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In the region near 1 um, we have found laser action in a quantum transition between hi’ghly excited states of Fe

[1, with its higher levels being optically pumped by theintense H Lya radiation (1215

) formed in theionized

HII region of a gas condensation (blob B) in the close vicinity of the central star in n Carinae. © 2002 MAIK

“ Nauka/Interperiodica” .
PACS numbers: 97.10.Fy; 98.38.Hv; 95.85.Kr

Following the discovery of space microwave masers
operating inthe OH radicals[1] and H,O molecules[2],
such masers were found to be operative in more than
100 molecular species[3], aswell asin highly excited
hydrogen atoms [4] in the submillimeter wavelength
region. In the IR region of the spectrum, the effect of
stimulated emission of radiation in the CO, molecule
was discovered in the Martian and Venus atmospheres
[5, 6]. In thisletter, we report on the laser action in the
optical region of the spectrum—a possibility that was
discussed as far back as 1972 [7].

The probability of finding alaser effect inthe optical
region differs considerably from that in the microwave
region, as a result of the enormous difference (10* to
10* times) between the spontaneous emission rates and
inverse population production mechanisms in the two
wavelength regions. This follows from simple qualita-
tive considerations of the steady-state saturation regime
of the isotropic maser/laser action.

The stimulated emission of radiation in a space
maser occurs as a result of pumping the upper maser
level, which is not associated with spontaneous emis-
sion in microwave radiative transitions. It may there-
fore have a decay rate much in excess of the spontane-
ous emission rate, which lies in the region A,,,, 110°—
10" s. Therefore, theintensity of stimulated radiation
can be many orders of magnitude higher than the inten-
sity of spontaneous radiation, and it is only limited by
the pumping rate. This is exactly the reason why the
brightness temperature of maser microwave lines
reaches as high avalue as 10'°-10% K. Theintensity of
maser lines is not borrowed from other microwave
spectral lines, which are very weak, but from other
pumping sources.

L Thiswork was submitted by the authorsin English.

In the optical region of the spectrum, the rate of
alowed spontaneous transitions is high (A, 0 10%—

10° s 1), and it is precisely spontaneous transitions that
provide the pumping of the upper level in an optical
space laser at asufficiently high rate to exceed the rates
of collisional pumping mechanisms. This is especially
true for the case considered here, where the space laser
isindirectly pumped by H Lya in the vicinity of n Car,
one of the most luminous stars of our Galaxy. There-
fore, theintensity of the stimulated radiation in the opti-
cal region generated by the occurrence of an inversion
population and significant amplification cannot exceed
in the steady-state regime to any substantial extent the
intensity of the pumping spectral linesformed by spon-
taneous emission in allowed radiative transitions of
atomsor ions. Thisfact presentsdifficultiesin detecting
laser action by a large enhancement of the radiation
intensity, but it should manifest itself in comparatively
moderate changes of the branching ratios of spectral
lines, having a common source of pumping.

One exception is the case of quantum transitions
having arelatively low spontaneous emission probabil-
ity (A, 01-10° s?), and, consequently, the spontane-
ous radiation lines are weak. Once an inverted level
population has developed in such a transition with a
significant amplification in a properly sized cloud, a
stimulated emission channel opens up. The stimulated
transition rate cannot be much higher than the sponta-
neous emission rate, which is limited by the pumping
rate of the upper laser level. Thus, the intensity of the
laser line should become comparabl e with the intensity
of the lines which are due to the allowed spontaneous
emission of radiation and resulting from the optical
pumping (direct or indirect) of the upper level. This
takes place only in the inverted population volume with
sizeL > 1/a, where a is the amplification coefficient
per unit length. In such a case, a spectral line, expected
to be weak, must appear as a spectral line of normal
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Fig. 1. Schematic diagram of the relevant energy levels and
radiative transitions of Fe Il illustrating the formation of an
inverse population of levels 3 and 2 and amplification in the
transition 3 — 2 owing to the photosel ective pumping of
level 4 by the intense Lya radiation.

intensity, typical of an allowed transition. This is
exactly what we have found to be the case with severa
spectral lines of Fe |l pumped indirectly by the intense
H Lya radiation (1215 A) in a dense-gas condensation
(blob) in the vicinity of n Car.

