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A XEDIJM WITH A NUGATIVE ABSORPTION FACTOR

by

7. A. But&yeva and V. A. 7abrikant

As is known, more than forty years ago- A. Einstein L- made his presen-

tation about the phenomena of negative absorption (induced emission). The ex-

istence of negative absorption was not questioned by anyone because it was an

unavoidable consequence from very general considerations. However, the matter

of direct exoerimental confirmation of the existence of negative absorption

stood in much worse circumstances. The Investigations of Ladenburg L-2, -in-

dependently of an evaluation of their demonstrability, were devoted to the ef-

fect of negative dispersion, and not to absorption. These two effects, of

course, are inseparably connected, but just the same they are different in

their nature. In this sense the experimental checking of the formula of

Planck, centainly, represented a more direct way of confirming the existence

of the -henomena of negative absorotion (term in the denomenator of Planck's

formuda)l.

The difficulty in observing negative absorption is to be found in the fact

that under conditions of equilibrium negative absorption overlaps with ordinary

absorption.

In 1940 one of the authors of this article ZL3_J indicated the conditions

in whicb one rhould expect negative absorption to prevdil over ordinary abborr>-

tion, and there was formulated the orinciple of molecular amplification: 'For

this It Is necessary that N exceed the ratio of static weights .k The lat-

I It is interestlnz to note that negative absorpt ion asures the trans-
the Jeans

ition from Planck's formula toARaylegb1. formula in the field of low frequen-

cies. This indicates a more classical nature for negative absorption than is

generally accepted.
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ter has not been once observed in a discharge notwithstanding the fact that

such a relationship of concentration can in principle be realised ... In

such exiertments we will get an intensity of outgoing radiation greater than

the incident one, and it would be possible to speak about a direct experiment-

al demonstration of the existence of negative abborptionOL3_j.

The indicated conditions were first realized in certain exiPeriments by Lamb

in measuring the displacement of the hydrogen levels L'C4J, where negative ab-

sorption is used for breaking down the metastable atoms of hydrogen.

Basov and Prokhorov, as well as Gordon, Zeiger, and Townes very del-

icately made use of the above-indicated principle of radiation amplification

for crea~ing a molecular generatoc of microwave radiation L 5-1.

Basov and Prokhorov gave a detailed theory for the molecular generator L75.J.

The aim of the present experimentation consisted in the investigation of

the effect of negative absorption in the ordinary optichl range. Preliminar-

ily an analysis Is made of the peculiarity of the optical propertieE of the

medium with a negative factor of absorption1 .

1 In the patent clain by V. A. 1kbrikan', M. M. Uadynsaiy, and F. A. Bu-

tayev of June 18, 1951, and in the supplement to it of June 16, 1951 (prior-

ity statement No. 0270-2423 NPSS) theroewas a brief exposition of the theory of

optical amolificatiorsof radiation (now called "masersU) and the possibility

x-s indicated of the application of tho given principle for the amplification

of radio waves. In the same text there was described a method for obt;xlning

inequilibrised conditions by irradiating the medium from an auxiliary source

of waves, which, as is known, has found practical application in *maser* (Note

of the authors in correcting).

Obtaining E 1NetivP Ab3orption actor

We recall sone known relationships. The absorption factor Xyis connected

YT-TT-U~-lllJ'/1 + Z



with the - probabilties of absorption 312 and the negative absorption

B21 in the following form

where the integral is taken withOthe limits of the sxectral lines correspond-

Ing to the transition ; -* 1, N1 and N2 , the concentration of the atoms or

molecules at the levels 21 and ZZ .

In conditions of thermodynamic equilibrium

(An + Bp,)N, - Ba.pN 1  (2)

where AZ1 is the probability of spontaneous

hence

(B19/, - B2,,) -. (,

P.
i. e.,0',/

(B3N, - B,) > ;1; > 0
1 (4)

and, consequently, the phenomena of ordinary absorption prevails over the phe-

nomena of negative absorption. This is - connected with the equilibrised

character of the distribution of atoms over energy levels.

By mt&king use of the known connection between BI2 nd B2 1 we get:

~k4,~B 1 3 d~1 ~I)(5)
In equilibrised conditions

N, ( )

and the second member in parenthesis Is lees than unity.

