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A MEDIUM WITH A NEGATIVE ABSORPTIUN FACTOR
by
¥. A. Butayeva and V:xx:'!hbrilnnt

As is known, more thxn forty years A. Eiastein 171_7 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
unavoidadle consequence from very general considerations., However, the matter
of direct exverimental confirmation of the existence of negative absorption
stood in much worse circumstances, The investigations of Ladendurg Lfé_f. ip-
devendently of an evaluation of their demonstrability, were devoted to the ef-
fect of negative dispersion, and not to absorpiion. These two effects, of
course, are inseparably connected, but just the same they are different in
their nature, In thie sense the experimental checking of the formula of
Flanck, centainly, renresented a more direct way of confirminz the existence
of the vnhenomena of negative absorvtion (term in the denomenator of Planck's
formula)l,

The difficulty in observing negative absorption ie to be found in the fact
that under conditions of equilibrium negative absorption overlavs with ordinary
absorotion,

In 1940 one of the authors of this article Lfﬁ_f indicated the conditions
in which one rhould expect negative abdsorption to nreviil over ordihnry absorn-
tion, and there was formulated the vrinciple of molecular amplification: "Yor

this 4t 1s necessary that g!. exce~d the ratio of static weights %%. The lat-
J

T It 1e interestins to note that negative absorption assures the trans-
the Jeans
ition from Planck's formula tokaayloigbhﬂ formula in the field of low frequen-
cles, This indicates & more classical niture for negative absorption than 14

generally accepted,
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ter has not deen once observed in a discharge notwithstanding the fact that
such a relationship of concentration can in vorinciple be realised ... In
such experiments we will get an intensity of outgoing radiation greater than
the incident one, and it would be possidle to speak about a direct experiment-
al demonstration of the existence of negative abnorption'[fﬁ_f.

The indicated conditions were first realized in certain exvweriments by Lamd
in measuring the displucement of the hydrogen levels L-h_T. wvhere negative ab-
sorption is used for breaking down the metastadble atoms of hydrogen.

Bagov 4nd Prokhorowv, as well as Gordon, Zeiger, and Townes very del-
icately made use of the above-indicated principle of radiation amplification
for crea:iing a molecular generator of microwave radistion L—S_T.

Basov and Prokhorov gave a detailed theory for the molecular generator LTﬁ:l.

The aim of the present exverimentation consieted in the inveetigation of
the effect of negative absorption in the ordinary opntical range. Preliminur-
ily an =nalysis is made of the veculiarity of the optical properiier of the

medium with a negative factor of absorptionl,

T T In the patent clain by V. A. Pbrikan®, M. M, Wudynskiy, and F. A, Bu-
tayeva of June 18, 1951, and in the supvlement to it of June 16, 1951 (prior-
ity statement No. 0270--2i:23 MPSS) ?hexa‘wa- 8 drief exposition of the theory of
optical amplificationsof radiation (now called "masers”) and the poseibiiity

wag indicated of the Application of the given principle for thc>anp11{ication

of radio waves, In the sume text there wus descrided 4 method for odbtiining
inequilibrised conditions by irradiating the medium from an auxilisry source

of waves, which, ns 1g known, hag found practic:]l avvlication in "masers (Note

of the authors in correcting).

Obtxining & Negative, Absorption Factor

Ve recall some known relationships. The absorption factor x,is connected
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P

with the —— probabilities of absorption B,, and the negative absorption
821 in the following form .

(tdv = (8,04, — BN, ! ()
where the integral is taken withPthe limite of the svectral lines correspond-
ing to the transition £ — 1, Ny and Ny, the concentration of the aloms or
molecules at the levels B and Ey.

In conditions of thermodynamic equilidrium
(An + Bup) Ny = Bip:Na, (2)

where Az] is the probability of spontaneous

hence
(BuaNy — BNy = 22t (9
i, e., .
(BuaNy — BuNi) >0; {ldv>0 “

and, consequently, the phenomena of ordinary absorption vprevaile over the phe=-
nomena of negative absorotion. This is — connected with the equilibrised
character of the distribution of atome over energy levels,

By muking use of the known connection between 312 ond 321 we got:

SM'_%:B“N'UT%:NE. (5)
In equilidrized conditions e SRR |
‘ ‘E P
I (4)

