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pRINCIFLE OF TH” MOLECULAR ANFLIFIER AND OENKRATORS OF COERENT LIOBT
"

o

B. M. Yavorskiy '

1n the last two years there hu;o appeared sources of light new in prin-
ciple, which possess unusunl properties. Abroad these sources of light are
called optical masers or lasers, but more correctly one should call them gen-
erators of coherent light (6XS).

The scheme of the generators of light is dased on the use of tbs princi-
ple of molecular amplification of‘oloctronagnetic waves. The vrinciple of
the molecular amplifier in turn 1s dased on the use of the phenomenon of
forced (induced or stimulated) emission, theoreticzlly predicted by A. Ein-
stein as far dack as 1917 [1_7.

Forced Emission and the Principle of Molecular Amplification Let ua

consider two of some kind of legitimate energy states of the ator or molecule.
As is generally done we vwill portray these states on a diagram in the form

of horisontal straight lines which correspond to different levels of energy
(rig. 1). Atoms can .pan from one level to another (from one state into the
other) as the result of various pfocouu. The term ovtical processes is
used for processes which are accompanied by the emission or the obsorption

of electromagnetic radistion.

Up to Einstein's time one talked about pnly two optical processes: spon-
taneous u&uion and absorption. In spontaneous emission the atom passes from
a higher level to a lower one and the excess of energy is given off 4n the
forn of the energy of photors hurled awAy frq-‘it. According to moderan in-
terpretations the svontaneous transitions are drought adout by the ;o-cullia

quantum neutral oscillations of an electromagnetic field,
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In She uricesses of absorption the atom adsorbds a photon and pasees
froe a lower energy level to a higher ons. |

The atom can nvé off and absord only photons corresponding to an emis-
sion with a frequency vy, dete:mined dy Bohr's kmown relationship

h=E,—E, )
vhere hv is Planck's constant, and
31-‘ E3 are the energies of the atom in the first and second states,

Einstein showed that there should de a third process—forced or stimu-
lated emission. This vrocess is drought about only by photons which satis-~
fy the relationship (1). |

The photon flying vast an atom which is in the upper energy level z,
as it wvere xknocke it down to the level 5. In this case the atom g'ivu
off the excess of its energy Just as in the spontaneous process in the fora
of the energy of a new photon. In this way the further flight consists of
two photons.

Einstein showved that the forced emission should be completely identical
in its parameters with the forcing emission. The new vhoton bas the same
energy and flies strictly in the same direction as the vhoton which stim-
ulated its emergence. In wave-theory language the effect sinply amounts to
an increase in the amplitude of a vassing wave without change im its frequean-
cy, direction of its propagation, phase, and polarisation. The forced re-
dlation is GBEMRS with the forcing radiation.  Einatein introduced the

Possibility of three optical processes: A, Probadility of spontanecus
I! enission; By,f prodability of

abeorptiaa, vhofo f» 1s the volu~

metric density of the adsorbed
Fig. 1 KXey: (1) spontanecus emission: :

emission; B,, ¢y Prodability of
(2) absorption; ’3) forced emission. a
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In the passing of radiation through a 1.&.: of substance the proceszses of
;boorption will diminish and the processes.of fo'rcing enission will increase
its intensity at the expense of additional photons emitted by the atoms. It
is possidle to show that the index of abserption of the medium X satisfies

the relationship (3): Ay
K=’?‘—. ‘BI:NI b BnN;)s (‘0)

where Ay is the dispersion by frequencies which characterises the sharp-
ness of the resonance;

Ny 1s the concentration of atoms at the level W:

73 lin the concentration of atoms at the level B,.
By making use of (2) we will get:

K=o Bul,(1-3). (5)

Ordinarily N; 1s ienl than N}, and therefore the index of abdsorption is pos-
itive. The procestzes of lhi;rpuon vrevall over the processes of forced
enission.

The flux of emission F is weakened in passing through a layer of sub-

stance of the thickness L according to the known Bouguer's laws

F= F.t;‘L. (6)

R e il

Such a weakening in the intensity will De observed, in particular, im ad}

media which 1s in thermodynamic equilidrium. In equilidrised conditions

- . i 2,-F, .
Ny oo, : (7)
. N, =
Here k 1s Boltsmann's Sonstant; - SR

T is the absolute temperature.

In the period 1939—1540 V. A. Fadrixant [ 2] for the first time

o
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called attention to the possidility of odtuining & mediwm with a negative ce-
efficlent of absorption K. According to (5) to @o this it is sufficient to

fulf111 the inequality -5 .

