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L asing on t he sodi um resonance transition s ( D 1 and D 2 lines) at the

superlumi nosit y regime was obser ved upon the non-resonance excitation in
the presence of a bu ˜er gas. Dep endences of the lasing intensity on the
pump radiation intensity and its frequency detuning from the frequencies of

resonance transition s were examined. I t was found that under the speciÙc
experimental condition s (high bu˜er gas pressure , su£ciently high intensity
of pump radiatio n) upon the large positiv e frequency detuning of pump
radiation with resp ect to the frequency of resonance ( \w orking ") transition,

contrary to ingrained conceptions , populati on inversion for the \w orking"
transition is raised. T hat results in the observed phenomena.

PAC S numb ers: 42.50.H z, 32.90.+ a, 42.50.C t

1. I n t rod uct io n

Co ll ision induced pro cesses in a gas m edium have a noti ceable inÛuence
on the redi stri buti on of the quasiresonance radiati on. Study of these processesis
im porta nt from the funda m enta l and pra cti cal point of vi ew. In parti cul ar, i t is to
open new ways f or lasing and to extend i ts frequency range. The opp ortuni ty of
laser acti on on the tra nsiti on into the ground state or into the lowest states tha t
are extrem ely popul ated wi tho ut perturba ti on is especial ly of interest. It is the
opp ortuni ty tha t pro spects the radi ati on wi th the shortest possible wa velength.

The possibi l ity of laser acti on in alkali -m etal vapors in m ixture wi th bu˜er
gas wa s dem onstra ted at the frequency correspondi ng to the D 1 l ine of pota ssium
[1], sodium [2], and rubi dium [3]. Thi s phenom enon was observed upon resonance
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exci ta ti on at the frequency corresponding to the D 2 l ine and was induced by fre-
quent col l isions wi th bu˜er gas parti cles. The col l isions shoul d be frequent enough
in order to establ ish Bol t zmann di stri buti on of popul ati on between Ùne-structure
components (P 3 = 2 and P 1 = 2 ) duri ng exci ta ti on pul se and radi ati ve relaxa ti on ti m e.
At these condi ti ons popul ati on of the P 1 = 2 state becomes greater by Bol tzm ann
facto r tha n tha t of the P 3 = 2 state. An intensi ty of pum p Ùeld was so hi gh as
to equal ize popul ati ons of the ground state (S 1 = 2 ) and the resonant upp er state
(P 3 = 2 ). As a result, the popul ati on of level P 1 = 2 becomes greater (by the same
Bol tzm ann factor) tha n the popul ati on of both the levels P 3 = 2 and S 1 = 2 . In thi s
wa y, the popul ati on inv ersion on tra nsiti on from the upp er state P 1 = 2 into the
ground state (S 1 = 2 ) is achi eved, and laser acti on at the frequency of the D 1 l ine
occurs. In the experim ents [1, 2] lasing was observed at a superlum inosity regim e.

In the next wo rk [4] we obta ined laser acti on on the resonance tra nsi ti ons
thro ugh appro pri ate polarizati on condi ti ons and using the col l isions wi th bu˜er gas
parti cl es. In thi s experim ent we used a rather high power laser setup tha t al lows us
to vary experi menta l condi ti ons wi thi n much more extended range. Duri ng these
exp eriments we have unexp ectedly found tha t the coherent radiati on at the D 1

app ears not only at the frequency of pum p radiati on tuned to the resonance wi th
D 2 l ine but also at the frequency remark ably shi fted (up to 250 cm À 1 ) to the high
frequency side. Our paper presents the resul ts of an experim enta l inv estigati on of
thi s e˜ect and pro posesi ts physi cal interpreta ti on.

