
RC22835 (W0307-015) July 1, 2003
Physics

IBM Research Report

"Dressed-atom" Lasers in Symbiotic Stars

P. P. Sorokin1 , J. H. Glownia2

1 IBM Research Division, 
P. O. Box 218, 

Yorktown Heights, NY 
10598-0218

2 Los Alamos National Laboratory, 
P. O. Box 1663, Los Alamos, 

NM 87545-1663

Research Division
Almaden - Austin - Beijing - Delhi - Haifa - India - T. J. Watson - Tokyo - Zurich

LIMITED DISTRIBUTION NOTICE: This report has been submitted for publication outside of IBM and will probably be copyrighted if accepted for publication. It  has been issued as a Research
Report for early dissemination of its contents.  In view of the transfer of copyright to the outside publisher, its distribution  outside of IBM prior to publication should be limited to peer communications and specific
requests.  After outside publication, requests should be filled only by reprints or legally obtained copies of the article (e.g. , payment of royalties).  Copies may be requested from IBM T. J. Watson Research
Center , 
P. O. Box 218, Yorktown Heights, NY 10598  USA  (email:  reports@us.ibm.com).  Some reports are available on the internet at  http://domino.watson.ibm.com/library/CyberDig.nsf/home .





Astronomy & Astrophysicsmanuscript no. aah3389˙rev April 20, 2003

“Dressed-atom” lasers in symbiotic stars

P. P. Sorokin1 and J. H. Glownia2

1 IBM Research Division, P. O. Box 218, Yorktown Heights, NY 10598-0218, USA
e-mail:sorokin@us.ibm.com

2 Los Alamos National Laboratory, P. O. Box 1663, Los Alamos, NM 87545-1663, USA
e-mail:jglownia@lanl.gov

Received 2002; accepted 2003

Abstract. It is shown that a model recently proposed for two-level-atomlasers without inversion (LWI)in Space (Sorokin
& Glownia 2002) gains significant credibility when the model is instead constructed on the basis of atoms simultaneously
saturated on two atomic transitions sharing a common level. The principal advantage attained by considering the atoms in the
model to have three active levels rather than two is that the pumping efficiency no longer rapidly decreases with increasing
power of the coherently generated light beam(s). The powerful “dressed-atom” approach for analyzing the physics of atoms
strongly driven by resonant light beams (Cohen-Tannoudji & Reynaud 1977) provides a direct and insightful way to understand
both this effect and the remarkable transparency that occurs at the bare-atom resonance frequenciesωo andω′o in such systems.
Both features make it possible for a coherently phased, dressed-atom gas to exhibit laser emission atωo andω′o, provided there
exists a suitable independent pumping mechanism which can “donate” photons to the laser beams at a sufficiently high rate. It is
shown that the nonlinear processes ofstimulated hyper-Raman scattering (SHRS)andstimulated broadband Raman scattering
(SRS)are generally effective means of converting incoherent pump light into coherent dressed-atom laser light, provided that
the frequencies of the former and the latter are close together. This requirement would be optimally satisfied, for example,
if the incoherent pump light were the strong fluorescence atωo andω′o produced via electron impact excitation (EIE) in an
ionized plasma, since pump and laser frequencies would here differ at most by the Doppler width∆νD. In the present paper, the
emphasis is placed on exploring whether dressed-atom lasers could play important roles in exciting the strong far-ultraviolet
(FUV) emission lines seen in symbiotic stars. A pure hydrogen symbiotic star model is first considered. It is shown that very
high optical gain should exist for Lyα dressed-atom laser emission, with amplification mostly occurring within short distances
of the H I/H II interface, as the laser beams propagate away from the latter. The pump mechanism for the Lyα laser emission
would here be either SHRS or SRS. The pump light would be Lyα fluorescence generated within the ionized region. It is
next explained that if Lyα dressed-atom laser emission is present, one could also expect Hα dressed-atom laser emission to
occur. A laser-based interpretation is offered for the puzzling Hα line profile variations observed with changes in orbital phase
in the eclipsing symbiotic star SY Mus. The strong C IV FUV doublet emission is considered next. It is concluded that C
IV dressed-atom laser emission in symbiotic stars could theoretically also be present, with amplification here occurring along
straight-line paths contained within that part of the ionized hydrogen plasma in which C IV is the dominant carbon species.
The pumping mechanism in this case could only be SHRS, with the pump light being C IV fluorescence generated via EIE in
the C IV-dominant region. Under the assumption that an analogous scenario would apply in the case of the O VI FUV doublet
emission, an interpretation is given for the spectral structure observed on the 6825-Å Raman line in RR Tel. A new nonlinear
process,stimulated radiation pressure scattering (SRPS),is proposed to explain the observation that, in a few symbiotic stars,
there occurs almost total absorption of the background continuum level in two comparatively narrow spectral regions, each
blueshifted by the same amount from a component of an FUV doublet. A high quality C IV spectrum of EG And is analyzed
on the basis of this new nonlinear process.

Key words. Atomic processes – radiation mechanisms: non thermal – stars: individual: SY Mus – stars: individual: RR Tel –
stars: individual: EG And

1. Introduction

In a recently published paper (Sorokin & Glownia 2002 – here-
after referred to as S&G I), a new idea was suggested to explain
relatively intense, narrow-band emission lines radiated by cer-
tain space objects. Specifically considered in S&G I were the
strong O VI (1032 Å, 1038 Å) doublet emission that domi-

nates the far-UV (FUV) spectra of some symbiotic stars (e.g.
RR Tel), and the sharp, anomalously strong Hα emission line
that is occasionally seen in reddened, early-type stars. It was
proposed that these emissions represent spherically expand-
ing output beams of so-called “lasers without inversion (LWI)”
– the latter being located near certain very bright stars and
being pumped by the blackbody continuum light emitted by



2 P. P. Sorokin and J. H. Glownia: “Dressed-atom” lasers in symbiotic stars

c

c

c

b

b

b

a

(a) (b) (c)

a

a

wo

wo

wo

wo’

wo’
wo’

Fig. 1. Energy level structures for (a) cascade-, (b) V-, and (c)Λ-type
three-level atoms.

those stars. A reasonably complete discussion was presented
in S&G I of the essential physics that underlies the operation
of an LWI. In general, any viable LWI scheme must include
a photonic process that produces complete transparency at the
lasing frequency, a condition usually referred to as “electro-
magnetically induced transparency” or EIT. In addition, there
must exist a credible pumping mechanism and also a well de-
fined source of pumping energy.

In Sect. 4 of S&G I, a lengthy description was given of
some of the techniques that have been developed for induc-
ing EIT in three-level systems. The relative energies and parity
assignments of the atomic levels in a three-level system deter-
mine whether it is to be classified as a “cascade”-type, “V”-
type, or “Λ”-type system (Fig. 1). In each of these types, the
parities of two of the levels are taken to be the same, with
the third being opposite. Two of the three transitions are thus
dipole allowed; the third (theac transition) is dipole forbidden.
In principle, it should be quite straightforward to establish a
condition of EIT in a tenuous gas of three-level atoms in Space.
As noted at the end of Sect. 4 in S&G I, “. . . co-propagation of
two resonantly-tuned, monochromatic laser beams through a
tenuous gas of three-level atoms accomplishes one major step
needed to realize an LWI in space – it removes in principle all
attenuation (loss) for the two beams as they propagate away
from stars that provide the pumping power required for ampli-
fication of the beams.” This induced transparency occurs less
as a result of saturation (i.e. equaling of the populations in the
upper and lower levels of an unperturbed atomic transition),
and more through quantum interference. The two laser beams
effectively drive all atoms of the gas into a stable “coherently-
phased population state”. In this state, the wavefunctionsof all
the atoms in the gas become linear combinations of the unper-
turbed (“bare-atom”) wavefunctions of the three levels. Atoms
coherently phased by this method are commonly referred to
as “dressed atoms”, and sometimes also as “coherently trapped
atoms”. In the present paper, use of the former term is generally
favored.