In this way under conditions f thermodynamic equilibrium the absorp-

tion factor is always popitive.

Only under condi+ions of nonequilibrium on c-n expect to ept a medium

with a negative - absorption fActor because in these conditions equKlIty (4)
for

is no lorger valid. Yror. (5) it is - cler thav- obtaining of the neg-

tire factor of absorption it is necestary to accomnlist the inequility

r Lt-r li4/i 4 ,



Within the limits with very large N2

Inequilibrized conditiors can be both stationary and nonatationary. in

by
statinnary conditions the ratio of concentrations Is determined A the sim-

ple equality
N, I__

V A' (9)
of

where ;- nd k are the numbers of the cases of excitation /4 atoms in one

second to the levels 11 ',nd Z2 and 'T1 and r2 are the durationb of the lives

of the atoms at these levels.

The number of cases of excitation includes both the optical nonoptical

processes.

The Ot Ic also expressed as

'--m (9a)

where Wi re-nresents the probabilities of destruction oT the excited atoms

through possible processes.

The inequality (7) is converted into

6,9>.S * (10)

The inequality - (10) makes it possiblP to select conditions favorable

for getting a negative absorntion factor.

For examnle, it is clear, that the selective abridgement of the durability

of the life of the low level repreent6 rne of the ways for getting the neces-

sary conditions. Another way is the selective excitation up tr, the high level.

In the nractic ,l accomplishment of the experiments the value o tho ab-

sorption factor is ilso substanti-'1, 'nd this iF determined by the probability

B21, the concentration of atoms N2 and the frequency-V. In particular, if

the urper level is metastable the concertration of atoms at it usually is

higher than at a lower level which has the same life durability, but in this

case it is important that it lead to little probability of optical trarsition

of AZI to a lower level.

~&~eIIt



As is known C6J A GdW rll' (11)

Bence

smalnessA 2 1 (12)
of'

If the smallness A2, is connected with the smallness of the square of
low

the dipole moment Lrz1/ 0 - then to the .. • A2 1 there will correspond the

low B21, end observation of the effects of negative absorption become much

more difficult.

If, on tfe other hand, the smallness of A21 is connected with the smallness

ofv , and the dipole moment is great, then favorable conditions exist for ob-

cerrin-t the effects brought about by negative absorption. Just such a situa-

ticn occurs in the microwave range. On the other hand, despite the great

value for B41 , the conditions of the experiments by Lamb and of the microw ,ve

generator correspond to small absolute values for the absorption factor. This

is explained, Sccording to kb), by the low frequency of- and smal concen-

tration of Ne.

In the experiments by R. Ladenburg both the frequencyV and the concen-

tration N2 have much greater values (visible part of trie snectrum nd discharge

in inert gases), but the inequ, lity--(1O) is not fulfilled. As is known,

in the usual electrichl discharge the concentration of atoms at the upper lev-

cls is less a.nd not greater than the Bcltsmann ones L3J/. ;'herefore the cases

of negative absorption not only do not exceed these of ordinary absorption,

but their role is less -- even than in equlibrium conditions.

In the opticol rpnge often

Then, accordin, to (1) and (9)

(13)

By taking- the length of -wave 5.I -5 , witt of line o" trns order

106-10
9 c-l,) of the order 10- cr- for o. we obtfin a vdlue of the order

tr~'~~.~l j4/ 2 5



1015-1016 which corresponds to a supply of power of o--i-3 v/cm3.

We undertook to create conditions corresponding to the great absolute vl-

ues of the absorption coefficients. Before passing on to these e.periments

one should consider the peculiarities of the optical properties of th medium

with negative absorption factor.

0p1ta"j froerties of the Medium with Negative Absorption 7actor

As is known, radiation occurring as a result of the phenomena of nega-

tive absormtion should be consistent with the radiation causing the phenomena

and have the same direction. The radiation of a medium brought about by

snontaneous emission, generally speaking, is inconsistant with this radiation.

