ON PULSATING RADIATION IN WEAKLY INVERTED MEDIA
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A change in the character of maser generation in a two-level system is found when the initial population inver-
sion exceeds some threshold value equal to the square root of the total number of atoms. Above this threshold, the
number of photons begins to grow exponentially with time and the pulse with short leading edge and broadened
trailing edge is generated. In this work, we attempt to explain the nature of this threshold. Coherent pulse duration,
estimated by its half-width, increases significantly with increasing inversion, if all other parameters are fixed and the
absorption is neglected. The inclusion of the energy loss of photons leads to the fact that the duration of coherent
pulse is almost constant with increasing inversion, at least well away from the threshold. If there is a mechanism for
restoring population inversion, a pulsating regime for generating stimulated emission becomes possible. The integral
radiation intensity at this can be increased several times. This approach can be used to analyze cosmic radiation,
which could help explain the great diversity of pulsating radiation sources in space.

PACS: 42.50.—p, 97.10.Fy
INTRODUCTION

Description of physical phenomena based on the
systems of partial differential equations, derived from
the observations and experimental facts, often conceals
from an investigator some essential features, especially
in those cases, when the researchers do not expect to
find anomalies and qualitative changes in the dynamics
of systems in given range of variables and parameters.
Namely such a case of unusual behavior of a two-level
quantum system was found in attempting to separate a
induced component from the total radiation flow.

In the beginning of the past century, A. Einstein has
proposed the model of two-level system, which has
demonstrated the possibility of generation of both spon-
taneous and induced (stimulated) emission when the
initial population inversion is sufficiently large [1].
Usually, the term spontaneous emission denotes the
emission of oscillator (or other emitter) which not
forced by external field of the same frequency. As for
other influences on the characteristics of the spontane-
ous emission, there is nothing to say definitely. Alt-
hough the dynamics of spontaneous processes usually
shows a steady recurrence and invariance, there is evi-
dent [2] that the characteristics of the spontaneous pro-
cesses can vary with change of environment. By in-
duced or simulated emission is usually meant the emis-
sion produced because of an external field action on the
emitting source at the radiation frequency.

There were difficulties in the quantum description
with interpretation of the stimulated emission as coher-
ent, where in contrast to the classical case it was impos-
sible to say anything about the phases of the fields emit-
ted by individual atoms and molecules. However,
C. Townes believed that "... the energy delivered by the
molecular systems has the same field distribution and
frequency as the stimulating radiation and hence a con-
stant (possibly zero) phase difference” [3].

If we assume, relying upon the results of the studies
of fluctuation correlations in the laser radiation [4], that
a stimulated emission has a high proportion of the co-
herent component, one can find a threshold of coherent
radiation at a certain critical value of population inver-
sion [5]. The specific feature of this threshold is that it
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follows from the condition that the initial value of the
population inversion is equal to the square root of the
total number of states. On the other hand, the change in
the nature of the process near the threshold is evident,
even without making any other assumptions. Above this
threshold, the number of photons begins to grow expo-
nentially with time. Herewith, below the threshold there
no exponential growth.

It is known that at low levels of spontaneous com-
ponent and far above the maser generation threshold the
number of photons growths exponentially and the radia-
tion is largely a coherent [6, 7]. The meaningful indica-
tor of the collective character of stimulated emission is
the so-called photon degeneracy, which is defined as the
average photon number contained in a single mode of
optical field (see, for example [8]). For the incoherent
light, this parameter does not exceed unity, but for even
the simplest He-Ne maser it reaches the value of 10™ as
was shown in the early works (see [6]).

It is of interest to go further and analyze the conse-
quences of consideration of the spontaneous emission as
a random process (at least, in a homogeneous medium)
and induced process as a coherent process. It is clear
that the separation of total radiation into two categories:
the stimulated — coherent and spontaneous — random or
incoherent will be idealized simplification. However,
such separation may explain, at least qualitatively, the
nature of the radiation emitted by two-level quantum
system near to exposed threshold.

Another indirect proof of the existence of such a
threshold is the following observation. The intensity of
the spontaneous emission, which is non-synchronized
(randomly distributed) over oscillators phases is known
to be proportional to their number. The intensity of the
coherent stimulated emission is proportional in turn to
the square of the number of oscillators. It is easy to see
that the exposed threshold corresponds to the case when
the intensity of spontaneous and stimulated coherent
radiation becomes equal.