Although the discussion in Sect. 4 of S&G I was entirely
focused on the establishment of EIT in three-level atomic sys-
tems, the need to find a credible pumping mechanism for an
LWI in Space prompted the authors at that point to consider
the possibility that an LWI might be realized with an even sim-
pler system – a gas of two-level atoms. It was noted in S&G I
that complete transparency in the vicinity of the resonancefre-
quencyωo of a two-level atom can be induced in a gas of
such atoms simply by propagating through the gas a narrow-
band laser beam tuned toωo. However, unlike what happens
when EIT occurs in three-level atomic systems, EIT in two-
level gases is invariably accompanied by heavy saturation of
the transition, which in turn leads to a rapid drop off in the effi-
ciency of the stimulated hyper-Raman scattering (SHRS) pro-
cess proposed as the LWI pumping mechanism in S&G I. This
problem with the two-level-atom LWI scheme was fully rec-
ognized in S&G I, and it was proposed that, as the power in
the beam atωo increases, a related process, four-wave mixing
(FWM), becomes the dominant nonlinear process that transfers
power from the incoherent pump source to the coherently gen-
erated beam atωo. However, the calculation given in Appendix
A of S&G I showed that the FWM process also strongly satu-
rates, hinting that in future studies one might explore whether
there exist other modifications of the LWI scheme proposed in
S&G I that can account for lasing in a space object that emits
narrow-band light at an intensity exceeding that of the illumi-
nating star continuum level by several orders of magnitude,as
occurs in each of the three symbiotic stars considered in S&GI,
for example.

One of the main goals of the present paper is to show that
there indeed exists a simple modification of the SHRS-based
scenario proposed in S&G I that does allow incoherent pump
light to be converted into narrow-band laser light at very high
power levels. Specifically, it will here be outlined that satura-
tion of a laser in space comprising a gas of coherently phased,
three-level atoms (i.e. a “dressed-atom” laser) can be com-
pletely avoided. In this new scheme, the same basic SHRS
pumping mechanism now operates in the spectral vicinity of
eachtransition, converting incoherent pump light into coherent
laser light atboth allowed transition frequenciesωo andω′o.
It is shown that the dressed-atom structure allows this “dual”
SHRS pumping process to continue to operate with high effi-
ciency, even at the highest laser light intensity levels. Since the
dressed-atom gas is fully transparent atωo andω′o, the ampli-
fied beams can propagate through space without being attenu-
ated.

In S&G I, the principal aim was to suggest that some su-
perintense narrow-band emissions seen in space objects might
represent coherently generated LWI light. In the present paper,
having access to what we believe is a better theoretical model
(i.e. dressed-atom lasers), we continue with equal enthusiasm
to explore the same general exciting possibility. However,the
focus is here placed entirely on symbiotic star systems, be-
cause of the unique physical characteristics these space objects
possess that would increase thea priori likelihood that they
could display laser emission. Section 2 is entirely devotedto
an analysis of the possibility of laser emission in symbiotic
stars. A pure hydrogen symbiotic star model is first considered.
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It is shown that very high optical gain should exist for Lyα
dressed-atom laser emission, with amplification mostly occur-
ring within short distances of the H I/H II interface, and with
the pump light for the SHRS pumping mechanism being Lyα

fluorescence generated within the ionized region. It is nextex-
plained that if Lyα dressed-atom laser emission is present, one
should also expect Hα dressed-atom laser emission to occur.
Assuming the latter happens, an interesting interpretation can
be given of the puzzling Hα line profile variations observed
with changes in orbital phase in the eclipsing symbiotic star
SY Mus. The strong C IV FUV doublet emission is considered
next. It is concluded that C IV dressed-atom laser emission in
symbiotic stars could theoretically also be present, with ampli-
fication here occurring in straight-line paths contained within
that part of the ionized hydrogen plasma in which C IV is the
dominant carbon species. The pump light for the SHRS pump-
ing mechanism would be C IV fluorescence generated via EIE
in the C IV-dominant region. Under the assumption that an
analogous scenario would apply in the case of O VI FUV dou-
blet emission, an interpretation is given for the spectral struc-
ture observed on theλ”6825” Raman line in RR Tel.

At the conclusion of Sect. 2, a new nonlinear process,stim-
ulated radiation pressure scattering (SRPS),is proposed to
explain the observation that in symbiotic stars there (some-
times) occurs almost total absorption of the background contin-
uum level in two comparatively narrow spectral regions, each
blueshifted by the same amount from a component of an FUV
doublet. A high quality C IV spectrum of EG And is analyzed
on the basis of this new nonlinear photonic scheme, which, al-
though relying upon different physical principles from those
involved in dressed-atom laser emission, appears to be ana
priori equally viable photonic process.

To try to identify a mechanism which would allow a space
laser beam to be amplified without saturation occurring, we
have found it most helpful to use the powerful “dressed-atom”
approach for analysis of resonantly driven three-level systems,
an approach that was proposed and explained in an illumi-
nating paper published several years ago (Cohen-Tannoudji&
Reynaud 1977 – hereafter referenced as C-T&R). This classi-
cal paper therefore forms the basis for Sect. 3 of the present
paper. In that section, it is explained how one first constructs
a foundation for the dressed-atom approach by considering an
infinite lattice of “multiplicities” εn,n′ representing states of a
system comprising an atom plus the two resonant laser fields
with which it interacts. Each multiplicity consists of a threefold
degenerate set of states. Each such state can be representedby
a ket of the form|l, n, n′〉 , corresponding to an atom in levell
(l = a, b, c - see Fig. 1) in the presence ofn photons atωo andn′

photons atω′o, with an unperturbed energyEl+nωo+n′ω′o (tak-
ing ~=1). The threefold degenerate states comprising a given
multiplicity depend upon whether the system being considered
is of cascade-type, V-type, orΛ-type. For cascade-type systems
(the only type explicitly considered in C-T&R), one has

εn,n′ =
{ ∣

∣

∣a, n+ 1, n′
〉

,
∣

∣

∣b, n, n′
〉

,
∣

∣

∣c, n, n′ − 1〉
}

. (1)

In the dressed-atom approach, one is really seeking to
find the eigensolutions of the combined system of atom and

monochromatic driving fields. The next step one takes is there-
fore to calculate how the multiplicitiesεn,n′ become perturbed
by the presence of the two resonant laser beams atωo andω′o. A
comparatively simple situation results when the so-called“sec-
ular approximation” is made, that is, when it is assumed thata
quantity termed the “generalized Rabi frequency”Ω1 is large
compared to either of the radiative decay rates for the transi-
tionsabandbc. (As already mentioned, it is here assumed that
for all three types of atom structures theac transition is radia-
tively forbidden.) In the presence of the resonant laser fields,
each threefold degenerate multiplicity splits into three new
states (the “dressed-atom” states)|i, n, n′〉 (i = 1, 2, 3), with the
separation in energy between adjacent states in a given multi-
plicity being (1/2)Ω1. From the expansions of the dressed-atom
states as linear combinations of the bare-atom states, one can
determine the rates of all possible spontaneous emission de-
cays from the three perturbed states ofεn,n′ to lower multiplici-
ties,i.e. one can determine the fluorescence spectraFab(ω) and
Fbc(ω) of the dressed-atom system. For cascade-type atoms,
C-T&R also show that (again, when the secular approximation
holds) one can easily obtain expressions for the steady-state
populationsσo

ii (n, n
′), which, to a very good approximation,

can be factorized as:

σo
ii (n, n

′) = {πi} po(n)p′o(n
′), (2)

wherepo(n) andp′o(n′) are the distributions of the photon num-
bersn andn′, andπi gives the steady-state probability that the
i’th state in any perturbed multiplicity is occupied. Simplefor-
mulas for theπi for cascade-type systems derived in C-T&R
show that these quantities depend only on the bare-atom radia-
tive decay rates and on the ratio of the Rabi frequencies of the
two applied resonant laser beams.