. M &H

and the second member in parentheeis is lees *than unity,
In this way under conditions ‘f thermodynamic equilidrium the adsorp-
tion factor is always moasitive,

Only under condi+tions of nonequilibrium on- c-n exmect to grt u medium

with a negative absorption fictor because in these conditions equulity (2)

for
i1s no lorger wvalid, From (5) it is ™ clecr that—— obtaining of the negn-

tive factor of abcorption it 1e neces:ary to accomnlish the inequrlity

N
> B, 7)

P D=Twlllafl * P 3
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Within the limits with very large 32

N
A -]
Sun- —~ 2 BuN,. (8)
Inequilibriszed conditions cen be both stationary and nonstationary. in
by

stationary conditions the ratio of concentrations is determined /t the sim-

ple equality

>N._ 2:!
LA (9)

of
where ¢ .nd & are the numbers of the casec of excitation » atoms in one

second to the levels B} ~nd Bz and T) and T are the duratione of the lives
of the atoms at these levels.

The number of cases of excitation includes both the optical nonoptical
processes,

The ¥ ic¢ alego expressed as .

ey (9a)
where W; renresents the probabilities of destruction of tle excited atoms
through possible vrocesses,

The inequality (7) is converted into

> (10)

The inequality —— (10) makes it poesible to select conditions favoruble
for getiing a negutive absorntion factor,

Yor examvle, it 1is clear, that the selective abridgement of the durability
of the life of the low level reprasents cne of the waye for getting the necee~
sary conditione. Another way is the selective excitation un t- the high level,

In the vracticnl wccomplishment of the experimenis the value of the ab-
rorption factor is 1lso substantixl, -nd this ir determined dy the vrobadility
By, the concentrtion of atoms Np and the frequency+y. In particular, if
the urper level is metastadle the concertiration of wioms At it ususlly is
higher than at a lower level which has the same life duradility, dut in this
cage it ir important that it lesd to little prodability of optical trarsiticn
of 4,3 to A lower level.
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As is xnown [ 6_] An-umffnl'o (11)
Hence . _ <o
Bn-%f'!rul‘- . (12)

of
If the smallness Ay, is connected with the emallnesr of the square of
the dipole moment L;le‘. s~ then to the ,_]'e-.. - A2] there will correspond the
low 321. and observation of the effects of negative absorvtion become much

more difficult,

If, on tne other hand, the smallness of A;; is connected with the smallness

of.v , and the dipole moment is great, then favorable conditicns exiat for od-
cervinz the effects brought about by negative abscrption. Juet such a situa-
ticn occure in the microwave range., 0On the other hand, degpite the great
value for By), the conditions of the experiments by Lamdb and of the micrownve
generator correspond to smuxll abgolute values for the absorption factor. This
is explained, according to (B), by *he low frequency of 4 &nd emall concer-
tration ot Ny.

In the experiments by R. Ladenburg botlL the frequency 4) and the concen-
tration N, have much greater values (vieible part ot the svectrum -nd diecharge
in inert gases), but the inequ:lity —~— (10) ie not fulfilled, As is known,
in the usual electrical discharge the concentration of atoms at the upner lev-
¢ls ie lees «nd not greater than the Beltemann ones Lf3_7. "herefore the cases
of negative abeorption not only do not exceed thesc of ordimary adsorvtion,
but their role 1is less -— even than in equlidbrium conditions.

In the optical rsange often

‘ .
bl e (12n)
Then, according to (B) and (9)
Az .
[idra— e (13)

By takin~ the length of wAve 5-10’5, widtl ot line of inhe order

105—-109 cm‘l.“km of the order 10’3 ce-1 for o, we obtnin A yulue of the order
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10*5-1016. which corresponds to a supply of power ot 10741073 '/cm3.

We undertook to create conditions corresponding to the great absolute val-
ues of the absorption coefficients, Before passing on to £%eeo experiments
one should consider the peculiarities of the optical properties of tlie medium

with negative absorption factor.