The inequality (8) clearly can de obﬁinoc from (7) only at negative ad-
solute temperatures, since B, > E;. This signifies that the inequality (8)
ie attainable only under unequilibrized conditions when (7) is essentially
no longer applicable. For maintaining a medium in a state of inequilidrium
corresponding to (8) it is necessary to excite it from an extraneous source
of energy. In [ 2] there was vointed ocut a concrete method for odbtaining
plasma of a gas discharge with negative index of adsorption. "The latter
has not yet been observed a single time in a discharge notwithstanding the
fact that such a relationship in principle can be accomplished (Pers. B. Ya.)
esess It seems to ms that a realistic but difficult way of odtaining th;
necessary conditions is the use ... of molecular admixtures for dDreakiag
down the lower levels. In such experiments we will odtain an intensity of
the emitted radiation greater than the incident one (Perm. B. Ya.) ... and
it would be possidle to speak of direct exverimental proof of negativo ab-
sorption® [-2_7. )

Actually in this case Bouguer's law takes on the fora [ 3 and MJ:

F=F,'%it, (9)
and the intensity of emitted radiation R is greater tham I..

The relationship (9) is a genernlisation of Bouguer's lav to media vith
a negative index of absorption. The law of Bouguer and Fabrikant (9) de-
scrides the avalanchelike increase in iamtensity ia proportion to the die-
persion of a b@ 1n & medium., In this way in the.paper [-2] there was
€iven the first vreliminary formulation of a new principle of amplification,
later called the principle of molecular amplificatioa.
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However, up to 1951 experiments vere carried on solely for the pur-
pose of proving th~ existence of induced radiatioen., In 1951 the question
arose about the practical use of media with negative index of adsorption.

The general formulation of the principle of molecular amplificatioa for a
broad range of electromagnetic radiations was given dy V. A, Fabrikant, M.

M. Budynekiy, and . A. Butayeva in an suthorship clais under ¥o. 576,749/26
under date of June 18, 1951 [ bJ. In the description of the inveztioa for
the certificate of authorship No. 123,209 issued on this aprlication of a
"Method of amplifying electromagnetic radiation (ultraviolet, visidble, infru-
red, and radio-range wvaves)® it is stated:

*"There is proposed a method of amplifying electromagnetic radiation dased
on the phenomenon of induced emission theoretically devaloped by A. Einstein
in 1917. V¥ith the proposed method of amplification there does not occur a
conversion of the the amplifiable energy into other kinds of energy. The
method is suitadle for amplifying ultraviolet, infrared, and radio-range waves.

*Yor acconplishing the descrided method of amplification there is created
a medium which has a negative coefficlient of absorption of radiation. The in-
teneity of the flux of radiation passing through such a medium increases,
which produces the effect of amplification. A medium with negative index
of absorption is created at the expense of an inequilidrized dispersion of
the particles of the medium (for example, atoms or molecules) as to their
energy states. The concentration of particles on the M~ states
should exceed (taking into account the statistic weights) the concentration
of particles on the lower energy states.”

Further in the description of the invention there are considered some
methods of obtaining inequilitrised distridutions of particles ncco;ding to

their energy levels used at the present time for the creation of masers
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and lagers. The subject of the investion was formulated ia the follewing way:

A wmethod . of amplifying electromagnetic rfdtattoa (ultraviclet, vieidle,
\nfrared, and radio-rangs vaves) vhich is distinguished by the fact that the
amplifiable rediation is passed through a medlum in which with the aid of aux-
1liary udiat.ion or by-nother way there is created a concentration, execeustive
in comparison with an equilidrized one, of atoms, other particles, or sys-
tems of the latter on the upper energy levels.® _ L

The firet molecular generators of radio waves using the principle of
molecular amplification were created by N. G. Basov and A. ]I. Prokborov [- 5J
and also by Gordon, Zeiger, and Tc;»wnen [ 6] in 1954,

Although t he power of the molecular generators was exceedingly small—
10710 v, their creation proved to be the push for rapid develomment of a
new branch of technology-——qQuantum radio technology.

Generators of Coherent Light By making use of the formulas (3) and (5)
one can compare the radio rnnée ani the optical range from the point of view
of the possibilities for using the using the vrinciple of molecular ampli-
fication. .