For the coherent port of the intensity of the beam being promagated in a

medium with negative absorption factor one c°-n write tr equation:

. 5 ~r'Ih,1~.(14)

Hence

I (15)

The observable in ensity will be greater than Lq(X) on account of the

sDontaneous radiation of the medium, but when working ,ith sm-l1 'tolid angles

one may make the role of the sponteneous radiation small. In the molecular

generator tht directability of the negative absorptioh, apparently, is not so

important.

To the equation (14) there correspondr the avalanchMke increase in the

intensity in rrooortion t. the nroaegation of the berin, which is analogoi
electron

to the I avalanche in a discharge.

One should remember that the absorption factor k can depend very much on

Lo . Instance* of ngative absorption can noticeably decrease the durability

of the life of'TZ atoms at the uvmer level transferring thom to the lower

level (wltch at the same time increases 4). In the eoxzrimets of Lavb,(Z

6-?T-62-1114/1 6



is simply Inversely proportional to the intensity of the radiation, so that

the metastable atons are broken down practical'y only on account of tho neg-

ative absorption.

Besides, in these conditions - the formula (8) is valid because N2 >11.

Therefore the absorption factor k is inversely proportional to L% , and the

equation (14) takes the form

dl, "(14a)
-a.

where is the constant "

Then instead of (15) we get
1 (x ) " ,(0) + a 

1 a

The correlation (15a) is valid only for sufficiently great intensities

whereT 2 is determined by the instances of negative absorption.

From (15a) it follows that 14() is not proportional to O(0 ). i. e., we

have a case of nonlinear ontics.

Generally with kO depending on I nonlinear effects occur.

The properties of the medium depend on tho intensity of the radiation

passing through it, and thus there is broken down the principle of superpo-

sition (analogous questions for oositive absorption factor are considered

by S. 1. Vavilov L 7-7). The indicated circumstance sets a limit to the ava-

lanchelike increase in intensity and restricts the area of the applicability

of the relationship (15). The maximum attainable value for the absorption

factor is proportional to 42, which characterizes the excitation of the atoms

up to the upper level. In this case there occurs practichl equslity between

md the number of the instances of agative absorption in one second.

Due to the negative absorption all the energ supplied to the atoms in

excithtion is radiated within the lite of a small solid an^gle, determinable

by the angular opening of the beam. Dasov and Frokhorov L 5-1 Pointed to the

nonlinearity as the factor determining the saw'lttude of the oscillations in the

PrlD--T-62-1l1l1 f, - 7



molecular generator.

The transparence of the layer of the homogeneous medium I under con,-

ditions of the validity of the relationship kl5) is equal to

T'.- 1l.,L. (16)

where L is the thickness of the layer.

In this way the transparency of the layer exceeds unity, which does not

contradict, of course, the law of- conservation of energy. By virtue of

th~negative absorption there occurs a redistribution along the angles of the

energy of radiation emitted by the excited atoms of the medium, and the prolua-

bility of the optical orocesses of emission of energy is increaved.

Let us pass on to a consideration of the radiation proper of the homo-

geneous plane layer of a medium fith a negative absorption factor. In assum-

ing the layer to he homogeneous we disregard the nonhomogeneity brought about

by the events of negative absorption, i. e., we limit ourselves 'o the field of

the a&oplicability of the relationshin (16).
a

From /% layer of the thickness dx outside there is emitted a radiation of

the intensity dl,. IIh dx, (l)

where J, is the emission capacity of the medium.

From (16) it follows that

Since the conditions are not in equilibrium, the ratio cannot be equat-

ed with the emission capacity of an absolutely black body. It is generilly

clear that for such conditions Kirhhoff's law im altogether inaprlicable.

In a medium with a positive absorption factor with the increase in the thidi-

ness of the layer the conditinns amprotich equilibrium, ,And the intensities of

the spectral lines, as a rule, smooth out. In a medium with negative absorp-

tion factor, on the other hand, in accordance with (18), with the increase in

the thickness there can be an increse in the intenbities of the spectral

FTD-TT-lli;l + 2



lines. This to connected with the fact that greater k generally corre-

sponds to greater J, (proportionality between A21 'nd B21 ).  Besides, it

follows from (18) that in proportion as the thickness of the layer increases,

the half width of the spectral lines should not increase but decrease, since

the greater k corresponds to the center of the smectral line. Attention

was also focused on this circumstance in the theory of the molecular genera-

tor L 5_J.