2. Ex p er im ent a l set u p

The exp erimenta l setup is shown in Fi g. 1. W e used a tuna bl e dye (R 6G)
laser (D L) pum ped by second harm onic of Nd 3 + YAG laser radiati on. The D L
has pul se power 15 kW at pul se dura ti on of 5 ns, linear polari zati on, a tuni ng
range from 575 to 595 nm and repeti ti on frequency of 10 Hz. The spectrum of D L
radi ati on consi sted of power narro w laser l ine (wi th wi dth of 0.3 cm À 1 ) and a broad
band weak lum inescence of the R 6G dye. The spectra l density of lum inescence is

Fig. 1. Exp erimental setup. DL | pulsed dye laser, BS | b eam splitter, L | lens, M

| mono chromator, D | photomultipli er.
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by three orders of magni tude smal ler tha n tha t for narro w laser l ine. The lens wi th
focal length 55 cm focuses the laser radiati on into the center of heated cell . The
intensi ty near the beam wa ist is ¤ 1 0 MW / cm 2 and could be changed by neutra l
Ùlters. The cell wi th sodi um vapor has a 1.5 cm di ameter and is 22 cm long wi th a
heated zone of 5 cm in the centra l part. The sodi um vapor density (N ¤ 1 0 1 4 cm À 3 )
is contro l led by varyi ng the tem perature, m easured by therm ocoupl e. The pressure
of a bu˜er gas (hel ium ) is vari ed from 10 to 800 T orr.

Output radiati on is focused by the lens onto the sli t of the m onochro m ator
R AMANOR HG .2S (M) wi th an apparatus wi dth about 0.5 cmÀ 1 . D ata f rom
photo m ul ti pli er (D ) connected wi th ampl iÙer and integ rato r are registered wi th a
computer. Tha t al lows us to store and average measured data. Mo nochro m ator
is cal ibrated by sodium lam p. The lasing at the D 1 l ine frequency wa s measured
in the di recti on of the pum p beam as wel l as in the opposite di recti on. For thi s
purp ose the beam spli tter (BS) was inserted into the pum p beam pathway , as
shown in Fi g. 1.

3. Exp er im ental r esu l ts

Fi rstl y, the aim of our experim ents was more deta i led study of coherent
radi ati on on the frequency of sodi um D 1 l ine (tra nsi ti on 3 P 1 = 2 À 3 S 1 = 2 ) in the
forwa rd and backwa rd di recti on wi th respect to the pum p radiati on. The frequency
of pum p radiati on was tuned in the area of sodium D l ines.

It has been ascerta ined tha t in the absence of bu˜er gas there is no coherent
radi ati on at the sodi um D 1 l ine frequency in a broad range of other exp erimenta l
condi ti ons.

The coherent radiati on at the sodium D 1 line frequency was observed at a
bu˜er gas pressure p H e > 200 T orr, sodi um vapor density N ¤ 1 0 1 4 cm À 3 , pum p
radi ati on intensi ty I L ¤ 1À 2 MW =cm 2 whi le pum p radi ati on frequency was vari ed
in the region close to the D 2 l ine. D iverg ence of the output beam turns out to be
sim i lar to tha t of the pum p beam . The coherent radi ati on at the sodi um D 1 l ine
frequency wa s observed not only in the di recti on of the pum p Ùeld but also in the
opp osite di recti on.

At the condi ti ons sim i lar to tho seof [2 ] sim i lar resul ts were obta ined. Nam ely,
the thresho ld value of helium pressure is equal to 200 Torr. The lasing at the
D 1 line steadi ly increases wi th hel ium pressure increa sing up to 800 T orr. The
coherent radiati on at the D 1 l ine reaches i ts m axi mum when the pum p radia-
ti on is tuned to the resonance wi th the frequency ! D 2

corresp ondi ng to sodi um
D 2 l ine (3 P 3 = 2 À 3 S 1 = 2 tra nsiti on). The opti m al sodi um vapor densi ty is equal to
¤ 2 È 1 0 1 4 cm À 3 whi le the pum p intensi ty is about 3 MW / cm 2 .

