied Optics, Vol. 2, pp.
.. 291297, Marcli'1963, .

. Description of optieal mensurements of a- lnser ﬂgure of -
. :merit with reference to a particuler pumping device In - "
- order to evaluate the laser- potemmlitlcs of various crystals, - -~

Of to compare one crystal with another -of - cbangcd com-: - '

position and concentration, - It [s ‘pointed- out that these
Measurements ¢an be performed on alabs without laser end

.faces. They can be carried out by irradiation with wme
Haht fn which the fluorescence wavelength under study s

suppressed If optical apparatus for this seiective band

suppresslon fs not available, the evaluation of-the figure. -

of merit is shown for monochromatic irradiation.

U.S. Naval Ordnance Lab,, Corons, Calif., “Argon ‘Tube _
Pumped Laser,” Long, Leslfe T, and. Roben L. Conger,
Applied Qptics, Vol. 3, p, 136, January 1564,

Experimental investigation which demonstrates that BRS

discharge tubes filled with argon gas are at least as effec.
tive as xenon discharge tubes for pumping a ruby laser.
For the experiment, two U-shaped tubes were placed be-
side -a sapphire overcoated ruby rod. The two tubes and

the ruby were wrapped with aluminum foil. ¥t was

found thai, when the U.shuped discharge tubes contained
argon, the laser threshold was the same as when the tubes
were filled with xenon. The output of the ruby laser as
observed by a phototube and oscilloscope uppeared the
same with either xenon or argon.

Utah University, Microwave Devices Lab., Salt Lake City,
“Irradiated Laser Materials, Johnson, V., R. and R, W.
Grow, Consolidated Quarterly Rept. pp. 42-44, 31 March
1963, See N63~1870! 17-09, NSF Grant 15017,

Progress is reported on a project designed to investigate
the possibility of reducing the pumping energy required
for a solid-state ruby laser by y-ray damage and by ap-
plying exwremely high static pressure. A nitrogen-cooled
ruby rod in ellipticnl laser cavity apparatus was con-
structed and tried. The apparatus proved unsuccessful.
The rod was next y-rradiated at room temperature for
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perlods of the order of 15 to 25 hours. This amount of
irradiation was sufficient to snuff out laser action in the

~ crystal, at least for the Input pump power available. The

y-damage in ruby was found to be annealed out by heating
the crystal to about 400°C und at least partially annealed
by optically pumping the crystal In a laser copﬂg\yration.
Varian Associates, Palo Alto, Calif., "A Proposal for a
DC Pumped Rare-Earth Laser,” Bell, R. L., Journal of
Applied ‘Physics, Vol. 34, pp. 1563-1564, May 1963.

Development of a method for minimizing the losses in-
herent in the collection and transmission of pumping

radiation in the conventional laser, The method uses the -

recombination radiation 16 raise impurity centers in the
host to optically exclted states which could then be lased

(normally at photon energies less than the band gap)’

© -A figure shows the elements of the scheme. -It Is #tated
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that ‘a major advantage of this scheme over the recom:- .
“-bination laser Is that the photon énergy may be much:

lower than the -absorption edge for the large. band-to

‘band absorption of the lattice.
Watkins-Johnson Co., Palo- Alto, Cnluornln. “Resenrch )

" and Investigation of Materlals for Laser Applications,”

Interim Engineering. Report No. 3; 1. January 1963-31

- March 1953, Fitzpatrick, R. and 'S. E. Sobottka, Rept,

: W-J 63-612R12, 1963, Contract. AF 33(657)-8917.
Light emhslon from ‘pulsed diodes made of Nd.doped

- -OnAs and from -undoped GaAs. dlode -losers was in--
“ vestigated. For the Nd doped ¢ diode studies, two different:
-doped GaAs samples were used. One of & single crystal
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Chiitch, Charles H., R.” D. Haun, Jr, T. A. Osial, and
E. V. Somers, Applied Optics, Vol. 2, pp. 451452, April
1963.

Description of several experiments on the optical pumping
of lasers. It is found that the exploding wire allows much
higher pumping. rates than flash lamps. As.a source of
light, in the visible spectrum the wire appears to be less
efficlent. Tt is noted that the efficiency of the wire for
pumping lasers could be enhanced appreciably by a better

choice of laser conditions, together with improved cou-

pling to the laser rod of the light emitted by the plasma.

Woeatinghouse Ressarch Labs., Pittaburgh, Pa., “Coaxlal™

Laser Pump,” Church, Charles. H., Derek Rysn and
James P. Lesnick, Paper presented. at the. 1963 Spring

Meeting of the _Optical Sociely of America, Jacksonville,

Fla.

The annular dlacharge or coaxial flash lamps offer certain-

advanlages for high-eneray optical pumping of lasers.