Opt30g] Proverties of the Medium with Nesative Absorption Factor

As is known, radiation occurring as a result of the phenomena of nega-
tive absorntion should b¢ consistent with the radiaiion causing the vhenomena
and have the same direction. The radiation of a medium brought about by
gnontaneous emigsion, generally eveaking, is inconsistant with this radiation.
For the coherent p.rt of the intensity of the beam being propagated in a

medium with negative absorption factor one c¢un write sp equation:

R PR TA TS (14)
R N :
Hence " '
L
P N T L
Iv(x) -I;I'(o)) * (15)

The observable in‘ensity will be greater thun Ly(x) on account of the
svontaneous radiation of the medlum, but when working with smnl) <olid angles
one may malzce the role of the spontsneous radiation small. In the molecular
generator the directability of the negative abeorption, avvarently, is not so
important., |

To the equation (14) there correspondr the avalanchellke increase in the
intensity 1in vrovortion t- the nropagation of the beum, which is analogo.s

electron
to the J  avalanche in a discharge.

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

Ly . Instances of negative absorption can noticeadly decrease tre durubility

of the life of ¥, atome at the uover level transferring them to the lower

level (which at the same time incresses @). In the exveriments of Lamd Y,
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is sinply inversely proportional to the inteneity of th¢ radiation, so that
the metastable atoms are broken down practically only on account of the neg-
ative adbsorption.

Beyides, in these conditions —— the formula (8 is valid because Np> N;.
Therefore the absorption factor k is inversely proportional to Ly , und the

equation (l4) takes the form

"v o (1“3.)
¥ il
where is the constant s
Then instead of (15) we get
L2 £ 0 ax-
L(x)=1,0)+ (58)

The correlation (15a) is valid only for sufficiently great intensities
where® 2 is determined by the instances of negative absorption.

FProm (15a) it follows that Ly(X) ie not vrovortional to Iy(0), 1. e., we
have a case of nonlinear ovtics.

Generslly with kg devending on l'V nonlinear effecte occur,

The proverties of the medium depend on tht intensity of the radiation
passing through it, and thue there is broken down the princivie of superpo-
sition (analogous questions for vositive atsorrtion factor are considered
by S. 1. Vavilov L_'?j). The indicated circumstance eets a limit to the ava-
lanchelike increase in inteneity ~»nd restricts the arean of the apvlicadility
of the relationshin (15). The maximum attainable value for the sbsorvtion
factor 1is proportional to &, which characterizes the excitation of the atoms
up to the upper level, In this case there occurs practicsl equality between
@ ind the number of the instinces of agative adsorntion in one second.

Due to the negative usbsorption all the energy suvvlied to the atoms in
excitution 1s radiated within the li=mits of a smull solid angle, determinatle
by the angular opening of ths benm, Basovy and Frokhorov L-5_7 pointed to the

nonlinearity as the factor determining the amnlitude of the oscillations {n the
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molecular generator,
The transparence of the layer of the homogeneous medium Ly under con-
ditions of the validity of the relationship (15) ie equal to
T, ¢ Wit (16)
where L is the thickneces of the layer,
In thie way the transparency of the layer exceeds unity, which does not

contradict, of course, the law of

conservation of energy. By virtue of
thenegative absorption there occurs a redistribution along the angles of the
energy of radiation emitted by the excited atoms of the medium, and the prova-
bility of the optical vrocesses of emission of energy is increaved,

Let us pass on to a consideration of the radiation proper of the homo-
geneous plane layer of & medium #ith a negative absorption factor, In assum~
ing the layer to be homogeneous we disregard the nonhomogeneity brought about
by the events of negative absorption, 1. e,, we limit ourselves ‘o the field of
the avplicability of the relationshin (16).

Trom E/l\ layer of the thickness dx outside there ic emitted a rudiat%on of
the intensity dlvw= j et 5 dx, (19)
where Jv ie the emigsion cavacity of the medium,

Trom (16) it follows that

fom (iqfet a8)

Since the conditions are not in equilidbrium, the ratio %% cannot be equat-
¢d wiih the emirsion capecity of an adbsolutely dlack bdody. It is generilly
clear that for such conditions Kirhhoff's law is nltogether inaprlicable,

In a medium with a positive absorption factor with the increase ir the thidk-
ness of the layer the conditirns avnrouch equilidbrium, xnd the intensities of
the spectral lines, 5s & rule, smooth out, In a medium with negative adsorp-
tion factor, on the other hand, in accordance with (18), with the incresss in

the thickness there can be an increwse in the intensities of the apectral
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lines. This is connected with the fact that greater k generally corre
svonds to greater iv (proportionuslity between Ay -nd 321). Besides, it
follows from (18) that in proportion ae the thickness of the 1ayorm1ncroauo-.
the half width of the spectral lines should not increase but decrease, since
the greater k.vcorreeponds to the center of the svectral line, Attention
was also focused on this circumstance in the theory of the molecular genera-
tor L75_7.