Under the opti m al condi ti ons power of the lasing on the D 1 l ine wa s ¤ 3 : 5 %

in com pari son wi th tha t of pum p radiati on (f orwa rd di recti on case). W i thi n the
length of heated area L ¤ 5 cm enhancement coe£ ci ent is ˜ ¤ 3 Ë 3 : 5 cm À 1 .
Theref ore, factor ˜ L reaches the value 1 5 Ë 1 8 . T aki ng into account tha t broad
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band lum inescence is used as a seed, i t is the superlum inosity regime. App earance
of the sim i lar lasing in the backward di recti on conÙrm s the superlum inosity regim e
accom pl ishment. The intensi ty of the backw ard lasing is about several ten ti m es
smal ler tha n for the forwa rd one. It is due to the absence of any seed in thi s
di recti on.

Fig. 2. Dep endence of the sodium D 1 line lasing intensity I D 1
on pump radiatio n

frequency detuning from D 2 line frequency ¨ = ! À ! D
2

; I L ¤ 10 M W =cm 2 , p

600 T orr, N
1 4 cm 3 .

Using the higher pum p intensi ty (up to I 10 MW =cm ) the fol lowi ng
features are observed (Fi g. 2). The sharp peak I ¨ i s observed when the pum p
radi ati on frequency detuni ng ¨ ! ! i s close to zero. The increase
in the detuni ng ¨ leads Ùrst to decrease in the intensi ty of generated radi ati on
I , but f urther increase in the detuni ng gives ri se to unexp ected increase in the
generated radiati on intensi ty unti l the detuni ng v alue about ¨ cm . W ith
next increase in ¨ the value I decreases but intensi ty of the lasing on the D

l ine has noti ceable value ti ll pum p radi ati on frequency detuni ng of ¨ cm .
At the same ti m e, when pum p radi ati on has a large detuni ng in addi ti on to the
coherent radiati on at the frequency of D l ine a simi lar radi ati on app ears at the
frequency corresp ondi ng to the D line. These generated radi ati ons are observed
both in the di recti on of the pum p radi ati on and in the opposite one. The rate of
spati al coherence of generated radi ati on was examined. It was found tha t angular
spread of the lasing beam turns out to be simi lar to tha t of the pum p beam . The
intensi ty of generated radiati on is strongly depending on the intensi ty of pum p
radi ati on I . W i th I decreasing twi ce the region of detuni ng ¨ wi th noti ceable
intensi ty of generated radi ati on decreases twi ce whi le the m axi mal lasing intensi ty
decreases 5 ti m es. Lasing on sodi um D l ines disappears at I 3 MW =cm . The
im porta nt point is tha t coherent radi ati on on the resonance tra nsi ti ons is absent
when frequency of pum p radi ati on is smal ler tha n frequency corresp ondi ng to the
sodi um D l ine. Electro nic Ram an scatteri ng and three photo n l ines were not
observed in our experim ents.
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Fig. 3. Spectrograms of generated radiation (I ( Â ) ) in arbitrary units for the di˜erent

pump radiatio n frequency detuning ¨ = ! À ! D 2
, (a) ¨ ¤ 60 cm À , (b) ¨ : cm ,

(c) ¨ cm , I 10 MW = cm , p 600 T orr, N cm .

Fi gure 3 represents the characteri sti c spectra of the generated radi ati on.
Here x -axi s corresp onds to the frequency of generated radi ati on and zero value
corresponds to the sodium D line. There is coherent radiati on both on the D

l ine and D l ine wi th appro xi matel y equal intensi ti es(two peaks about Â = 0 and
Â = 1 7 : 2 cm ) at ¨ = 6 0 cm (Fi g. 3a).

No n-zero signal between peaks is due to weak broadband lum inescence of the
R 6G dye. W hi le the frequency of the pum p radiati on appro aches to the frequency
of D l ine the coherent radiati on correspondi ng to thi s l ine disapp ears. Theref ore
onl y lasing on the D l ine is observed (Fi g. 3c). Further decrease in the frequency
of the pum p radi ati on down to ¨ = 5 :5 cm leads to di sapp earance of the lasing
on the D l ine as wel l . Increa se in the signal at a hi gh frequency side (Fi g. 3c) is
due to parasiti c l ight scatteri ng of the pum p radi ati on.