In accordance with (18) the indicatrix of radiation of the layer will be

bro'tdor than the Lommel one, correeponding to k.0, equal to sero.

The problem of the limiting intensities cinnot be analyzed on the basis
with

of the correlation (18), since-this we pass outside of the limit of the

area of the applicability of this relationship. In any caLe with a negative

there will not occur a ranid saturation of LO with the increase of L, which

is characteristic for media with a positive absorption factor.

Axieriments In the Creation of a Medium with a Negative Abs0p & /

Since in the visibJe part of' the spectrum the frequencies are of 111C or-

-1der of 1015 sec- , to the forbidden spontaneous transitions there should cor-

respond infinitesimAlly smill dipole moments. Therefore the exper-

iments in this region of thr ipectrum should be babed on the uve of alJowed

transifions, which makes dilficult the obtaining of the necessary ratio of

concontrptions of excitod atoms at the upper and lower levele. "hc soontan-

----- eou transi ions reduce T ;, increase A1 , 'nd thereby obstruct the ob-

tdining of the conditions corresponding to the inequlity (10). In this

sense the microwae range it, much more favorable. In 'his connection high

frequency is favorable from Ihe point of view of the absolute value of the

absorotion factor -equaliot, (8)j.

Our first tril4 was based on the method in which the atoms are indirectly

excited up to the X uorsr level an get to the lower level only througb

FMTD--llL/l + 2 9



spontaneous and forced - transitions from the upper level. This oroves to

be analogous to the "sorting out w of the molecules in the molecular genera-

tor (5). Apparently, such a situation gives the most favorable ratios-- of

11 and0(2 for a given pair of excited levels. For getting -- suitable

ratios of %1 ondl%. it is important that from the top level only lines begin

used for observation of negative absorption.

The presence of "excess" transitions leads to undesirable shortening of Vz .

One could expect that corrvrond.ng conditions occur in the fluorescence

of the vapors of cesium produced by the intensive helium line 3,M.65. As

was established by Boecier Lb-, thip line gives rike to ti L."sition

6 2 -4S4P *, to which in the spectrum of cesium there corresponds the line

D,bbdd.65. With the addition of some inert gas (or example, the sme helium),

the atoms of cesium because of the collisions pass from the level bzPi to the

level 62Di4C/. (distance of 0.01 ev).

In the sPectrum of fluoresceiaee there appear the linos 6,qd3kdD¥/,-- 72P

6,73 (8ZD.V,- T2P ), tnd 6,973 (82Df:-,-7 2 /A).

The durationsof life of the upper lvels AI)-D-. should be more than

Tl for the lower levels 72P.
ieu

This is explsined by the fact that the probabilit of spontaneous trans-

ions - d2p-7 2p should be consiter.bly less than the probabilitiec for the

trLnsilions 72D-*62S correspond-nt to the resor.ance line of cesium. A comp-

plicating circumstanee is afforded by the "capture" of the resonance radiation

raising the eiecize duration of the life of the atom* at the levels 7eP.

Unfortunately for cesium data are lackin needed for quantltativ4 evaluation

ratio't to "C2 . Nevertheless, on the whole one should exect the fulfillment

of the inequality (10). The vapors of cesium filled a vessel of the Wood

type with & length of ;O = And diameter of 28 ma., Into the vessel thero

were added helium and other inert gases with pressures of the order of some

T-4-L #/ * d 10



fluorescence

few mm of the Hg column. The) of the - vapors was ex-

cited with the aid of three loop-shaped helium iriops located on the sides of

the vessel. The basic part of the vessel and the lamps were enclosed in a

reflecting jacket heated from the outside. The pressure of the vapors of ce-

sium was regulated with aid of an extension kept at a lower temperature than

the basic furnace.

The diameter of the helium lamps was 10 mm, length 300 mm, current

strength z0O--C0 ma, and voltage 5,000 v.