In Sect. 4, the spectral properties ofΛ- and V-type dressed-
atom gases are considered. It is shown that for these systems,
the quantitiesπi can only have the values 0, 1, and1/2 - mak-
ing analyses of dressed-atom spectra generally much simpler
than for cascade-type systems. From diagrams analogous to
the one used in Sect. 3 to show the allowed spontaneous emis-
sion transitions from the perturbedεn,n′ states of cascade-type
atoms, one can determine the fluorescence spectra ofΛ- and
V-type dressed atoms. In this connection, theΛ-type structure
is especially interesting, becausenofluorescence is emitted by
dressed atoms of this type. Utilizing the appropriate dressed-
atom spontaneous emission decay diagrams, and recognizing
that theπi values can only be 0, 1, or1/2, one can immedi-
ately determine the linear absorption spectra for bothΛ- and
V-type dressed atoms in the vicinities ofωo andω′o. For both,
absorption occurs in four narrow bands centered atωo±(1/2)Ω1

andω′o ± (1/2)Ω1. Although the absorption bands are shifted
away from the bare-atom positions, they remain undiminished
in strength. This is the underlying reason preventing saturation
from occurring during SRS or SHRS pumping of a dressed-
atom laser.

Having acquired basic knowledge about the absorption and
fluorescence properties of dressed atoms, one is prepared to
inquire how a gas of such atoms would respond to the addi-
tional presence of intense incoherent pump light at intensity
levels believed to be present in symbiotic stars (Sect. 2). Both
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linear and nonlinear optical pumping processes which poten-
tially could provide gain atωo andω′o in a gas of V-type or
Λ-type dressed atoms via absorption of such pump light are
considered in Sect. 5. It is shown that while SHRS is the only
optical pumping mechanism that could excite V-type dressed-
atom laser emission in symbiotic stars, there is a potentially
even stronger mechanism, stimulated broadband Raman scat-
tering (SRS), that could provide effective pumping forΛ-type
dressed-atom lasers in such systems. The Lyα laser discussed
in Sect. 2 could therefore theoretically be as effectively pumped
via SRS as by SHRS. In Sect. 5, brief mathematical “proofs”
are also offered showing why the atoms of a coherently phased
gas remain “dressed” as photons are “donated” to the laser
beams via either SRS or SHRS.

In Sect. 6, we summarize the main ideas and conclusions
of the present paper.

2. Far-UV (FUV) emission doublet intensities in
symbiotic stars

2.1. Excitation mechanisms for the FUV emission
doublets in symbiotic stars:
ionization/recombination (I/R), electron impact
excitation (EIE), and nonlinear photoexcitation
(NLP) compared in a pure hydrogen model

In the FUV spectra of virtually all symbiotic stars, the C IV
(λλ1548, 1551) emission doublet is almost always strongly
seen. The N V (λλ1239, 1243) emission doublet is also fre-
quently present, but its intensity is usually less than thatof
the C IV doublet (Fig. 2). The O VI (λλ1032, 1038) emission
doublet only appears in symbiotic stars having very hot white
dwarf temperatures, such as RR Tel. However, not all such stars
display this emission (e.g. RW Hya). When present, the O VI
doublet is frequently the strongest emission feature in theFUV
spectrum (Fig. 3). Throughout the entirety of Sect. 2, the main
emphasis will be placed on exploring in a very general way
whether there exists even a remote chance that nonlinear pho-
tonic mechanisms could play important roles in exciting strong
emission lines observed in symbiotic stars, including the three
above mentioned emission doublets, all of which are produced
by ions having three-level, V-type structures, as illustrated by
the O VI energy level diagram shown, for example, in Fig. 9 of
S&G I. With the exception of the strongλ1640 He II emission,
all other emission lines seen in Figs. 2 and 3 occur on partially
forbidden transitions and therefore probably result from either
EIE or electron-ion recombination, as has long been assumed
in the symbiotic star literature.

We now focus on the simplest type of model for a sym-
biotic star nebula,i.e. one that contains only hydrogen atoms.
Our analysis here will be based upon a symbiotic star model
amenable to analytic solutions that was first suggested in
Seaquistet al. (1984) and in Taylor & Seaquist (1984). These
authors represent a symbiotic star by a cool red giant under-
going uniform, spherically symmetric, mass loss of hydrogen,
with the H-atom gas densitynH(x) in the outgoing wind being

Fig. 2. STISspectrum of RR Tel. Data set:O5EH01010 downloaded
from theMAST Scrapbook(http://archive.stsci.edu/scrapbook.html).

Fig. 3. TUESspectrum of RR Tel. Data set:tues2218 1 downloaded
from theMAST Scrapbook(http://archive.stsci.edu/scrapbook.html).

therefore given by

nH(x) =
Ṁ

4πmHvx2
, (3)

wherex is the radial distance from the mass-losing star,Ṁ is
the mass-loss rate, andv is the constant wind velocity. A hot
white dwarf emittingLph hydrogen ionizing photons per sec-
ond is located a distancea from the cool star and intercepts
part of the wind from the latter. It is assumed that no separate
wind emanates from the hot star itself. A parameterX is de-
fined that determines the location of the ionization front inthe
model. This parameter is given by the expression

X =
4πm2

H

αB
aLph

(

Ṁ
v

)−2

, (4)

whereαB is the recombination coefficient to all but the ground
state of hydrogen. The position of the ionization front is given
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Fig. 4. Schematic of the pure hydrogen symbiotic star model.
Reproduced from Fig. 1 of Taylor & Seaquist (1984).

by the expression
f (u, θ) = X, (5)

with the functionf(u,θ) being that given in Eq.(5) of Taylor &
Seaquist (1984). (The expression forf(u,θ) for the caseθ , 0, π
contains a misprint in both Seaquistet al. (1984) and Taylor
& Seaquist (1984). A correction was published as an Erratum
in 1987, ApJ, 317, 555.) The parametersu and θ are shown
in Fig. 4. Characteristic shapes of the ionized nebula for three
ranges of the parameter X are shown in Fig. 5.

Let us now examine the nebular structure described by the
above model for a set of parameter values that could reason-
ably characterize an s-type symbiotic star. We assumeṀ =

10−5M�/yr, αB = 2.0 x 10−13 cm3/sec, v = 10 km/sec, Th

=100,000◦K, a= 5 x 1013 cm, andRh= 0.1R�. The values cho-
sen forTh andRh imply that Lph = 6.55 x 1046 photons/sec.
From this and the other parameters chosen above, one calcu-
lates from Eq.(4) a value forX of 0.0014. The nebular structure
of our example is therefore closest to the one shown at the topin
Fig. 5. From Eq.(5) one finds that the H I/H II ionization front
occurs at a distancer = 7 x1012 cm from the hot star along the
directionθ = 0, whereas along the directionθ = π, the distance
to the ionization front isr = 9.75 x 1012 cm, i.e. uθ=0 = 0.14,
uθ=π = 0.195. From Eq.(3), one sees thatnH(a) =1.2 x 1010

cm−3. Theradiation boundednebula in our model can well be
approximated by a simple Strömgren sphere, since substitution
of the symbiotic star parameters assumed above into the stan-
dard equation for the Strömgren radiusrS

r3
S =

3Lph

4πn2
HαB

(6)

yields the valuerS= 8.16 x 1012 cm.
Although no given symbiotic star can probably be very

well represented by the oversimplified nebular model here be-
ing considered, it is at least fairly straightforward to determine
what should be the relative importance of I/R, EIE, and NLP

Fig. 5. Characteristic shapes of the ionized hydrogen nebula for three
ranges of the parameterX. Reproduced from Fig. 2 of Taylor &
Seaquist (1984).