Usual theo reti cal models do not account for thi s novel result of observati on
of coherent radi ati on on the resonance lines of sodi um wi th a qui te non-resonance
exci ta ti on. Theref ore thi s result needs a parti cul ar analysis.
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App earance of the enhanced coherent radi ati on both on the tra nsi ti on
3 P 1 = 2 À 3 S 1 = 2 and 3 P 3 = 2 À 3 S 1 = 2 wi th extrem ely non-resonance exci ta ti on al lows to
supp ose tha t thi s phenom enon is associated wi th a simpl etwo- level system . T aki ng
into account high bu˜er gas pressure used in the experim ents pul sed behavi or of
pum p radi ati on does not play a pri nci pal ro le: duri ng the pul se acti on popul ati on
di stri buti on typi cal of conti nuous radiati on is establ ished.

Fig. 4. Energetic level diagrams for di˜erent bases describ ed in the text.

In thi s way, the pro blem is as f ollows. A gas of tw o-level ato ms in mixture
wi th bu˜er gas of high pressure is a˜ected by conti nuous laser radiati on wi th
frequency far from resonance value. Col l isions of ato m s wi th bu˜er gas parti cles
are elasti c, i .e. do not cause the tra nsiti on between upp er and lower levels (2 and
1 in Fi g. 4). The questi on is: is i t possible to observe the am pl iÙcatio n of radi ati on
at the resonance frequency ! 2 1 of the ato m ic tra nsiti on? Accordi ng to standard
theo ry (see for exam pl e [5]) popul ati on di ˜erence under the speciÙed condi ti ons is
(D oppl er bro adening at the hi gh bu˜er gas pressure is insigni Ùcant):

N 1 À N 2 =
N

1 + ç
; ¨ = ! À ! 2 1 ; ç =

4 j G j
2 À

¨ 2 À 2

; G ²

d 2 1 E 0

2 ñh
; (1)

where À 2 i s the constant of radiati ve decay of exci ted level, À i s the col l ision
hal fwi dth of the absorpti on line, N i s the concentra ti on of resonance ato m s,N 1 ; N 2

i s the popul ati on of the levels 1 and 2, E 0 i s the am pl i tude of electri c Ùeld of
pum p radiati on, d 2 1 i s the dipole mom ent m atri x element for the tra nsiti on 2{ 1.
Co ndi ti on j ¨ j ƒ À i s used in (1). Accordi ng to (1) and to ingra ined concep-
ti ons conti nuous radiati on cannot create popul ati on inversion and is able only to
equal ize popul ati ons of levels 1 and 2. In pri nci ple, in the presence of nonl inear
interf erence phenom ena there are som e spectra l regions in whi ch ampl iÙcati on on
weak radi ati on wi tho ut popul ati on inversi on is possible [6]. However, under the
condi ti ons of our experim ents these phenom ena do not appear. Under the speciÙc
condi ti ons (hi gh bu˜er gas pressure, high intensi ty of pum p radi ati on and qui te
non-resonance condi ti ons) Eq. (1) turns out not to be val id and is needed to be
corrected .



Populat ion Inver sion on Transi tions . . . 83

Fi rst of a ll , i t is to be noted tha t at the high bu˜er gas pressure e˜ecti ve
satura ti on factor ç f rom (1) can be high even i f j ¨ j ƒ À ; j G j . It is due to large
rati o À =À 2 (col l isions do not cause the decay of level 2, but increase the À value).
Abso rpti on l ine possessesa great Ùeld broadeni ng despite tha t value j G j can be
not so large wi th respect to À .

Let us consider the inÛuence of \ elastic" (wi th respect to the opti cal tra n-
siti on 2{ 1) coll isions on the opti cal tra nsiti ons and popul ati ons of levels 1 and 2.
Inv alidit y of standard considerati on is easily to show in the framework of com -
pound system s [7]. Theref ore, we wi l l fol low thi s appro ach [7].