In accordance with (18) the indicatrix of radiation of the layer will be
broader than the Lommel one, correspond.ng to kg, equal to sero,

The problem of the 1imiting intensitiee c-nnot be analyzed on the basgis
with

A

of the correlation (18), since) thie we pase outside of the limit of the
area of the applicability of this relationshiv, In any cace with a negative
there will not occur a ranid eaturation of Iy with the increase of L, which

18 characteriastic for media with a positive abeorvtion factor.

Experiments in the Creation of a Medium with & Negative Absorption tor

Since in the vigible purt ot the svectrum the frequencies are of ilic ore

1

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

regpond infiniteaimilly smc.ll dirole moments. Therefore the exper~
imente in this region of the wpectrum should be based on the use of allowed
traneitions, wiich makes ditficult the obtuining of the necescary ratio of
coacontretions of excited atome it the uuper and lower levels, "he svontan~

———— eous traneltions reduce 7 ,, increase a) , :nd theredy odstruct the ob-
talning of the conditions corresvonding to the inequnlity (10). In thise
sense the microwave range iy much more favorable. In this connection high
frequency is favorable from ‘he point of view of the absolute value of the
adeorption factor [fiqua'iou (8)_7.

Our first trisl was dased on the method in which ilie atoms are indirectly

excited up to the M uovner level anc get to the lower level only through
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spontaneous and forced — transitions from the uppver level. This vroves to
be analogous to t he "sorting out" of the molecules in the molecular genera-
tor (5). Apparently, such a situation gives the most favorable ratios — of
J{1 and O, for a given pair of excited levels. For getting — " suitabdble
ration of 1'1 snd '{z it is important that from the tov level only lines begin
used for observation of negative absorption,

The presence of "excess" transitions leads to und?sirable shortening of‘fz.

One could expect that corrc.rond.ng conditions occur in the fluorescence
of the vapors of cesium produced by the intensive helium line J,8H5,65. As
was established by Boecner LTB_]. thie line gives rice to tre L...asition
628*—¢82P*. to which in the spectrum of cesium there corresponds the iLine
8,888, 65. With the addition of some inert gas (for exomple, the g.ume helium),
the atoms of cesium because of the collisions pass from the level dzPé to the
level 5“Dy ¢, (distance of 0.01 ev).

In the spectrum of fluorescence there appear the lines 6.953(5‘D§@_—+ 722%3,
6,723(8°Dy,-37°Py ), and 6,973(82Dg, —7°Ey ).

The durationsof life of the uprer l.vels ¥¢D—T, should be more than

T1 for the lower levels 74P,

ies
This is explsined by the fact that the vrobabili4 of spontanecus trane-

ions 82P~s7%P ghould be conslaer.bly less than the prodbabvilitieg for the
tranai*ions 72D-p6<s corresponding to the resorunce line of cesium, A com-
'plicatint clrcunstance is afforded by the "capture" of the resonance radiation
raising the ettec'ime duration of the life of the atome at the levelis 74P,
Unfortunately for cesium data are lacking needed for quuntitativ'g evaluation
ratio Ty toT,, Nevertheless, on the whole one should exnect the fulfillment

of the inequality (10), The vapore of cesium filled s vesuel of the Wood

tyve with & length of U0 mm And diameter of 28 mm,. Into the vessel thers

wers added helium and other inert gases wi‘h pressures of the order of some
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fluorescence
few wn of the Hg column. The ) of the ~——vapors was ex-

cited with the ald of three Loop~-shaped heiium leamps 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 bdasic furnace.

The diumeter of the helium lamps was 10 mm, length 300 mm, current
etrength 200=--50 ma, and voltage 5,000 v,

The slit of the three-prist spectograph of the Zeiss Company was located
in the main focus of the condenser lense, theoptical axis of which coincided
with the axis of the vessel with vavpors,

Yor the lines 6,983, 67¢3, and — 6,973 -— the probabilitgzizirhavo
ratioeg, accordingZ to the rule of sums, As 1L ¢ 5 : Y, Theretore, on the basis
of (18) one should expect changee in the ratios of *he intensities of thege
14ney with chanzes in the intemgities of the exciting radiation.