in such a model. The most important photonic quantity to con-
sider in this connection is the flux of Lyα photons crossingrS.
These photons are all generated inside the Strömgren sphere
via either I/R or EIE. It is a standard approximation to as-
sume that the rate at which Lyα photons generated by the first
mechanism emerge from the entire Strömgren sphere surface
is equal toLph. Thus the contribution to the Lyα flux cross-
ing rS from the I/R mechanism isϕI/R

Lyα = 7.8 x 1019 photons

cm−2 sec−1, representing an optical power of 128 W/cm2. In the
standard Strömgren sphere scenario, the emerging Lyα photons
would be distributed within a bandwidth∆νI/RLyα corresponding
to Doppler broadening of H atoms at the electron temperature
Te of the ionized plasma. For an assumed valueTe ≈ 10,000◦K,
∆ν

I/R
Lyα would be approximately 6 cm−1.
Consider next the EIE contribution to the Lyα flux crossing

rS. The total rateρEIE at which electrons located throughout
the entire volume of the Strömgren sphere produce H-atom 2p
excitations through collisions with neutral atoms existing in the
plasma is approximately given by the following integration:

ρEIE =

rS
∫

0

4πr2nev
th
e σ

2p
e nS

H(r)dr . (7)

Herene ≈ nH is the density of electrons in the plasma,νthe =
(2kTe/me)1/2 is the most probable thermal velocity of the elec-
trons,σ2p

e ≈ πa2
o is the cross-section for electron impact exci-

tation of H atoms to the 2p state, andnS
H(r) is the density of
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hydrogen atoms within the ionized plasma of the Strömgren
sphere. The functional dependence onr of nS

H(r) is given ap-
proximately by

nS
H(r) ≈

4πr2n2
eαB

α0Lph
, (8)

whereα0 ≈ 6.8x10−18cm2 is the average H-atom photoioniza-
tion cross-section. Evaluation of the integral in Eq.(7) with use
of the above various parameter values yields the interesting re-
sult thatρEIE = 4.29 x 1045 photons/sec;i.e. only about 6.5
percent of the Lyα photons crossing the Strömgren sphere sur-
face result from EIE. These would have the same spectral dis-
tribution as the Lyα photons resulting from the I/R mechanism.
One should bear in mind that the relatively small fraction con-
tributed by EIE to the total rate of Lyα photon production in the
present model belies the general importance of this processas
an emission-line-generatingmechanism in symbiotic star nebu-
lae. Relatively very few H atoms are present inside a Strömgren
sphere, theaveragedensity in the present case being only≈3.2
x104 cm−3.

At first glance, it would seem relatively unimportant to
know what exactly constitutes the main Lyα photon genera-
tion mechanism in the pure hydrogen symbiotic star model
here being considered, inasmuch as all the Lyα light emerg-
ing from the Strömgren sphere should in principle immediately
undergo elastic scattering and diffusion in the encompassing
cloud of neutral hydrogen atoms that constitutes the cool star
solar wind. However, let us now consider the possible roles that
nonlinear photoexcitation (NLP) and dressed-atom laser emis-
sion could play in the model. A glance at the electronic en-
ergy level structure of the hydrogen atom (Fig. 6) shows that
in principle this system is capable of supporting eitherΛ-type
or V-type dressed-atom laser emission. However, although sat-
uration of the nonlinear pumping process can equally well be
avoided with both V- andΛ-type dressed-atom lasers, there is
good reason for initially assuming the Lyα dressed-atom laser
in our symbiotic star to be ofΛ type. In Sect. 3 it is shown that
while V-type dressed atoms strongly fluoresce,Λ-type dressed
atoms do not. ThusΛ-type dressed-atom laser beams propagat-
ing in the solar winds of symbiotic stars should not be subject
to extra attenuation due to a process that transfers power from
the beams to support dressed-atom fluorescence, unlike what
theoretically must happen in the case of V-type dressed-atom
laser beams. However, the tentative conclusion just made that
symbiotic star dressed-atom lasers must necessarily be based
uponΛ-type systems will shortly come under further scrutiny,
when we consider the possibility that Hα dressed-atom laser
beams are also generated in these systems.

For the moment, let us continue to explore how generation
of Lyα dressed-atom laser light might occur in the pure hydro-
gen symbiotic star model here being considered. For definite-
ness, let us assume the dressed-atom laser emission to occur
on the transitions F=1⇔F’=1 and F=0⇔F’=1 of 1 2S1/2 ⇔ 2
2P3/2, these being stronger than the transitions connecting the
1 2S1/2 hyperfine levels to F’=1 of 2 2P1/2. To simplify the
discussion at the outset, let it temporarily be assumed thatgen-
eration of Lyα dressed-atom laser light commences at all points
of the Strömgren sphere surfacerS, with propagation and am-
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Fig. 6. Energy levels involved in 1s-2p transitions of hydrogen (not
drawn to scale). The numbers in the arrows indicate the relative tran-
sition intensities. Adapted from Fig. 2 of Eikemaet al. (2001).

plification then occurring in directions that point radially away
from the hot star. Amplification should everywhere continueto
occur for a characteristic radial length that will be analyzed
below. However, at larger radial distances, the dressed-atom
laser intensity should start to weaken, due both to the effects
of pump power depletion and to the unavoidable 1/r2 intensity
fall off that accompanies a spherically expanding wave front.
Eventually, when the dressed-atom laser intensity falls below
a critical level needed for the so-calledsecular approximation
to apply (see Sect. 3), the condition of EIT can no longer be
maintained, and the laser light then starts to become elastically
scattered in the same manner as would occur for incoherent
Lyα light.

In this scenario, the flux of incoherent Lyα photons emerg-
ing from the Strömgren sphere surface constitutes the pump-
ing light. As this light diffuses outwards fromrS, it ideally
should eventually become entirely converted to Lyα dressed-
atom laser radiation via the nonlinear process of stimulated
hyper-Raman scattering (SHRS). In Fig. 7 is shown both a
schematic diagram of the unit SHRS process and a sketch
depicting what a possible relationship of pump bandwidth to
dressed-atom-laser bandwidth might be. The pump bandwidth
is here assumed to be the≈ 6 cm−1 spectral width spanned
by the Lyα photons generated within the Strömgren sphere.
However, let it also initially be postulated thatoutsideof rS

the H-atom gas is at a temperature cold enough such that the
effective Lyα fluorescence bandwidth is∆νn ≈ 0.003 cm−1, the
value that corresponds to natural lifetime broadening for this
transition. We are temporarily making this patently unrealis-
tic assumption that Doppler broadening of H atoms outsiderS

can be completely neglected in order to obtain quickly a rough
idea of what the dressed-atom-laseroptical gainwould be in
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Fig. 7. (Left) - Diagram showing the energy-conserving, simultane-
ous, three-photon scattering process involved in SHRS pumping of
dressed-atom lasers. Hereνo represents either of the bare-atom fre-
quencies, with∆ being the frequency offset fromνo of either of two
pump photons that are simultaneously absorbed while a photon is “do-
nated” to the laser beam atνo. In the process, the atom becomes ex-
cited. (Right) – Schematic diagram showing relationship (not to scale)
of generated narrow-band Lyα laser light to the pump radiation that
drives it (see text).

the model under the most favorable circumstances. Later this
particular assumption will be relaxed.