Let us specify Ham i l to nian

H = H
A

+ H
E

+ V
A E

+ U ( t ) : (2)

Here H
A

| Ha mi lto nian of considered two- level ato m s; H
E

| Ha mi lto nian of the
radi ati on Ùeld; V

A E
; U ( t ) | operato rs of intera cti on of parti cles A wi th radi ati on

and bu˜er parti cl es. Operato r ( t ) i s a series of separated pul ses random ly di s-
tri buted in ti m escale, but ti m e dependence of each pul se is Ùxed. Thi s appro ach
of ( t ) corresp onds to quasi-classical scatteri ng.

W ithi n the framework of resonance two- level appro ach operator
A

i s re-
ferred to ato m ic states 1 and 2 (Fi g. 4a). Op erato r

A
+

E
is referred to states

depi cted in Fi g. 4b1,b2

j 1 i ² j 1 ; n i ; j 2 i ² j 2 ; n À 1 i ; (3)

where n i s the num ber of photo ns in radiati on Ùeld. These states are states of
compound system (ato m + Ùeld) wi tho ut intera cti on between them . Thei r rela-
ti ve positi ons in energy scale depend on the sign of ¨ : wi th negati ve ¨ state j 1 i

possesses a lower energy tha n j 2 i state, wi th positi ve ¨ the case is opposite.
Op erato r A + A E does not possessstati onary states, but i ts states (qua si-

-energy levels) are frequentl y used to i l lustra te dyna m ic Stark e˜ect. Co rrespond-
ing diagram is shown in Fi g. 4c. Fi nal ly, operato r A + E + A E i s referred
to states j ~1 i ; j ~2 i (Fi g. 4d). In the absence of other perturba ti ons these states are
stati onary and someti m es cal led \ dressed" states. In parti cul ar, in the basis of j 1 i

and j 2 i states arbi tra ry wa ve functi on can be expressed as

ˆ = eÀ À a 1 j 1 i + a 2 j 2 i e ; (4)

where a 1 and a 2 | corresp onding am pl i tudes of the states. The Schr�odi nger equa-
ti on wi th Ham i lto nian (2) gives

d
dt

a 1 = iG Ê e a 2 À

i
ñh

U 1 1 a 1 ;
d
dt

a 2 = iG eÀ a 1 À

i
ñh

U 2 2 a 2 ;

U = h i j j i i : (5)

Here, only di agonal matri x elements of operato r of intera cti on wi th bu˜er parti cles
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are not equal to zero. In the absence of intera cti on U soluti on of (5) is well kno wn

a 0
1

= e
i ¨

2
t
±

A 1 ei
¨

R

2
t + A 2 eÀ i t ;

a 0
2 = e

À t
A 1

2 G

¨ R ¨
e t A 2

2 G

¨ R + ¨
eÀ t ;

¨ R ¨ 2 + 4 G 2 : (6)

Here A 1 and A 2 | arbi tra ry coe£ cients determ ined by ini ti al condi ti ons. Corre-
spondi ng wa ve functi on ˆ 0 can be expressed as

ˆ 0 = e
À t À n ! t + t

~a 0
1

~1 e t + ~a 0
2

~2 eÀ t ;

~a 0
1 =

A 1

b 1

; ~a 0
2 =

A 2

bÊ

2

; b1 =
1

2
1

¨

¨ R

; b2 =
G

G

1

1 + ¨
¨

: (7)

New wa ve functi ons ~1 and ~2 are intro duced here. These wa ve functi ons f orm
ortho norm al basis and relate to 1 and 2 by

~1 = b 1 1 + b2 2 ; ~2 = b Ê

2
1 b1 2 ; b1

2 + b2
2 = 1 : (8)

The matri x of inverse tra nsform ati on is equal to the tra nsform ati on m atri x (8).
The states ~1 and ~2 are stati onary accordi ng to (7), and thei r energeti c levels
correspond to Fi g. 4d. In thi s way, these states are stati onary states of com pound
system wi th Ham i lto ni an A + E + A E . The state ~1 i s lower tha n state ~2

in energy scale independentl y of the sign of ¨ . W ave functi on corresp ondi ng to
arbi tra ry Ha mi l to nian can be decom posed in basis of wa ve functi ons of com pound
system . Let us intro duce probabi l i ty ampl itudes ~a 1 and ~a 2 instead of ~a 0