‘The lamps can be made mechanically. strong, and they

" also ‘gllow a.large radiative area with & moderate cmit- ’
ting-layer thickness, A sludy has been made of the

- radiant energies .emitted by these lamps filled with rare

~ misterial ‘contiining en amount of Nd determined by . -
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- independent analysis to be about 0.01 percent, and one-
“-of poly~crys|nnlne materfal- containitig- about 0.7 percent'
- Nd distributed in an unknown manner. - Emission measure-

ments of Nd doped diodes revealed lines in the range of
0.iz to i.ip. These iines were not observed -wiih iive

- undoped- GaAs diodes and were therefore indicated to be -

Nd emission lines. This is apparently the first time that
emissfon from .rare-earth- ions-has béen reported: This
emisslon Indicates that the dc excitation - of- rare-garth

“centers.In_serniconductors {s possible, as was originally
__predicted. - Therefore the possibllity of a low-threshold

de-pumped laser using rate-sarth doped semiconductors
seems assured. Also, diodes from GaAs without Nd have
been fabricated according lo techniques designed to op-

- timize laset action. _Studles of the emission of thess

diodes, integrated over-all wavelengths, have been made
as a function of current, up to 10 amps peak, with the
diode immersed in liquid Ns Results indicate that leser
action occurs at peak currents above a few amps (current
density about 10* am/cm?).

Watkins-Johnson Co., Pala Alto, Calif., “Energy and
Power Considerstions in Injection and Optically Pumped
Lasers,” Appendix-Optimum Ccupling in Three-Level
Lasers,” Yariv, Amnon, Proceedings of IEEE, Vol. 51,
pp. 17231731, December 1963,

Review of the principles and techniques of power and
energy in lasers. Both three- and four-level lasers are
considered in the pulsed and continuous modes of opera.
tion. The theoretical power and energy estimates are
compared with expesrimental data.

. Westinghouse Electric Corp., Research Labs., Pittsburgh,

Pa., “Optical Pumping of Lasers Using Exploding Wires,”

~sented with particular emphasis on’ this form of lamp as

122,

123,

" gases at various pressures for current pulses of varymg.
. magnitudé and duration,” The energy inputs to the lamps =
" _ranged from 10 to-25 kJ with quarter-cycle discharge times -
- .of less than one millisecond. The effect of changes in the
" annular spacing -upon the lamp -output was also in-:

vestigated. ‘The “apparatus and techniques used will be
described, and ‘a discussion of the results will be pre-

a pump source for lasers.

Westlnghouse Electrlc Corp.," Resenrch Labs., Quantam

Electronics Dept Pmsburgh 'Pn. “Lnger Materials and

Devives—A  Reéseaich m‘ifn‘n‘i, R, B, Plairs

Technology, Vol. 72, pp. 63-71, September 1963.

nnuu, B By iU

Summary of developments in laser materials and de\_iices.
Enumerated are the properties required of a materfal to ™

be capable of laser actlon, the parameters of laser per-
formance, and the individual properties of laser. materials.
Several different means of laser classification are con-

sidered in detail: grouping according 1o the state of matter

of the laser medium, according to the excitation scheme,
or according to the active fon or molecule producing the
laser uction. Future means of perfecting preseni laser
devices are discussed, as well as the selection of new
materials, such as Cr"* and CuF,:Dy*.

Wheeler Labs., Great Neck, N. Y., “The Pump-Power
Chart for Evaluation of Modes in a Laser Oscillator,”
Kaplan, Robert A., Presented at the Symposium on Optical
Masers, Polytechnic Institute of Brooklyn, April 16-19,
1963,

The output of a laser oscillalor comprises radiation from
one or more modes of the resonator, where each mode
represents a particular, stable field configuration. Each
mode provides radiation in a specific off-axial direction
at a specific resonant wavelength; thecefore, a knawledge
of these modes provides information on the total beam-
width and bandwidth of the laser oscillator. A graphical
method of approximately determining the modes in which
oscillation may occur and the resultant laser performance
has been developed.




124, Wheelé}' La.bs.,.‘Great Neck;, N. Y., “Designing Lasers

with Pump-Power Charts,” Kaplan, Robert A, Electronics,
Yol. 36, pp. 23-28, 27 December 1963.

Description of a graphical method, using pump-power
charts, which relates pump power, wavelength, and

. propagation direction of a laser. As a first step, the

modes of the resonator are plotted on a mode chart in
terms of the direction of propagation and of the resonant
wavelength of the plane waves comprising those modes.
The relations between threshold pump power and these
factors ‘appear as_contours on the chart, forming the

125,

puinp-power. chart. This chart permits the determination
of laser oscillation modes at a given pump level in terms
of wavelength and direction of propagation, and, thereby,
permits the determination of the frequency and angular
spectra of the emitted radiation. In particular, the total
bandwidth of the laser output may be obtained directly.

Yale Unlversity, Sloan Physics Lab,, New Haven, Conn,,
“Disassociative Excitation Transfer and Opticel Maser
Oscillation in QGas Dlscharges,” Bennett, W. R., Jr., Paper
presented at the 16th Northeast Electronic Res. and En-
gineering Mecting, 5-7 November 1962, Boston, Mass.
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