One can determine approximately what the optical gain of a
Lyα dressed-atom laser based upon SHRS pumping should be
in the symbiotic star model here being considered as follows.
A formula for the gain coefficient due to SHRS is given, for
example, in Eq. (5.22) of Hannaet al. (1979). Applied to the
present case, this formula would appear as:

GHR = gHRI2
p =

nHωoI2
pµ

6/4ε3oc3
~

5Γ

∆4
. (9)

Throughout Hannaet al.(1979) SI units are employed. For con-
venience, we here do the same in estimating the SHRS optical
gain for our hydrogen symbiotic star model. ThusnH ≈ 1.64
x 1016 m−3 is the hydrogen atom density at theθ = 0 ioniza-
tion front,ωo = 1.55 x 1016 radians/sec is the angular Lyα fre-
quency,Ip ≈ 1.36 x 106 W/m2 is the total power per unit area
of the Lyα radiation emerging fromrS, µ ≈ 8 x 10−30 Cm is the
induced Lyα transition dipole moment (as obtained from Eq.
(10) below),εo = 8.85 x 10−12 Fm−1 is the permittivity of free
space,c = 3 x 108 m/sec is the velocity of light in vacuo,~ =
1.05 x 10−34 Jsec is the Dirac constant,Γ ≈ 0.6 x 109 rad/sec
is the Lyα natural linewidth expressed as an angular frequency,
and∆ ≈ 2.8 x 1011 rad/sec is an average frequency offset (see
Fig.7) which can be used together with the above value forIp

in Eq.(9) to approximate what in principle should be an inte-
gration of symmetrically offset pump pair frequencies over the
entire≈ 6-cm−1-wide pump bandwidth. (Actual integration of
the expression given in Eq. (9) leads to an infinite value because
linewidths have not been included in the quantity∆ appearing

as a fourth power in the denominator.) The value forµ assumed
above follows from the standard equation

µ2 =
1
τrad

3πεo~c3gu

ω3
ogl

, (10)

whereτrad ≈ 10−9 sec is an approximate average radiative life-
time for the two Lyα doublet components, andgu, gl are up-
per and lower level degeneracies, which for simplicity are here
taken to be the same.

Substitution of all the above values in Eq. (9) yieldsGHR ≈
3.5 x 10−8 m−1. The hyper-Raman gain given by Eq. (9) rep-
resents anexponentialintensity gain per unit length, that is,
in the absence of pump power depletion and/or saturation in
the efficiency of the basic SHRS process, the intensity of a
dressed-atom laser beam pumped by this process would in-
crease by a factoreGHRl in traveling a distancel. In nonlinear
optics, it is conventional to assume that threshold for a nonlin-
ear stimulated emission process like SHRS to occur with onlya
noise input signal is automatically reached when the beam has
propagated a distancelthr ∼ 30/GHR. This suggests that in the
present case full intensity of a spherically expanding dressed-
atom laser beam will occur shortly after the beam has radially
propagated outwards fromrS a distancelthr ∼ 0.86 x 109 m,
which is seen to be only about one percent ofrS itself. Thus for
the idealized symbiotic star structure here assumed, dressed-
atom laser emission should begin to occur just outsiderS, with
full conversion of incoherent Lyα pump light into coherent
dressed-atom laser light occurring within an additional prop-
agation distance equal to a percent or so ofrS. At any distance
from the hot star, the total power per unit area of the spherically
expanding dressed-atom laser light would be roughly the same
as what the incoherent Lyα pump light intensity would be in
the complete absence of SHRS – about 136 W/cm2 nearrS.

In Sect. 3 it is explained that a condition of EIT is main-
tained in a dressed-atom laser as long as thesecular approxi-
mation(Ω1 � γ, γ′) holds. For a hydrogen dressed-atom laser,
Ω1 ∼ 10γ, γ′ should occur at a laser intensity∼100 mW/ cm2.
The dressed-atom laser radiation in the present model should
thus in principle propagate without loss radially outwardsuntil
a total distancer ∼ 37rS ≈ 6a ≈ 3 x 1014 cm from the white
dwarf is reached. At larger values ofr, the outwardly propa-
gating spherical wave of Lyα dressed-atom laser light would
in theory become increasingly subject to elastic scattering and
diffusion due to hydrogen atoms present in the outer reaches of
the red giant solar wind.

However, changes in the above picture become required
when one takes into account both (a) the flow pattern of the
red giant solar wind assumed in the model and (b) the fact that,
in order for the model to be realistic, the Doppler broadening
∆νD of the hydrogen atoms located outsiderS should be as-
sumed to be much greater than∆νn. With regard to the former,
simple calculation shows that, in the absence of Doppler broad-
ening, a Lyα dressed-atom laser beam that propagates along the
directionθ = π/2, for example, would be subject to a 0.0045-
cm−1 resonance frequency shift in traversing the critical dis-
tancelthr= 0.86 x 1011 cm. This shift is one-and-a-half times
greater than the value∆νn= 0.003 cm−1earlier used to calculate
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Fig. 8. Schematic diagram showing SHRS-pumped Lyα dressed-atom
radiation propagating along a red giant solar wind ray that intersects
the Strömgren sphere in two places. Laser beams propagate away from
the latter in the two directions shown. Relative sizes shownof the
red giant radius, Strömgren sphere radius, and binary starseparation
approximately correspond to those of the model assumed in the text.

Γ in Eq. (9). Thus, for aθ = π/2 laser beam, the gain would
additionally be lowered due to an inherently non-cancellable
inhomogeneous broadeningcontribution to the linewidth. This
effect would be zero if each Lyα dressed-atom laser beam were
to propagate away from its point of origin onrS along the line
determined by the solar wind ray that intersectsrS at the same
point (Fig. 8). Most of the gain would occur just outside each
of the two points where each such solar wind ray intersectsrS.
We thus here assume that the Lyα laser beams originating on
the surface ofrS closest to the red giant propagate towards the
latter in a convergent manner, while those emanating from the
more remote surface ofrS propagate away from the symbiotic
star system in a divergent manner. The former beams would be
redshifted by 2.74 cm−1 from the system RV; the latter beams
would be blueshifted from the RV by the same amount. It is
likely that the highest Lyα intensity in the whole symbiotic
star system would occur where the cone of converging dressed-
atom laser beams originating from the surface ofrS nearest the
red giant intersects the surface of the latter.

The contribution of Doppler broadening∆νD to the Lyα
transition linewidth of the solar wind atoms would appear
to have far more serious consequences in reducing the Lyα

dressed-atom laser gain than the effect considered above. For
example, if the Doppler broadening were 3 cm−1, the criti-
cal lengthlthr would be 8.6 x 1013 cm, which is greater than
the separation between the two stars assumed in the model.
To attempt to circumvent this difficulty, we here propose the
following idea. Consider a dressed-atom laser beam propagat-
ing along a line determined by a solar wind ray, as outlined in
the preceding paragraph. Conceptually divide the entire width
∆νD into contiguous natural linewidth segments∆νn (Fig. 9a).
Associated with the i’th segment is a hydrogen atom density
ni

H , with
∑

i
ni

H = nH . The centermost segment will again con-

tribute to the dressed-atom laser gain at the resonance fre-
quencyνo in the same manner as calculated before (i.e. with
use of Eq. (9) and the parameter values earlier substituted), ex-
cept that the value ofnH must now be taken to be roughly 1000
times smaller. However,eachsegment that is offset fromνo by
δi can also contribute roughly an equal amount to the gain at
νo through the somewhat asymmetrical SHRS process shown
in Fig. 9b. In this figure, an integration involving∆ over the
whole Doppler width is implied. On the basis of this reasoning,
it follows that the Lyα dressed-atom-laser gain will not be enor-
mously reduced via any existing Doppler broadening of the H
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Fig. 9. (a) - Schematic diagram showing relationship of the Lyα natu-
ral linewidth∆νn to the Lyα Doppler width∆νD in the red giant solar
wind outside the Strömgren sphere. (b) – Asymmetric SHRS scatter-
ing process by which atoms with frequencies offset byδi from νo can
still contribute to the gain atνo.

atoms in the solar wind. If the gain is sufficiently high for laser
emission to occur on a narrow line spectrally contained within
the centermost segment, the same argument implies that it will
also be high enough for laser emission to occur on a narrow line
contained within an adjacent segment. Thus, one expects the
Lyα dressed-atom laser beam to have a spectral width that is or-
ders of magnitude greater than∆νn, and very likely as large as a
considerable fraction of∆νD. It should be noted that the general
argument presented here is valid only because the SHRS pro-
cess that produces the gain is nonlinear. Normal lasers require
population inversions and are pumped by linear processes. For
these, the optical gain is always inversely proportional to∆νD.