Particularliy, wiin an increase in the intensity of the exciting radiation
the intensities of the lines 6,723 and 6,973 should increage with reistion to
the line 6,983,

Actually with the temperature of the extensinn of the resonance vessel
at 12n°C corresnonding effects were obtiined, In the tabie there are com-
viled the results for two values of the currents in the helium lamps,

Notwithstanding the obtaining of effects with the necessary sign,
the method in question cannot be considered sufficiently direct. Besides, the
too large value for the odserved effect arouses doubt, Checxing experiments
with change in the length of the radiating layer did not give clear resulte.
"rerefore another more direct me*hod was used.

As x wecond met:od for obluining & negative factor of absorption there

wis used an wrtifici.l shortenin: of tre life duration of the excited atome
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&t the low levels
Tabdble
Ratios of Intensities

Current, ma
Intensity

leg2y
leyy3 3.9 5.3

16973 5.k 6
9943

200 500

As a subJect for investigations there was chosen the visible triplet of
mercury 7381—)63130'1.2.

The vapors of the mercury were excited with the aid of a glow discharge.
In the cathod parts of the glow discharge there are compiaratively fast elec-
— trons, which assures A favorable ratio for &y snd o2, For shortening the
life duration of the lower levels there was added hydrogen with a pressure of
some m:n of the Hg column,

As 15 known hydrogen mowerfully breaks down the excited atome of mercury
at the levels 67F. With the 1id of » narrow mercury lamp there waus detern-
mined the trangparency of the discharge tube wi*h a mixture of wapors of mer-
cury »nd hydrogen. With thi. odJective ucing two lenses, the imuge of the
slit illuminated by a narrow lamp wae focused on the input slit of a monochro-
m+tor, Betwesn the lenseés in + purallel space there 1w located a discharge

tube. The length of the tube ir 360 mm (L) #nd the diameter 75 mm., Behind

the output slit nf the monochromator there was a photo multiplier
connected with a sensitive zalvanometer,

¥ith the 4id of the describded setun there were observed right along vil-
ues for tr«nsparency above unity, 1. e., the effect of nega'ive adsorp‘ion in

the mure form.

As an illustration we present data odtsined with & pressure of the mer~

FOLT=1114/1 ¢ 2 12



cury vapors of the order of 10~3 xm of the Hg column, pressure of the hydro-
gen of 0,3 mm of the Hg column, and a discharge current of 70 m4

A s see e 5461 L358 LOL?

Tg o o -« « 1.10=-0.14  1,08--1,10 0.95--1.0

The experiments were repeated with the addition of helium with a pree-
sure of 4 nw of the Hg colum to the mercury vapors. The current of the die=
charge was 125 ma, The addition of helium unexpectedly lead to the obtuine-
ing of even greater effects.

N e e 5461 4358 Lou?
ﬂo e o o e e 1o14=-1,29 1.13—-i.23 1.20 (1)
Decreasing the pressure of the helium led to a decreasing of the et'fects.
Yor a check measurements were made in the direction perpendicular to the in-
~—— jitial one when there was a sharp diminution in the length of L. Theee
measurements gave a sharp diminution of the effects. It 1 interes:ing to
note that the cooling of the discharge tube (lowering the nressure of the mer-
cury vaporas) led to a change of the sign of the absorpiion effects, i. e.,
the transpirency for =1l the lines became lese than unity. In this case, as
uwual, absorption has greati¥alues for the lines 5461 -nd 4047 X,which end at
the metastadle levele and less for the line 4358 R,

The theoretical intervretation of the results obtained is made more diffi-
cult dy the fuct that there ure no dependadble data on the energies and concen-
trations of electrons in ‘2 discharge of this type.

The values obtuined tor the traneparency in accordance with (16) corree-
pong to Ko» aporoximxtely equil to 0.005. If one considers the form of the
lines as of the Dovpler type and makes use of the formula (8) (Azl of the
order 10% ncc’l). then for the concentration of the atoms at the top level
N, wve get a value of the order of 109, Tor the glven conditiony this value ia

hish. On the other ha'd attempts to explain the values obtuined for transpar-
4
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