In [5, 8] we have shown that under these conditions
the pulse of induced radiation with a characteristic pro-
file is formed when the initial population inversion
slightly exceeds the threshold. The leading edge of the
pulse due to the exponential growth of the field is very
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sharp due to the exponential growth of the field, and the
trailing edge is rather broadened. Further overriding of
the threshold, that is growing of the initial population
inversion, results in the ratio of the trailing edge dura-
tion to the leading edge duration becomes greater. At
large times the incoherent radiation dominates.

Because very small value of the initial population
inversion can provide generation of pulses of induced
radiation, it is of interest to determine the shape of these
pulses for different values of the initial population in-
version levels and when the field energy absorption
should be taken into account. These pulses can be easi-
ly detected in experiments. In addition, after experi-
mental validation of this model, it will be possible to
use these approaches for analysis of the cosmic radia-
tion that might help explain such abundance of coherent
radiation sources in space.

In this paper, we study the characteristics of the
pulses of induced (practically coherent) radiation as a
function of the initial inversion and absorption level in
the system. The dynamics of the emission process in the
simplified model is compared with the dynamics of
change in the number of quanta in the traditional model,
where the separation into spontaneous and induced
components is not carried out.

If there is exist a recovery mechanism for the popu-
lation inversion, the pulsating mode of stimulated emis-
sion generation becomes possible. The integral radiation
intensity at this may be increased several times. This
approach can be used for analysis of the cosmic radia-
tion that might help explain a great variety of pulsating
radiation sources in space. In present work, we investi-
gate the characteristics of the periodic pulse generation
depending on the initial inversion, the pumping level
and the absorption rate.

1. THE DESCRIPTION
OF TWO-LEVEL SYSTEM

Following to A. Einstein [1], a two-level system
with transition frequency ¢, —¢&, =i can be described
by following set of equations:
on, [0t =—(Uy +Wy - N )-n, +W, -N, -n, (1)
on /ot=—w, N, -n +(Uy+wW,-N,)-n,,
where the sum of level populations n, +n, =N remains
constant, u,n, is the rate of change in the number den-
sity of atoms due to spontaneous emission. The rates of

change in level population due to stimulated emission

and absorption are w, N,n, and w;,N,n, correspond-

ingly. The number of quanta N, on the transition fre-
quency o is governed by the equation

_(u21+W21 N ) n, (le'Nk)'n1- (2)

ot
Note that the relationship between the coefficients
u,, and w,, can be represented as follows:

Uy _ g= Ay _ 20°

W, ho-B, #c®’
where A, andB,, — corresponding Einstein coeffi-
cients. For yellow light numerical value g equally 0.25,
for violet light at the edge of the visible spectrum 0.6.
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The losses of energy in active media are caused
mainly by radiation outcome from a resonator. These
radiative losses can be calculated by imposing the cor-
rect boundary conditions on the field. Thus, they can be
estimated in rather common form with the following
parameter:

oo 1 d[we(w, k)]
_#——E Hds/g%/‘fﬁaw x

X—(I EF +|H [)dv,
8x

®)

i.e. as the ratio of the energy flow passing through the
resonator mirrors to the total field energy within resona-
tor. It is important, that the characteristic size of the
resonator L should be much less than the characteristic

time of field variation 7 ~|E? (6| E | /6t)™ multiplied
by the group velocity of oscillations | 6w/ ak |. In this

case the radiative losses through the mirrors can be re-
places by distributed losses within the resonator volume.
The threshold of instability leading to exponential
growth of induced emission in this case is defined by
condition z, > s, (see, for example [6], where

My =6 Wy . )

Equations (1)-(2) can be rewritten in the form
on,/0tr=-g-n,—u-N,, (5)
oulor=-29-n,—2u-N,, (6)
ON, /ot =g-n,+u-N,, @)

where 7 =w,,-t, g~ -u,, =w,, =w,,. Since the purpose
of this work is to find the threshold of the initial popula-
tion inversion, which starts the exponential growth of
the number of emitted quanta, we will restrict our con-

sideration by the case x=n,—n, <<n,n,. It follows
from Egs. (5) - (7) that

Ny =Ny + (g =) 1 2 (1t — 1) 1 2,
and at large times

9Ny 9-N/2=—p (14— )12,

where g, = u(r =0), N,, =N, (r =0) . Hence, we find
the stationary value of the inversion

Ho = (#612) = (1 12)* +9-N. 8)

Two cases are of interest. When the initial popula-

tion inversion is sufficiently large (y,/2)* >>g-N, it

rapidly  decreases to its steady-state  value

s>t =—(9-N/ ) with | g, |<< g,. The number

of quanta at this growths exponentially and asymptoti-
cally tends to a stationary level N, - N, =4,/2. It

is obviously that in this case the stimulated emission
dominates (the second terms in r.h.s. of Egs. (5) - (7)).
The second case of interest corresponds to relatively

small initial inversion (z,/2)* << g-N. Here, u tends
to its stationary value u—> i, =—(g-N)"?, where
| 1 |> 14, and the number of quanta reaches the limit
Ny = Ny, = (9- N)M .