An important point concerning possible Lyα dressed-atom
laser operation in symbiotic stars is the following. In the field
of quantum electronics (e.g. Fultonet al.1995), it is known that
EIT can be observed in Doppler-reduced experiments as long
as the Rabi or Townes-Autler splitting is greater than theresid-
ual two-photon linewidth∆νresD. The latter quantity is given by
the expression

∆νresD = |(k1 ± k2 )| η, (11)

whereki is the wave number (νi/c) of the applied optical field
Ei , which in the case of the symbiotic star model would be pos-
itive for a wave propagating away fromrS, and negative for a
wave propagating towards it. The negative sign in Eq. (11) ap-
plies for V- andΛ-type systems, with the positive sign applying
for cascade-type systems. In Doppler reduced experiments,η

is the most probable thermal velocity (2kT/ma)1/2, with ma the
atomic mass. The frequencies of the transitions F=0⇔F’=1 and
F=1⇔F’=1 in Fig. 6 are seen to be practically the same. Thus,
for a Λ-type Lyα dressed-atom laser operating on these two
transitions, and with the two laser beams co-propagating along
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a solar wind ray, the residual two-photon linewidth∆νresD

should be extremely small. One therefore deduces that a condi-
tion of EIT would be easily maintained as the Lyα laser beams
propagate away fromrS along paths coincident with solar wind
rays.

To the authors’ knowledge, no conclusive report exists of
narrow-band Lyα radiation ever having been detected in sym-
biotic stars. (The narrow-band Lyα emissions appearing in the
spectra shown in Sect. 2 are usually identified asgeocoronal
Lyα emissions.) In view of the extensive amount of Lyα-photon
elastic scattering that should be occurring in the far reaches of
the red giant solar wind cloud, and the likelihood that the pres-
ence of some dust here might cause these photons to become
absorbed before they are able to diffuse out of the cloud, the
apparent absence of Lyα emission in symbiotic stars is per-
haps quite understandable. One thus should here inquire what
possibleobservablespectral features might conceivably be pro-
duced by the presence of Lyα dressed-atom laser radiation in
symbiotic stars. For the simple hydrogen model here being
considered, a possible effect to consider would be generation
of Hα dressed-atom laser radiation in a three-level,cascade-
typescheme (Fig. 1). As explained, for example, in Sect. 4 of
S&G I, the presence of Lyα dressed-atom radiation generated
in the manner discussed above would automatically establish
a condition of EIT on the Hα transition. However, from Sect.
3 of the present paper, one also sees that actual pumping of
the dressed-atom Hα laser must occur via SHRS conversion
of broadband incoherent light present in the spectral vicinity
of this transition. There are two spatially separated regions of
the symbiotic star where Hα pumping possibly could occur. (1)
The Hα transition could be pumped nearrS via incoherent Hα
light emerging from the Strömgren sphere. An intense amount
of such light is produced within the Strömgren sphere plasma
by the same basic I/R and EIE mechanisms that generate co-
pious amounts of Lyα light. The bandwidth of this Hα radia-
tion should ideally again be the Doppler width of H atoms at a
temperature corresponding toTe of the plasma. In the present
case, the incoherent Hα bandwidth would be about 1.1 cm−1.
(2) At first glance, it also seems reasonable that the Hα tran-
sition could be pumped by visible continuum light emitted by
the red giant just outside the region of the latter’s surfacethat is
irradiated by the converging Lyα dressed-atom laser beams. It
is therefore instructive to compare the intensities of these two
possible Hα pump sources.

With regard to the first source, we assume the flux of inco-
herent Hα photons crossingrS to be the same as the Lyα flux
generated via I/R, that is,ϕI/R

Hα= 7.8 x 1019 photons cm−2 sec−1.
This is a power of 24 W/cm2 distributed over a 1.1 cm−1 band-
width. To make an estimate of the second source, one needs to
assume a value for the temperature of the red giant. Choosing
Tr = 3000◦K, one finds the red star continuum flux emitted at
its surface in the spectral vicinity of Hα to be roughly 3 x 1016

photons cm−2 sec−1 per cm−1, which is seen to be negligible
compared to the intensity of the first source.

Hydrogen Balmer-α emissionis strongly seen in symbiotic
stars, and its apparent intensity varies greatly with orbital phase
in those systems which are known to be eclipsing. For example,
in Fig. 10 (reproduced from Fig. 5 of Schmutzet al. (1994))

Fig. 10. Hα line profiles at various RV phases in SY Mus. Reproduced
from Fig. 5 of Schmutzet al. (1994).

the Hα emission profile of the eclipsing s-type symbiotic star
SY Muscae is shown as a function of orbital phase. The Hα

intensity is strongest atsuperior conjunction(RV-phase 0.25),
i.e.when the white dwarf is in front of the red giant, with both
stars being in the line-of-sight. At this phase the spectrumis
dominated by two relatively narrow components, whose peaks
are separated by approximately 5 cm−1. At a velocity roughly
–100 km/sec relative to the systemic rest frame, an additional
peak of much smaller intensity is seen to be present. With
further advances in phase, the Hα-emission equivalent width
steadily decreases, until a value near zero is reached atinferior
conjunction(RV-phase 0.75),i.e. when the white dwarf is fully
eclipsed by the red giant. (No measurements at RV-phase 0.75
are actually shown in Fig. 10. However, in Fig. 6 of Munari
(1993) the Hα equivalent width in another eclipsing symbi-
otic star, EG And, is plotted for closely spaced phase changes
throughout the complete orbiting cycle. The equivalent width
again displays a maximum at superior conjunction, and a near
zero minimum at inferior conjunction. The evolution of the Hα
spectral profile along the orbiting cycle of EG And, shown in
Fig. 4 of Munari (1993), is generally similar to the one for SY
Mus shown in Fig. 10.)
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Schmutzet al. (1994) make no attempt to provide a con-
vincing explanation for the puzzling line profile variations of
Hα shown in Fig. 10. At this stage, we are only able to offer a
totally speculative and non-rigorous interpretation of this same
data, the basis of this interpretation again being the hypothesis
that a significant part of the observed Hα emission might rep-
resent dressed-atom laser light. With regard to thespecifichy-
drogen symbiotic star model we have here been studying, let us
first of all consider what one would expect to see ifnodressed-
atom laser light were present. All the observed Hα light would
then have to be generated via either I/R or EIE occurring within
the Strömgren sphere plasma. In this case, one should observe
basically the same Hα intensity during all phases of the orbiting
cycle where the view of the entire Strömgren sphere remains
unobstructed by the red giant. Assuming that the flow pattern
of the 10 km/sec solar wind emanating radially outwards from
the red giant remains the same within the Strömgren sphere,
the peak of the Hα emission at superior conjunction would ap-
pear blueshifted by 10 km/sec from its position atquadrature
(RV-phases 0 and 0.5). (A symbiotic star is viewed at quadra-
ture when the line-of-sight to the system makes an angle of 90◦

with its axis.) There would seem to be no simple explanation
for an apparent 5 cm−1 splitting at superior conjunction or at
any other phase. It would also be difficult to account for the
considerable spectral width variations that occur with changes
in orbital phase,e.g. the fact that the width of the redshifted
peak roughly doubles in going from superior conjunction to
quadrature.

In attempting to interpret the data in Fig. 10 by postulating
the existence of Hα dressed-atom laser emission in the pure
hydrogen symbiotic star model, it is most natural to assume
that the splitting of the main peaks seen at superior conjunction
represents the frequency difference between an Hα laser beam
propagating away from the red giant along a solar wind ray,
and one that propagates towards the cool star. For the assumed
10 km/sec solar wind velocity in the model, the splitting be-
tween the peaks should be about 1 cm−1. This would imply that
the solar wind velocity in SY Mus must actually be about 50
km/sec. One can easily understand why the blueshifted peak is
strongly present at superior conjuction. This is because anHα
laser beam originating atrS and propagating away from both
rS and the red giant would have to be Doppler blueshifted from
the system RV by 0.5 cm−1. We will shortly below propose an
explanation for the much smaller blueshifted peak seen at su-
perior conjunction in Fig. 10 at≈ -100 km/sec.