1 and ~a 0
2 . Let

us consi der the equati ons based on the Schr�odi nger equati on wi th who le Ha mi l to -
ni an (2):

iñh
d
dt

~a 1 = ~U 1 2 ~a 2 eÀ ¨ t + ~U 1 1 ~a 1 ;

iñh
d
dt

~a 2 = ~U 2 1 ~a 1 e ¨ t + ~U 2 2 ~a 2 ; ~U i j = ~i ~j : (9)

T aki ng into account relati ons (8) for matri x elements of ~U i j we obta in the fol lowi ng
equati ons:

~U 2 1 =
G

¨ R

Â U; ~U 1 2 = ~U Ê

2 1 ; ~U 1 1 = U
¨

2 ¨ R

Â U; ~U 2 2 = U +
¨

2 ¨ R

Â U;

U =
U 1 1 + U 2 2

2
; Â U = U 1 1 U 2 2 : (10)

W hen operato r corresp onds to intera cti on incl udi ng col l isions wi th bu˜er
gas parti cles, interpreta ti on of the obta ined result is as fol lows. In the basis of
unp erturb ed ato mic states (Fi g. 4a) in the absence of radiati on, col lisions do



Populat ion Inver sion on Transi tions . . . 85

not cause the tra nsiti ons between states 1 and 2, i .e. col l isions are \ elastic" . W ith
vani shing radiati on intensi ty col l isions remain elastic in the basis of j ~1 i and j ~2 i

states (see (9) and (10)). No n-vanishing intensi ty of radiati on leads to appearance
of col lisional tra nsiti ons between states j ~1i and j ~2 i ( ~U 2 1 6= 0 ). Theref ore, col l isions
are inelasti c wi th energy gap ñh¨ R . Elasti c channel of scatteri ng is also changed. It
is to be noted tha t m atri x element ~U 2 1 of intera cti on potenti al causing the inelastic
tra nsiti on conta ins both properti es of ini ti al col l isional operator and properti es of
radi ati on. It means tha t the quantum of radi ati on Ùeld parti cipates in the rel evant
col lision event. These col l isions are named opti cal col l isions [7]. Accordi ng to [7]
opti cal coll isions are the m ain way of changes of energy of radiati on under the
condi ti on j ¨ j ƒ À , in contra st to condi ti on j ¨ j <

¿
À when changes of radi ati on

energy occurs m ainly duri ng parti cle free path. In other words, radiati ve pro cesses
tha t change ato mic state under the condi ti on j ¨ j ƒ À ta ke pl ace m ainly duri ng
the col l isions. It is the m ost importa nt point for further considerati on.

In a weak Ùeld ( j G j § j ¨ j ) radiati ve pro cesses j ¨ j ƒ À are cl earl y demon-
stra ted in the basis of unperturb ed ato m (Fi g. 5a). If ato m is in the state 1 then
duri ng col l ision ato m can absorb photo n and became in the state 2. In thi s sit-
uati on, energy excess (or deÙcit) ñh¨ is compensated by energy of tra nslati onal
m ovement of col l ided parti cles (Fi g. 5a). The case of induced emission is sim i lar
when atom was pri m ari ly in the state 2 (Fi g. 5b).

Fig. 5. Optical collisi ons in the basis of unp erturb ed atomic states. (a) A ct of photon

absorption ñh ! , (b) act of induced emission of photon.