It is clear that spontanecus tranltti;onu are not suitadble for the yur-
poses of molecular amplification. These transitions reduce the number of
atoms Np on the upper level and thereby make more difficult the acconplish-
ment of inequality (8). At the same time the prodbability of spontaneous
transitions Az, according to the formula (3) is proportional to ltho cube
of the frequency. The frequency of rzdio waves even of the ultrashort range
1‘a 80 low that Az is ‘practically equal to sero. JFor visidle light ths
frequency h_ greater by five orders, correspondingly A} by fifteen orders
(dy 1015 t'imu!) greater (for permissive transitions Ay = 107—]:08 uc’l).

The infrared range is in a somevhat better position.

PID-TT-62-1622/1 ¢ 2 ¢



In spite of the difficulties pointed out, F. A. Butayeva and V. A. Fad-
rivant L-5_7 accomplished a medium with negative coefficient of absorption
in mercury vapors ex'citcd by a glow discharge. The research was done on the
1ines of & visible mercury triplet wvith wave lengths 5“6.67&; 4358,3% und
Loub, 56 %.  Yor selective breakdown of the lower levels, to the mercury there
~was added molecular hydrogen with a pressure of some millimeters on the mor-
cury column. As a result Nz on the upper level became more than N) of the
concentration on the lower levels, and amplification was obtained on the
two upper lines of the triplet; respec'ively, .oqual to 1,14 und 1.1. On the
line 40k6.56 % no amplific;tion wvas observed, V. K. Adblekov, M. S. Pesin, and
I. L. Febelinskiy L—?_J- accomplished a medium with negative absorption with
the aid of selective excitation of atoms up to the upp;r level. A gas die-
charge vas effected in a mixture of vapors of mercury and sinc. An ampl i~
fication was observed for the red line of zinc with a wave length of 6,362 )
The upper level of this line is close to one of the levels of the atom of
mercury, which creates the poseibility of uelecti;e excitation of this level
of sinc with collisions bdetween the excited atoms of mercury and the normal
atons of zinc with transmission of energy from the atoms of mrcury to the
atoms of sinc, since of the first ia the discharge it was greater than
of the latter. The authors obt;ained a change in tle transpsarency of the me-

by dium for the lime 6,362 % under aif-

ferent conditions of from 1.5 to 10.

Nurtber, in the application of

¥. A. Tadrikant, M. M. Bulynekiy, and

AR

7. A. Butayeva [ 4_J it was pointed
Pig. 2. Key: (1) amplifying medium; out that the effect of awplification

(2) mirror. can be increased many times by passing
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an amplifying signal through one and the same layer of the amplifying medius,
Thie can be attained by vutting the layer of the medium detveen two mirrors.
Ir 1958 A. M. Prokhorov [ 8_/ snd some time later Schavlov and Townes [ 9_/
showed that the use of such a device can lesd to -the transitinn from tke
procel'n of amplification to the process of generation. JYor this it ip suf-
ficient that the coefficient of the reflection of mirrors p satisfy the ob-

vious condition Iaqt
pe’ >l (0)

i. e., the losses in the mirror ehould be leas than the amplification in the
mediunm,

Besides, the mirrors should be sufficiently flat (plane) and set paralell
to each other,

If between such mirrors one puts a medium with negative absorption then
any vhoton arising in thie medium at the exvense of spontaneous emission of
atoms and proceeding in a direction close to the normal to the two mirrors
will Sring into existance 2 whole avalance of photons (Mig. 2). The closer
the direction of the propagation of the photon is to the normal the greater
the amount of reflection which the beam will undergo before it goes away at
the edge of the mirror. Therefore only rays close to the normal undergo
great amplification. If one of the mirrors is made somewhat tranparent then
through it there dursts a directed pencil of light rays of great brightness.
A1l these rays will be coherent. In principle the limit of the power of
the bea 1s deternined in the given case by the power drought to the exci-
tation of the medium. In principle the limit of the angular flare of the
beam 13 tbg diffuctidn on the mirrors. If the mirrors have a diameter of
the order of centimeters, then the limiting angnlar.n;ro for the visidle
rays will be of the order of 10™5. With & dimension of the mirrors of

the order of meters it will be 10°7, Th. 80114 angles, respectively, are
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moyémt directivity proves to be the dasic advantage of the optical range
as conpared with the redioc range. The great directivity makes realistic
the attaining of renges of action or the order of 1013.)ol¥ =, 1. o,

| ranges on an astronomical scale,

A generator of coherent msst;ion of practical uu:?.z was created by
Mainman [ 10_J with a s0lid as the active medium. The amplifying medium is
rubin, the crystal of aluminum oxide A1203 with an admixture of chromius
oxide c’2°3' ordinarily in the amount of 0.05 to 0.5%.