The real difficulty here is to account for the even stronger
redshifted peak that is seen at superior conjunction. One can
of course logically assume that there would be Hα laser beams
originating at the surface of the Strömgren sphere facing the red
giant and propagating towards the latter along the same direc-
tions it was earlier conjectured that the Lyα laser beams would
follow. These would be Doppler downshifted from the system
RV by 0.5 cm−1, but would be undetectable at superior con-
juction or at any other phase, since they would be intercepted
by the red giant surface, if indeed they were able to propagate
that far (vide infra). It appears that the only possible way out
of this impasse is to assume that Hα dressed-atom laser beams
that propagateaway from the red giant can also be generated

near the same Strömgren sphere surface thatfacesthe red giant.
One would thus have counter-propagatingLyα and Hα dressed-
atom laser beams in the vicinity of this surface. Paradoxically
enough, although such Hα laser beams would be moving in the
direction of the solar wind, they would still be Dopplerdown-
shiftedby 0.5 cm−1 from the system RV, due to the presence of
the intense counter-propagating Lyα laser radiation that plays
the dominant role in “dressing” the hydrogen atoms. These red-
shifted Hα laser beams would then pass without attenuation
through the Strömgren sphere and would thus in principle be
directly detectable at superior conjunction.

To understand other features of the spectra shown in
Fig. 10, one must consider some additional properties a
cascade-type, dressed-atom laser would have. Reference was
earlier made to that part of Sect. 3 in which the absorption
spectrum of a resonantly driven, three-level, cascade-type atom
is discussed. In that section, it is explained that if the Rabi fre-
quencies of the two applied monochromatic beams are such
thatω′1 � ω1, thenall linear absorption by the dressed atom
occurs via an intense doublet whose components are symmet-
rically offset fromω′o by (one-half) the generalized Rabi fre-
quencyΩ1. That is, in the spectral vicinity ofωo the atom
would be totally non-absorbing. This was the basis of the state-
ment made earlier that gain for an Hα cascade-type dressed-
atom laser can result only from the presence of pump light ex-
isting in the spectral vicinity of this transition. In CT&R,the
fluorescence spectrum of resonantly driven cascade-type atoms
is also considered. For the same caseω′1 � ω1 it is shown that
theintensityof each fluorescent component aboutω′o is reduced
by the factor (ω′1/ω1)2. Thus, although Hα fluorescent emission
apparently has to accompany the propagation of Hα dressed-
atom laser beams in our symbiotic star model, the amount of
such fluorescence generated would be greatly reduced if the
Lyα laser beam intensity were at every point in the symbi-
otic star very much greater than that of the co-propagating (or
counter-propagating) Hα laser beam at the same point. We as-
sume this to be the case in the model.

Let us now consider what in principle should happen any-
where just outside the Strömgren sphere surfacerS where Hα
dressed-atom laser light starts to become generated via SHRS.
While its intensity is still very low, an Hα laser beam can prop-
agate without being significantly attenuated along a solar wind
ray a certain distance away fromrS. However, as the laser in-
tensity increases to somewhat higher levels, Hα dressed-atom
fluorescence will begin to occur, removing photons from the
laser beam. This fluorescence would be isotropically emitted
in all directions. In the rest frame of a dressed atom emitting
such a fluorescent photon, the wavelength of the latter would
be that of the laser beam driving the transition. However, as
the fluorescent photon leaves the atom where it is generated,
its wavelength will be Doppler shifted from that of the driving
laser as a result of the relative motion of the atom with respect
to the symbiotic star rest frame. Thus, for example, the dressed-
atom fluorescence which would be produced by the 0.5-cm−1-
blueshifted Hα dressed-atom laser beams that propagate away
from the system in the model would theoretically be viewable
at superior conjunction as a separate small band that isaddi-
tionally blueshifted by 0.5 cm−1 from the already blueshifted
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Hα dressed-atom laser beams. This is our current interpretation
of the small emission band seen at≈ -100 km/sec at superior
conjunction phase in SY Mus.

There is an inherent left-right asymmetry in the nonlin-
ear model here being proposed which can possibly account for
the following prominent feature of Fig. 10. In this figure, itis
seen that at quadrature the redshifted emission is considerably
stronger than the blueshifted emission. According to the model,
all emission seen at quadrature must represent dressed-atom
fluorescence. This is because the propagation directions ofall
Hα laser beams which potentially can be viewed directly would
be confined within a cone which just subtends the Strömgren
sphere and whose vertex is at the center of the red giant. Thus,
for example, it is consistent with the model that in the top spec-
trum of Fig. 10 the red emission peaks at roughly the same
wavelength that it does in the second and third spectra from the
top. In each of the latter two spectra, the redshifted Hα emis-
sion largely represents laser emission. In the top spectrumit
represents Hα dressed-atom fluorescence, which, as will be ex-
plained shortly, should mostly originate in a region that isrela-
tively close to the area on the red giant surface that is irradiated
by the converging rays of Lyα dressed-atom laser radiation. At
quadrature, this fluorescence would be observed to have a peak
coincident with that of all Hα laser radiation propagating in this
region. It would not be subject to additional Doppler redshift-
ing or blueshifting by the motion of the solar wind, since the
latter occurs primarily at right angles to the line-of-sight.

The reason why more redshifted than blueshifted light is
seen at quadrature has to do with the left-right asymmetry in
the model. As the diverging blueshifted Hα laser beams prop-
agate away fromrS, they become less intense, and so there is
less dressed-atom fluorescence that is produced. However, the
intensities of redshifted Hα laser beams propagating away from
rS towards the red giant are increased by the fact that these
beams, following the Lyα laser paths, would tend to converge
upon the red giant surface. However, as explained above, this
would greatly increase the production rate of dressed-atomflu-
orescence. Some of the fluorescent photons created would be
reabsorbed almost “on the spot” via SHRS-induced intensifica-
tion of Hα laser beams propagating in one or both directions in
the same spatial region where the photons are produced. This
laser beam intensification would in turn lead to more dressed-
atom fluorescence being produced, and so on. The above sce-
nario somewhat hints that the density of Hα fluorescent pho-
tons emitted by dressed atoms might become significantly en-
hanced in a region that is not too far from the red giant via a
form of photon trapping that superficially resembles that which
is involved in the classical study of redistribution, in angle and
frequency, of photons scattered between bound atomic states.
In the case of dressed-atom fluorescence, the photons created
are always produced with a Doppler frequency distribution that
is centered at the wavelength of the dressed-atom laser driving
the system. This would thus best correspond to the approxi-
mation ofcomplete redistributionthat is often made in classi-
cal studies of scattering by two-level atoms. However, there is
one apparent difference that would exist between the photon-
density-enhancing mechanisms in each case. In elastic scatter-
ing by two-level atoms, the photon density in a given region can

be enhanced only via diffusional flow of photons from a region
of higher photon density. By contrast, in the process by which
the density of dressed-atom fluorescent photons could poten-
tially become enhanced, the photons are initially transported to
the region where the enhancement occurs via the dressed-atom
laser beam. We have not performed any real calculations that
would indicate the expected magnitude of such Hα dressed-
atom fluorescence trapping in the pure hydrogen symbiotic star
model. Nonetheless, we here end our discussion of this model
by qualitatively outlining a likely steady-state scenariofor this
effect.