In strong Ùeld real ly stati onary states are j ~1 i and j ~2 i states of com pound
system . For these states col l isions and intera cti on wi th radiati on are character-
ized by intera cti on operato r U wi th m atri x elements (10). Ki neti c equati on wi th
col lision integ ral f or the density m atri x of thi s \ dressed" ato m can be found in a
regular way. Beha vi or of act of coll ision is determ ined by the operator U incl uding
both elastic and inelastic channels of scatteri ng. Natura l ly, al l general concl usions
of ki neti c theory are val id in the considered case. In parti cul ar, general concl usion
of therm odyna m ics concerni ng the Bol tzm ann di stri buti on establ ishment in con-
sequence of col l isions is also val id. For our case it leads to popul ati on of state j ~2 i

being less tha n popul ati on of j ~1 i by the Bol tzm ann factor exp ( À ñh¨ R =k B T ) .
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Let us return to Eq. (8) tha t relates states j ~i i and j i i . W ith positi ve detuni ng
and 4 j G j

2
§ ¨ 2 we have

j ~1 i ' j 2 i ; j ~2 i '

G

j G j

j 1 i : (11)

Thus upp er level of com pound system corresp onds to lower ato m ic level whi le
lower level of com pound system corresponds to upp er ato m ic level. Theref ore,
wi th large positi ve pum p radiati on frequency detuni ng ( j ¨ j ƒ j G j ; À ) popul ati on
of upp er ato mic level j 2 i becom es greater tha n popul ati on of lower ato m ic level
j 1 i by Bol tzm ann factor exp(ñh¨ =k B T ) due to opti cal col l isions

j a 2 j
2 = exp (ñh¨ =k B T ) j a 1 j

2 : (12)

In the opp osite case ( ¨ < 0 ; j ¨ j ƒ j G j ; À )

j ~1 i ' j 1 i ; j ~2 i ' Àj 2 i : (13)

In thi s case popul ati on of lower ato mic level is greater tha n upp er one. Equa ti on
(12) is val id both for positi ve and negati ve detuni ngs ¨ . W hen gas (therm ostat)
tem perature is hi gh, popul ati ons of states j 1 i and j 2 i become equal . R esults speciÙc
for wi dely used standard appro ach turn out to be val id only under the condi ti on

ñh j ¨ j § k B T : (14)

Results of paper [7] and previ ous wo rks concerni ng opti cal and radiati ve col l isions
are also l imi ted by the condi ti on (14).

The obta ined result can be clearly demonstra ted in the basis of unp erturb ed
ato m ic states (Fi g. 5). W i th large positi ve detuni ng of pum p radiati on ¨ duri ng
the absorpti on act, energy excess is tra nsferred to the envi ronm ent whi le in order
to al low ato m to pass f rom state 2 to state 1 duri ng the act of induced emission
energy deÙcit m ust be ta ken f rom envi ronm ent. The numb er of parti cles tha t
al low induced emission is by factor exp( À ñh ¨ =k B T ) smal ler tha n the numb er of
parti cl es tha t parti cipate in the absorpti on pro cess.As a result popul ati on of state
2 becom es greater tha n popul ati on of state 1, i .e. popul ati on inv ersion app ears.

5. D iscu ssio n

The carri ed out analysis is m ade neglecting the relaxati on of levels 1 and 2 in
order to clearly show the appearance of popul ati on inversion. T aki ng into account
relaxa ti on ti m e 1 =À 2 of level 2 (l evel 1 is considered as ground state) the condi ti on
to observe popul ati on inv ersion is tha t duri ng relaxati on ti me a large num ber
of opti cal col l isions shoul d ta ke place. The rate of opti cal tra nsiti ons caused by
opti cal col l isions is 2 j G j

2 À O C =¨ 2 [7], where À OC | ra te of phase relaxa ti on upon
the opti cal coll isions. To estimate i t one can assume tha t À OC ¤ À , where À |
col lisional broadening. For the phenom ena to app ear signiÙcantl y the fol lowi ng
condi ti on shoul d be accom pl ished:
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2 j G j
2