The slit of the three-pris* spectograph of the Zeiss Company was located

in the main focus of the condenser lense, tbeoptical axis of which coincided

with the axis of the vessel with vapors.

ities of
For the lines 6,983, 7Z3, and- b,- 6,9 the probabil "ABZ1 have

ratios, according to the rule of sum. as I : 5 : y. Therefore, on the basis

of (10) one should expect changes in the ratios of 'he intensities of these

Itas with chanees in the intvevtWes of the exciting radiation.

Particularly, witnz an increase in the intensity of the exciting radiation

the intensities of the lines 6,723 Aind 6,973 should increase with relqtion to

the line 6,983.

Actually with the temperature of the extension of the resonance vessel

at lIO0 C corresponding effects were obttined. In the table there are com-

miled the results for two values of the currents in the helium lamps.

Notwithstanding the obtaining of effects with the necessary sign,

the method in questinn cinnot be considered sufficiently direct. Besides, the

too large valte for the observed effect arouses doubt. Checking experiments

with change in the length of the radiating layer did not give clou'r results,

rherefore another more direct method was used.

As a second met! od for obtaining a negative factor of absorption tbere

v"As used an jrtificil shorteninx of tte life duration of the excited atoms



at the low levels

Table

Ratios of Intensities

Current, ma

Intensity
200 500

16963 3.9 5.3

L2Z 5.4 6
I99t 3

As a subject for Investigations there was chosen the visible triplet of

mercury 73SI-463Po ,l.Z.

Th vaoors of the mercury were excited with the aid of a glow discharge.

In the cathod .arts of the glow discharge there are compratively fast elec-

- trons, which assures a favorable ratio for O1 and 0(2. For shortening the

life duration of the lower levels there was added hydrogen with a pressure of

some mm of the Hg column.

As is known hydrogen mowerfu.lly breaks down the excited atom, of mercury

at the leveli 63P. With the iid of a narrow mercury laao there was deter-

nined the transparency of the disch ,rge tube with a mixture of vapors of mer-

cury )tnd hydrogen. With thit objective ucing two lerses, the image of the

slit il)uminated by a narrow lamp was focused on the input slit of a monochro-

mitor. Between t.he lenses in :4 parallel space there it, located a discharge

tube. The length of the tube iF 360 rm (L) ana the diameter 75 mm. SehitAd

the outpat slit of the monochromator there was a photo - m ltiplier

connected with a sensitive galvanometer.

With the aid of the described setup there were observed right along v il-

ues for trensparency above unity, i. e.. the effect of negative absorption in

the pure form.

As an illustration we r'reeent data obtiined with a pressure of the mer-

F ku -. 11 / { 212



I
cury vapor@ of the order of 10 - 3 = of the Hg column, pressure of the hydro-

gen of 0.3 mm of the, H column, and a discharge current of 70 ma

...... 5461 4358 4047

T4. . 1.l0--i.14 1.06--l-10 0.95--l.0

*The erperiment. were repeated with the addition of helium with a pres-

sure of 4 om of the Hg colum to the mercury vapors. The current of the dis-

charge was 125 ma. The addition of helium unexpectedly lead to the obtihin-

ing of even greater effects.

5461 4358 4047

T . . . . 1.14--l.29 1.13.--1.23 1.20 (7)

Decreasing the pressure of the helium led to a decreasing of the effects.

For a check measurements were made in the direction perpendicular to the in-

- itial one when there was a sharp diminution in the length of L. These

measurements gave a sharp diminution of the effects. It ie interes'ing to

note that the cooling of the discharge tube (lowering the pressure of the mer-

cury vapor.) led to a change of the sign of the absorption effects, i. e.,

the transparency for 411 the lines became less than unity. In this case, as

usual, absorption has great*alues for the lines 5461 nd 4047 X,which end at

the metastable levels and less for the line 4358 X.

The theoretical interpretation of the results obtained is made more diffi-

cult by the fact that there ure no deopendable data on the energies and concen-
a

trations of electrons in 4 discharge of this type.

The values obtained for the transparency in accordance with (16) corres-

pone to bq, approximately equ .l to 0.005. If one considers the form of the

lines as of the Doppler type and makes use of the formula (8) (A.., of the

order 10+ eec- 1 ), then for the concentration of the atoms at the top level

N2 we get a value of the order of 109. For the given conditions this value is

high. On the other had attempts to explain the values obtined for tranpear-
4
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