Using the Space Telescope Imaging Spectrograph
(STIS) onboard the Hubble Space Telescope, the
authors of [8] recorded the spectra of blob B in the
vicinity of n Car with ahigh angular and spectral reso-
lution. The spectrum contains an intense 9997 A line, as
well as other Fe Il lines at 9391, 9617, and 9913 A,
which can be excited by HLya radiation in a cascade
fashion [9], shown schematicaly in Fig. 1. All these
spectral lines have long-lived (from a few microsec-
onds to a few milliseconds) upper states and a short-
lived (3.7 ns) lower state; i.e., an inverted population
always exists in these transitions. The gain by these
inverted-population transitions is governed by the rate
of photoexcitation of the upper levelsby theHLya radi-
ation.

JOHANSSON, LETOKHOV

Photosel ective pumping
of Fell by HLya Radiation

Dense-gas condensations (Weigelt blobs[10]) inthe
neighborhood of the luminous blue variable (LBV) and
massive star n Carinae are capable of absorbing al the
photospheric radiation in the wide Lyman continuum
region (A < A, = 912 A) incident upon them from the
central star. This occurs because of the high Lyman-
continuum optical density T(A,) of the neutral hydrogen
component in the ionized HII/HI region of the blob.
Sincethe gas condensations are very closeto the central
star [11, 12], the density of the radiative energy depos-
ited in them proves to be so high that the spectral
brightness temperature T, (Lya) of the more narrow
Lya line at 1215 A inside the blobs can be very high.
The magnitude of T, (Lya) can become comparable
with that of the brightness temperature of the photo-
sphere of n Car, T, = (20-30) x 10° K. Thisisaunique
situation for the photoselective excitation of those
atoms and ions whose absorption lines from the ground
state or low-lying metastable states coincide with Lya.

Thisis exactly the situation that occurs for the Fe |l
ions formed in the HI region of the blob by complete
photoionization of Fe | by the radiation from n Car in
the spectral region l,=7.6 eV<hv <l,=13.6€eV.The
concentration of iron in typical nebulaeis about 0.01%
of the hydrogen concentration. When Fe | undergoes
photoionization, a substantial portion of the Fe Il ions
formed occupy low-lying long-lived metastable states
with energiesE < I, — .= 6 €V asaresult of the decay
from numerous autoionization states. There are about
90 such metastable and pseudometastable states in Fe
I1. Some of them have absorption lines coinciding in
wavelength with the extremely bright spectral lineLya.
Thelarge number of low-lying long-lived states and the
high density of spectral lines (=15 lines/A in the Lya
region) result in several such coincidencesin Fell. Sev-
eral of them are similar to those shown schematically in
Fig. 1, which lead to photoselective excitation of
energy levels in Fe |l, and the subsequent cascading
decay givesrise to population inversion.

The Lya line at A = 1215.671 A almost coincides
with the absorption line of Fell inthetransition a*G,,;,
(level 1in Fig. 1) — sp*G® (level 4), the frequency
difference (detuning) between them being Av =
+30 cm. This differenceis compensated by the broad-
ening of the line profile when the Lya radiation is
passed through the HI region with an optical density of
T 03 x 10°. Thus, the transfer broadening of the Lya
radiation makes the photosel ective excitation of state 4
in Fig. 1 quite possible.

The photoselective excitation rate of state 4 is
defined by the expression

V _1
W = A;;{exp%%‘%—l} , (D)
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Fig. 2. Physical model of the photoionization-resonance photoexcitation pumping of Fell in the gas condensation by the radiation

emitted by nCar with a brightness temperature of T,

wheretheindices 1 and 4 correspond to the level desig-
nationsinFig. 1, A,; = 1.2 x 107 st isthe Einstein coef-
ficient for the spontaneous decay of state 4 to state 1,
and T,, is the brightness temperature of the Lya radia-
tion inside blob B. For kT, = 1.0-1.5 eV (T, = (12—

18) x 10° K), the photoselective excitation rate Wifc =
10-10% s

The main decay channel (branching fraction = 0.97)
of state 4 is the radiative transitions to two fine-struc-
ture levels of b*G, one of which (b*G,,, islevel 3) has
achannel of spontaneous radiative decay with a proba-

bility of Ay, = 8 x 10* st tolevel 2 (ZFJ, ) withamuch
shorter lifetime (=3 ng). It is exactly in this 3 — 2
transition that a steady-state population inversion is
reached, its density being

AN = N3—N, = Ny = (W T5)Ny, )

where N, < N3 because of the much faster decay of the
level 2, 13=11.5 ps, and N, isthe population of theini-
tial metastable state with alifetime of 1, = 0.77 s> T,.
The linear amplification coefficient for the 3 — 2
transition at 9997 A is defined by the standard expres-

sion
O3 = O3AN, 3

where AN isthe inverted-popul ation density defined by
Eg. (2). The stimulated emission cross section 05, iS
given by

~—~

_ e Ag
Os2 = 2m2mAv,’ “)
where Avy, is the Doppler width of the 3 — 2 transi-

tioninFell. At atemperature of T= 100-1000 K inthe
relatively cold HI region, Avp = (300-1000) MHz, i.e.,
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03, = (0.6-2) x 10713 cm?. Thus, the amplification coef-
ficient may be estimated by the expression

Og = 032(W<le:c-[3) f No, 5)

where f is the fraction of the Fe Il ions in their initial
state relative to al Fell ions (al iron atoms in the HI
region of the blob are ionized).