If the spontaneous emission only dominated (the

first terms on the r.h.s. of Egs. (5) - (7)), the characteris-
tic time to reach the steady-state number of photons will

be of the order of Az ~7, =4,/ gN > g™ in the first
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case and Az ~1/,/g-N <" in the second case,

where ,uo‘1 is the characteristic time of exponential

growth of the number of photons in the first case. This
means that the exponential growth of the number of
photons in the second case is suppressed and the role of
the second terms in r.h.s. of Egs. (5) - (6) comes to sta-
bilize the number of particles and the inversion level
due to the absorption process.

Thus, it is clear that the scenario of the process
changes, if the initial value of the inversion x4 is more
or less than a threshold value [5]:

Mo =2(9 N)M- )

2. THE CONDITIONS OF NEAR-
THRESHOLD PERIODIC RADIATION

When taking into account the collision mechanisms
create an inversion of equation (1) can be written in the
form

6”2’3“‘9'”2—%'\%*?_“”1; (10)
21

onJor=+gom, N g (1)
21

Ouldor =W —-uy)n, —2u—2u-N,, (12)

where v, — effective collision frequency, which trans-
late the particle from the lower energy level to the top.
Under equilibrium conditions, it is obvious v, o« u,,
and (vey —Uy )N, = 4151,

Near the threshold (9), or rather when the condi-
tionn, = n,, the steady state of the spontaneous emis-
sion is determined by the value §-N ™" =g-N/2, but
the energy flow of the stimulated emission is equal to
5-N,“" . In order to describe the behavior of a two-

level system in presence of the radiation losses and col-
lisions account [9]

OM/oT =1,-2M-2M-N,,  (13)
ON, 10T =N, /2-6-N,_, (14)
ON_ /8T =M-N,-0-N,, (15)

where N, =N"""/g4, N =N“"/p, M=ulpu,,
M=l gy, T=Wy-pty-t=py-7, ly=11/4, and the
only convenient for analysis free element is
N, =N/ . It is rational to choose gz, =&/ w, [9].
That is, in this case both the threshold (4) and (9)
Ly ® by, = 0 1 W,, are close.

In this case, the relaxation oscillations appear in the
system resulting in a stationary state N, =-1+1,/26,
M, = 8. The total radiation flow outside the system in
assumed terms is equal to

0Ny +60-N, . =(1,-20)/2+N,/2>N, /2.

Note, that in presence of an external mechanism,
which provides an exceedance of the inversion over its
stationary value M, =6, the Eq. (13) can be supple-
mented by the driving term

OM /0T =TM-2M-N, +21,. (16)

270

As will be shown [10], only positive definite value
I' leads to undamped periodic oscillations and radiation
inversion. One of the few physical causes such positive
definiteness T' is a convection

—Vv-OM /[ oX zV%=FM>O,

where v-gradM =-M-L", convective transport is

determined by the speed of inversion vof the denser
areas corresponding to the coordinate scale.

The Egs. (14) - (16) are similar to so-called Statz-
DeMars equations [11], which describe the relaxation
oscillations in a two-level media in the presence of the
pump and energy losses. The only difference in equa-
tion (16) is the first term in r.h.s. that provides the
maintenance of the population inversion. Namely this
term changes the characteristics of pulse generation
from relaxation to periodic.

The Eqgs. (14) - (16) have a solution in a form of pe-
riodical sequence of coherent pulses against a back-
ground of the mean radiation flow, if v, =u,,:

0N, +6-N, ., =T0+N,)/2, an

where ['=I'-2>0, N, ~(I,+'8)/20,and T > 1,/6.

Pulse repetition rate is v&-I". The integral radiation
intensity on the pulse peak can exceed the background
value in several times.

It should be noted that the radiation losses of the
field energy @ in open systems is defined as the ratio of
the energy flux from the object to the energy in its vol-
ume, and therefore this parameter decreases with in-
crease of the radius of the system R as ¢/R, where ¢
is the speed of light. This means that an increase in size
R reduces the losses @, which in turn, provides a high-
er intensity of the stimulated emission. That is, at the
same parameters of the system, the larger objects should
generate more intense pulses but with less repetition
rate.