À

¨ 2 À 2

ƒ 1 ; (15)

tha t m eans high value of the satura ti on factor of Eq. (1).
Under our experim enta l condi ti ons wi th hel ium pressure p H e = 600 Torr us-

ing data of sodi um D 1 l ine broadeni ng in helium atm osphere [8] one can calcul ate
À ¤ 1 0 4 MHz. The v alue of À 2 i s equal to the Ùrst Ei nstein coe£ cient for the
tra nsiti on P 1 = 2 À S 1 = 2 (see for exam ple [9]) À 2 = 1 0 MHz. Theref ore, in our exper-
im enta l condi ti ons À =À 2 ¤ 1 0 3 . To estim ate value j G j one can use equati on [5] for
the tra nsi ti on P 1 = 2 À S 1 = 2 and l inear polari zati on of radiati on

j G j = 0 : 3 3 4 È 1 0 À 2

r
1

3
ñÑ ñS f [cm À 1 ] ;

where f = 0 :3 3 | oscil lato r streng th of the tra nsi ti on S 1 = 2 ! P 1 = 2 , Ñ | wave-
length of radi ati on in ñ m , S | density of energy Ûow W / cm 2 . W i th Poyn ti ng
vecto r S = 1 0 7 one obta ins j G j ¤ 3 cm À 1 . Tha t results in e˜ecti ve satura ti on fac-
to r ç ¤ 1 0 (1) at ¨ = 6 0 cm À 1 (detuni ng value at tha t phenomenon is maxi m al ).
Thus, condi ti ons to observe popul ati on inversion in our experim ents were fulÙlled.

T aki ng into account tha t wi th negati ve detuni ng am pl iÙed radiati on at the
frequency correspondi ng to resonance tra nsi ti on was not observed we can assert
tha t experim ents have shown the phenomena di scussed in the previ ous section.

6. Co n cl u si on

Thi s work presents theo reti cal expl anati on and exp erimenta l conÙrm ati on
of new phenom enon existence, nam ely, appearance of popul ati on inv ersion in
two - level system under the absorpti on of non-resonance conti nuous laser radia-
ti on. The phenomenon app ears upon high bu˜er gas pressure and is caused by
the so-cal led opti cal col l isions. Revealed phenom enon points out to l im it of wi dely
used physi cal appro aches based on the quantum -ki neti c equati ons for density m a-
tri x (see for exam ple [10{ 12]). D erivati on of these equati ons was made under the
assumpti on tha t radi ati on does not parti cipate in the process of col lision, whi le the
intera cti on wi th radi ati on ta kes place only duri ng parti cle free path. Thi s appro ach
is vali d whi le detuni ng of radi ati on frequency wi th respect to the resonance fre-
quency is not essential ly large compared to col l isional bro adening. Otherwi se one
should ta ke into account tha t the ti m e of establ ishment of \ ba lance" between ra-
di ati on and quantum system is about ¿ j ¨ j

À 1 , and to the mom ent of col l ision the
parti cl e does not rem ain in the pure ato m ic state. Thi s fact was ta ken into account
in the theo ry of opti cal col l isions (see [7] and cita ti on therei n), however in these
wo rks rather obvi ous fact of the Bol tzm ann di stri buti on establ ishment over the
states of com pound system, as wel l as popul ati on inversion app earance wa s not
observed. Account of parti ci pati on of radiati on in col lisional process shoul d lead
to correcti on of usual ki neti c equati ons for density matri x, based on unp erturb ed
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ato m ic state basis. It is our aim for the next work. Fi rst steps in thi s di recti on
were made in works of Pestov and Rauti an [12] (see also [5]). In thi s work rele-
vant equati on was deri ved in operato r form . Further aim is to appl y i t to speciÙc
physi cal objecti ves. It is possible tha t som e objecti ves needs ki neti c equati ons for
density matri x based on com pound system states basis.

The observed phenom ena, as i t seems f rom our point of vi ew, are useful
for pra cti cal appl icati ons as a possibi l i ty to achi eve coherent radi ati on wi thi n new
spectra l areas. If one takes into account m ul tipho ton exci ta ti on to the upper energy
states, i t al lows one to obta in lasing in short wavelength area using popul ati on
inv ersion app eari ng wi th respect to the ground state.
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