The fraction f is governed by the excitation rate of
the level 1 and its lifetime 1,. The rates of collisional
excitation mechanisms for the levd 1 (i.e., the recom-
bination of the Fe?* ions and electron collisional excita-
tion) are negligible in comparison with the decay rate
1/1, of the state 1 because of the low electron concen-
tration in the HI region (n, 0 10*-10° due to the photo-
ionization of iron, aswell asother elementswith anion-
ization potential of | < 13.6 €V). Most important for the
laser action observed are the following radiative chan-
nels: (1) the radiative decay of the high-lying states of
Fell excited by the Lya or other intense radiation lines
and (2) the decay of autoionization states of Fel excited
by the radiation emitted by n Car in the spectral region
lee + E; = 10.6 €V < hv < 13.6 €V, where E; is the
energy of state 1. These excitation channels can provide
an excitation rate > 1/t; = 1 s and, hence, sustain the
relative population of state 1 at alevel, for example, of
f = 107 This would correspond to an approximately
equal distribution of the Fell ionsamong their 90 meta-
stable and pseudometastable states, including state 1.
L eaving the cal culation of the magnitude of the fraction
f for future consideration, we will restrict ourselves
here to the qualitative estimate of f = 102,

In this approximation, the amplification coefficient
for the transition 3 — 2 may be estimated, according
to Eq. (5), at a4, = (3 x 1078 to 10¥)N, [cm™Y], where
N, = 10N, isthe density of the Fe atoms, N, being the
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density of the hydrogen atomsin the blob. According to
the data presented in [11] and the results of a calcula-
tion of the critical density of hydrogen atoms [13], the
density N, of the hydrogen atoms in the blob is obvi-
ously higher than 108 cm3. Thus, for a4, = 3 x 1074~
102 cm? and a blob diameter D = 10% cm™ [11],
which can be regarded as the size aL of the amplifying
region (Fig. 2), aL = (30-1000) at a blob temperature
of T, = (12-18) x 103 K.

These values correspond to fairly high linear ampli-
fication coefficients K = exp(alL). However, at an
amplification coefficient of K = A;,/A;, = 10% for aniso-
tropic radiation, the intensity of the weak line A5, (in
photons/cm? s) approaches that of the strong line Ay;
i.e, the rate of stimulated transition approaches the
pumping rate for level 3. Thereafter, the amplification
regime becomes saturated, and the intensity of the laser
line A5, becomes equal to that of the pumping line A 4.
Under such saturated amplification conditions, the
intensities of both these lines grow in proportion to the
propagation length L.

We believe that laser amplification and stimulated
emission of radiation is a fairly common and wide-
spread phenomenon, at least, for gas condensations in
thevicinity of bright stars. Thisis dueto the occurrence
of two types of processes (fast radiative and slow colli-
siona) in a very rarefied gas of the condensations,
whereby the populations of electronic levels in atoms
(ions) can relax. These relaxation processes occur on
highly different time scales, radiative rel axation operat-
ing on atime scale of 10°—10-2 (sometimes even within
1073), and collisional relaxation, on atime scale of over
100 s (at gas densities <10° cm~3). In the case of photo-
selective excitation of some high-lying levels of an
atom or ion with acomplex energy-level structure, radi-
ative relaxation takes place as a consequence of down-
ward transitions with spontaneous emission of radia-
tion, in the course of which thereinevitably devel ops an
inverse population of some pair (pairs) of levels. If the
size of agas cloud is large enough, large amplification

JOHANSSON, LETOKHOV

of the inverted-population transition automatically
switches on the radiative relaxation channel, which
leadsto faster stimulated quantum transitions until col-
lisional relaxation becomes important. Thus, the laser
action isan intrinsic characteristic of the radiative cool-
ing of gas clouds near bright stars by stimulated emis-
sion for inverted transitions along with spontaneous
emission for normal noninverted transitions.
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