3. STRUCTURE OF RADIATION SOURCES

The equilibrium state of the gas consisting of active
atoms excited by collisions with free electrons and re-
laxed due to spontaneous emission can be describes by

the relation I, =v_ -n —n,-u, =0. The layer with a

higher temperature satisfies the condition 1, >0, that

means that the collisional excitation of active atoms by
free electrons of the heated medium is quite significant.
Analysis of the solutions of the Eqgs. (14) - (16) shows
that in this layer the integral radiation of these excited
atoms does not have an oscillatory character (its dynam-
ics is monotonic) [10, 11]. In the upper cold layers of
the source, in contrast, the efficiency of excitation of
active atoms due to collisions of atoms with the free
electrons decreases and the condition 1, <0 is met, and

there is no generation of the induced radiation. Howev-
er, in the upper layers, both spontaneous and induced
radiation can be scattered to such an extent that the inte-
gral spectrum becomes a blackbody radiation spectrum.

The appearance of dark lines in the spectrum of the
source can be easily explained, by the presence of the
third level in the quantum system, from which the ener-

col
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gy is transferred to the second (radiative energy level)
by the use of nonradiative or other transition processes.
As this takes place, v ,n ~u,n,. Therefore, such a

high level of absorption of radiation with a frequency
corresponding to the excitation of this nonradiative level
can be observed.

The pulse generation mode is possible only in the
presence of convection ensuring the delivery of inverted
atoms of the active substance out of dense underlying
layers, i.e. —vou/ox~vull=7-u. The convection in

these cases should be rather intensive (v /1-u,,) > s,

In addition, hotter sources have a greater activity of
convective currents, i.e. I increases with increasing
temperature of the surface layers. Therefore, the fre-
guency of the intensity oscillations of small hot sources
is higher, but for large and cold sources, it is lower.

CONCLUSIONS

The threshold of coherent emission generation, dis-
cussed in this paper, corresponds to the case when the
intensity of spontaneous and stimulated coherent radia-
tion becomes equal. The stimulated emission in this
case can be considered as completely coherent or as a
set of narrow wave packets of coherent radiation. When
the initial population inversion crosses the threshold (9),
the process of generation undergoes qualitative changes.
The excess of the threshold (9) leads to an exponential
growth in the number of quanta. If we make the as-
sumption that the stimulated emission is mainly coher-
ent, the nature of this threshold can be explained as fol-
lows: generation of coherent radiation begins only after
crossing of this threshold. In this work, we have tried to
develop a qualitative model of this process.

If we fix all parameters except the inversion, the du-
ration of the coherent pulse estimated by its half-width
significantly increases with increasing initial inversion
in the absence of absorption [9]. For relatively small

inversion levels /g-N <<y, <<g-N the coherent emis-

sion is always presents as a rather short pulse with dura-
tion of 7 oc (g, /gN). At large times ¢ > (z, / gN) the

incoherent radiation dominates. If there is a mechanism
for supporting the inversion, such as convection from
optically dense layers into less dense one, transparent to
the radiation, the sign of the first term of the equation
(16) is positive definite. Then we may receive periodic
pulses of stimulated emission.

The intensity of the field of these pulses is compara-
ble and may exceed the intensity of the integrated spon-
taneous emission, because even at very small inversion

u=(,—n)<<g-N= g'(n1+n2)</12 =(n, _nl)z
the intensity of the spontaneous emission is proportional
to g-N/2 near the threshold (9), the intensity of the

involuntary largely coherent radiation is proportional to
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the 4°=(n,—n)?>>g-N/2. That is, such a mechanism

may be responsible for the periodic change in the lumi-
nosity of stars with a rarefied atmosphere, which should
be strong convective currents [12].
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NEPUOJUYECKOE U3JTYYEHUE B CTABOUHBEPTUPOBAHHBIX CPEJAX
A.B. Kupuuok, BM. Kyknun, A.B. Muwun, A.I. 3azopoonui