The priority in the use of rubin for microwave generators delongs N. .
Basov and A, M. Prokhorov. A series of investigations of the optical prop-
erties of rubin was done by K. A, Tolstyy and P. P. Geofilov L.llj.

The active substance in rubin are the ions of chromium Cr**¢, The
energy system of the levels of Cr*++ contains two brosd energy bands closer
to the basic level and a double metastadle level the transitions from which
to the bdasie¢ level correspomd to the wave leagths of red light, 6,929 and
6,943 £ (Pig. 3). Witk intense radiation of the rubin by green light fros
a powerful mulse lamp designed with neon and krypton there occurs & transition
of ions onto the levels of the broad dband, whence it is very probadble that
there is a transition of lons without radiation onto the double level with
the emission of the excess of energy of the crystalline lattice of the rubin.
In this way it is possidle to create conditions ;mdcr which the density of
the double level will de greater than the density of the dasic level and ob-
taln s generator on the resemsace lines 6,929 and 6,943 R, The advantage of
rudbin consists in the presence of a broad dand of abgorption for green rays
corresponding to a broad energy band. This makes it vossidle to introduce
into the vmbin great excitation vover. Along with this situation the red

lines do not bave great width, which assures good conditions for their am-
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plification. Little Ov according
to the formla (5) corresponds to
large K.

In the generator of coberent red

1ight on the line 6,943 L there was

used a cubic cryeta) of rudbin wound
Tig. 3. Key: (1) absorption of green

srcund by a pulse wumping tubde.
light (2) transitions without

The pumpirg. tube radiated powerful
radiation; (3) emission of

vulses of light in thousands of kile
red light. .
watts with a length of about 1 millisec
and a frequency of repitition of 1 pulse 30—60 sec, limited by the heating of
the tube. In the crystal of rubin there was created a pulse of red coherent
radiation with & spectral width Ay in 1 &, angular divergence of 0.01®, and
an instantaneous power of the order of 10 kw. The power average in time of
the red beam smounted to 20 kw. In the perfected rudin generator of the Bell
concern, together with the rudbin cube, there was used a little rudin cylinder
with mirror bases. During the course of the vumping time 1 millisec the crys-
tal emitted by sparks of the length of 1 psec (with int.omln of 5—10 psec,
depending on the power of the 'pnnping) a narrovw monockromatic beam of red coior.
In accordance with t he work of Maiman there is being done interesting
development of generators of visible and infrared radiation with cryestals of
calcium fluoride and admixtures of uranium or samarius, which enadle ome to
lowex" th_e power of excitation ‘by a factor of 500-—1,000, as compared with
rudbin, A genbfhtor of infrared radiation with a wave length of 2.49 microns
was made on the dasis of a crystal of fluorite of calcium with a contemt of
0.05% of uranium admizture. To the emission of 2,49 microns .thnro corresponds

the transition of ions of U*** from temetastadle level to the intermediate
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i;nl located delow, With extreme chilling this interazediate level is less
in density by a factor of 101° than the dasic energy level, Therefore,
vith the aid of the yumping tube (with a power less by a factor of SO0 than
for the rudin generator) there can be assured the necessary shifting of

ions onto the metastadle level,

The shortcoming of éenouton with crystals is the pulse aystem of their
working. The use 0f gaseous mixtures described adove make it possidle to de-
sign generators of continuous action. In the paper by V. A, Fadbrikant [-12_7
there is given a general analysis of the gaseous mixtures for these purposes.

Yor the creation of & generator of infrared radintion as an amplifying
medium therc is used the plasma of a hidl;frequency &as discharge in a miz-
ture of helium with neon with & oressure of helium exceeding by ten times
the pressure of neon 1-13_7. Through the action of exzitation shocks of
electrons the atoms of helium pass into the excitation state. In the col-
lision of excited atoms of belium with atoms of neon, the latter are also
excited and pass to one of the four upper levels of neon, located close to
the corresponding level of helium. The transition of atons of neon from these
levels onto one of the lower levels (altogether there are 10 intermediute en-
ergy levels) 41s accompanied dy radiation in the n.'ngc from 0.9 to 1.7
microns. The infrared sharply diroctcd beaa possesses in this situation
complete monochromatic quality. The power in the beam is 0.1 v.

The data of the first devices are very far in principle from the possidle
results. In‘prlnciplo 1t 1s posaidle to odtsin powers of bn:- to vhid
would correspond light pressure of the order of a million atrospheres. The
monochromatic quality makes it possidble to tranmmit a great volume of in-
formation, A‘,ll this creates houndless prospects for the use of amplifiers

and generators of coherent light,
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