PaccmoTpeHo m3MeHeHne XxapakTepa TeHepalui Ma3epa B IBYXYPOBHEBOW CHCTEMeE, KOTAa HadallbHast HHBEPCUS
HACEJICHHOCTH IMPEBHIIAET HEKOTOPOE MMOPOTOBOE 3HAUEHHE, PABHOE KBAJAPATHOMY KOPHIO M3 OOIIET0 YHCiIa COCTO-
STHAH. BEIme 3Toro mopora reHepHpyeTcss UMITYJIBC C KOPOTKHM MepeaHnM (POHTOM H PACIIMPEHHBIM 3aJHUM
¢poHTOM. JITUTEIHHOCTE KOTEPEHTHOTO HMMITYJIbCa, OIEHEHHAs IO €r0 IMONYIIMPHHE, 3HAYUTEIHFHO BO3PACTaeT C
YBEIIMYCHUCM WHBEPCUH, €CIH BCE OCTAIBHBIC MapaMeTphl (PUKCHPOBAHBI U TOTJIONMICHHE MpeHeOperaeTcs. Bkio-
YCHHUE TIOTEPH SHEPTHH (POTOHOB IPUBOIUT K TOMY, YTO JUTUTEIEHOCTh KOTCPEHTHOTO UMITYJIbCA ITOYTH [TOCTOSIHHA C
YBEIIMYCHUCM MHBEPCHUM, IO KpalHE# Mepe, naneko oT mopora. Eciiu cylecTByeT MeXaHU3M BOCCTAHOBIICHUS WH-
BEPCHH HACEJICHHOCTCH, CTAHOBUTCS BO3MOXKHBIM IYJLCUPYIOIIUI PEKUM T'CHEPALUU BBIHYKICHHOTO U3JIY4CHUS.
WuTerpanpHas MHTECHCUBHOCTh U3JYYCHHUS TPU 3TOM MOXET OBITh YBEIMYCHA B HECKOJIBKO pa3. DTOT MOIXOJ MO-
KET OBITh MCIIOJBH30BAH IJIs aHAJIM3a KOCMHUYCCKOTO M3IYYCHHUS, KOTOPOE MOTIIO OBl TOMOYb OOBSICHUTH OOJBIIOE
pa3HooOpasue MyIbCUPYIOIINX HCTOYHHKOB U3IYICHUS B KOCMOCE.

NEPIOJUYHE BUITPOMIHIOBAHHS B CIABKOIHBEPTOBAHUX CEPEJOBUIIAX
A.B. Kupuuok, B.M. Kyknin, A.B. Miwiun, A.I'. 3azopoonii

PosrisiHyTO 3MiHY XapakTepy reHepallii B JBOPIBHEBIM CHCTEMi, KOJH MOYATKOBA iHBEPCis HACEIEHOCTI Tepe-
BHIIY€ ITOPOTOBE 3HAUEHHSI, SIKE TOPIBHIOE KBaAPATHOMY KOPEHIO i3 3araibHOI KUIBKOCTI cTaHiB. Buie 1ioro mopo-
ra TEHEPYETHCS IMITYIIBC 3 KOPOTKUM TEepeaHiM PPOHTOM i PO3MHUPEHUM 3aHIM QPOHTOM. TpHBANICTH KOTEPEHTHO-
TO iMITyJIbCy, OLIIHIOIOYA 3a HOT0 HaIliBIIMPUHOIO, 3HAYHO 3pOCTaE 31 30IbIIEHHSM 1HBEpCii, KO BCi 1HII mapame-
TpH (hikcOBaHi 1 HOTJIMHAHHS HEXTYEThCS. BKIIIOUeHHS BTpaT eHeprii (OTOHIB NPU3BOANUTH A0 TOTO, L0 TPUBAIICTH
KOTEPEHTHOT0 IMITyJIbcy Maiike IocTiifHa 31 30UIbIICHHSAM 1HBEpCil, MPUHAWMHI, AajJeKo BiJ mopory. Skmo icHye
MEXaHi3M BiJTHOBJICHHS IHBEPCii 3aCEJICHOCTI, CTa€ MOXIIMBUM ITyJIbCYIOUMH PEKUM IeHepalii BAMYIIEHOTO BUIIPO-
MiHIOBaHHs. [HTerpaiibHa IHTCHCHUBHICTh BHUIIPOMIHIOBAHHS IPU [IbOMY MOXKE OyTH 30UJBIICHA B JCKTbKA Pas3iB.
Ie#t miaxig Moke OyTH BUKOPHCTAHUH ISl aHAJI3y KOCMIYHOTO BHIIPOMIHIOBAHHS, SIKE MOTJIO O JIOTIOMOTTH TIOsIC-
HUTH BEJIUKY PI3HOMAHITHICTD MYJIbCYIOUHX JKEPEN BUTTPOMIHIOBAaHHS B KOCMOCI.
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