Just outside the surface ofrS that faces the red giant,
redshifted Hα laser beams both co-propagate and counter-
propagate along the directions of redshifted Lyα laser beams.
(It is assumed that there are no blueshifted Lyα laser beams
present in this region of the symbiotic star.) The co-propagating
Hα laser beams eventually terminate in a relatively high den-
sity cloud of Hα fluorescent photons localized both within the
truncated cone of Lyα laser radiation and relatively close to the
red giant surface. The co-propagating Hα laser beams never
reach the latter. A large fraction of the Hα fluorescent photons
escape from the cloud and are seen, for example, as the red-
shifted emission at quadrature. The linewidth of this emission
represents the Doppler width∆νD of H atoms in the solar wind.
Those Hα fluorescent photons in the cloud that do not escape
are absorbed via SHRS pumping of counter-propagating Hα

laser beams. The latter escape the system by passing through
the Strömgren sphere and are seen at superior conjunction.

In trying to make ana priori determination of the salient
photonic properties of a pure hydrogen symbiotic star, we have
not attempted to vary any parameters. Had the red giant solar
wind velocity, for example, been chosen to be five times greater
(which would have allowed a more realistic comparison with
Fig. 10), the size of the Strömgren sphere would have become
much larger, and the left-right asymmetry in the model would
have correspondingly increased. The latter in turn would have
produced a larger ratio of redshifted to blueshifted intensities in
the model. It should also be noted that the postulated existence
of Hα cascade-type dressed-atom laser beams in our symbiotic
star model actually involves afour-levelatomic scheme (one
Hα frequency, two Lyα frequencies), and therefore, strictly
speaking, may not allow analysis to be made on the basis of the
ideal three-level-atom cascade scheme discussed in Sect. 3. We
have really included the basically simple material of the present
section mostly to illustrate that the concept of a dressed-atom
laser existing in a symbiotic star cannot automatically be dis-
missed simply on the basis of a widespread belief that esti-
mates of nonlinearly induced optical gain in these space objects
would necessarily always yield values that fall far short ofwhat
would be required for such laser action to occur.

The reader is here reminded that in the astron-
omy/astrophysics literature one particular nonlinear optical
scattering processis often postulated to occur near bright space
objects. This is stimulated (or induced) Compton scattering
(SCS). Although the unit scattering event in SCS is simply
the well known effect of Compton scattering by an electron,
it is widely assumed that the rate of occurrence of such events
becomes enormously enhanced when the scattering ceases to
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be purely linear and becomes stimulated. Thus, for example,
Eq.(1) of Wilson (1982) expresses the probabilityp per unit
time of scattering a photon from a state with wavevectork to
another state with wavevectork1 as:

p = n(1+ n1)

{

1
2

r2
e

(

1+ cos2 φ
)

δ

(

ω1 − ω + ∆ω
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. (12)

In this equation, the first two factors give the dependence ofthe
scattering rate on the radiation intensities. The probability of
destroying a photon in the initial state is proportional ton, the
photon occupation number of that state, while the probability
of creating a photon in the new state is proportional to (1+ n1),
with n1 the occupation number in the new state. Compton scat-
tering is a two-photon process, and the rate of power transfer in
SCS from the primary beam to the secondary beam is propor-
tional to the intensity product of the two beams. Hyper-Raman
scattering is a three-photon process, and the rate of power trans-
fer in SHRS from the two primary beams (i.e. the continuum
beams) to the secondary beam is proportional to the intensity
product of all three beams.

2.2. Could dressed-atom laser emission also occur on
the C IV, N V, or O VI FUV doublet transitions in
symbiotic stars?

For the pure hydrogen symbiotic star model of Sect. 2.1, it was
shown that a sufficiently high rate of pumping for Lyα dressed-
atom laser emission to occur could theoretically be achieved
via SHRS conversion of incoherent Lyα light emerging from
the Strömgren sphere. In order to examine whether dressed-
atom laser emission could in principle also occur in symbiotic
stars on the C IV, N V, or O VI FUV doublet transitions, one
needs to have an approximate idea of how the nebular structure
of the pure hydrogen symbiotic star model of Sect. 2.1 would
be changed by allowing all other elements to be present in the
red giant solar wind at densities corresponding to their cos-
mic abundance ratios. This would imply, for example, that the
carbon atom (or ion, depending upon distance to the hot star)
number density is everywhere≈ 3.3 x 10−4 times that for the H
atoms (H+ ions). A number of such ionization structure calcula-
tions were performed several years ago, when models for plan-
etary nebulae were being developed (e.g. Fig. 2.6 of Osterbrock
1974; Figs. 3-5 of Hayes and Nussbaumer 1986). In a typi-
cal model for a planetary nebula, a centrally located blackbody
radiation source with properties closely resembling thoseof a
white dwarf in a symbiotic star system is assumed to be the
ionizing source of a radiation bounded nebular shell of constant
hydrogen density n(H)= n(H II) + n(H I). Such models have an
inner radiusr i − i.e. a region of empty space is assumed to exist
between the radiating source and the surrounding nebular shell.
By contrast, in a symbiotic star the nebula which surrounds the
hot star is contiguous with the latter. Despite this difference, we
will here assume that results obtained for the ionization struc-
tures of planetary nebulae can also be utilized in the analysis of
symbiotic stars.

We now focus specifically on the C IV doublet. In Fig. 3
of Hayes and Nussbaumer (1986), the ionization fractions for
C are plotted as a function of distance from the inner radiusr i

of a planetary nebula ionized by a hot star of temperature T=
200,000◦K. From this figure one immediately sees that, even
with a hot star temperature twice that assumed in the model
of Sect. 2.1,no carbon ions more highly ionized than C V can
be produced. The C V ion density is totally dominant within a
spherical shell extending fromr i to roughly half the distance to
the H I/H II interface. In the outer half of the ionized shell, the
C IV ion density is dominant. The C IV/C V interface appears
comparatively sharp. In incorporating the ionization fractions
displayed in Fig. 3 of Hayes and Nussbaumer (1986) into the
symbiotic star model of Sect. 2.1, we will assume the C IV/C V
interface to occur in the latter at roughly one-tenth the hydro-
gen Strömgren sphere radiusrS, since a cooler radiation source
implies a smaller C V region. At all radial distances less than
that of the C IV/C V interface, C V ions would be constantly
recombining with electrons, producing light at the C IV dou-
blet transitions. However, the total C IV photon generationrate
resulting from C V recombinations cannot exceed the rate at
which the hot star emits C IV-ionizing photons, which for the
parameters assumed in the model is roughly only two percent
of the rate at which the same star emits H-atom-ionizing pho-
tons. Thus in Eq. (9), the value of the productnH I2

p alone would
be smaller in the case of C IV ions than the value estimated in
Sect. 2.1 for H atoms by an amount that is at least equal to (3.3
x 10−4) x (0.02)2 x (100)2 ≈ 1.3 x 10−3. This by itself would
seem to rule out the possibility that dressed-atom laser emis-
sion could occur on the C IV, N V, or O VI FUV doublet tran-
sitions in symbiotic stars in a scheme that is exactly analogous
to the one that was shown in Sect. 2.1 to be highly favorable
for lasing on the H-atom Lyα transition.

Let us now consider the rate at which C IV ions would
be excited to produce photons at the doublet transitions as
a result of EIE. For simplicity, we now assume C IV to be
the dominant carbon species throughout the entire hydrogen
Strömgren sphere. Then the total rateρEIE

CIV at which elec-
trons located throughout the entire volume of the hydrogen
Strömgren sphere produce photons at the C IV doublet tran-
sitions through collisions with C IV ions existing in the plasma
is approximately given by the following expression:

ρEIE
CIV =
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wherenCIV ≈ (3.3 x 10−4 ) x (1.2 x 1010) ≈ 4 x 106 cm−3 is the
C IV density everywhere within the Strömgren sphere,σCIV

e
is the cross-section for electron impact excitation of C IV ions
to the 2p 2P1/2,3/2 states, and the other quantities are the same
as in Eq. (7). We again approximate the value ofσCIV

e by πa2
o.

The net result is that 5.3 x 1047 C IV photons are generated
per second by EIE throughout the whole hydrogen Strömgren
sphere. Thus the flux of C IV photons crossingrS is about 6.3 x
1020 cm−2 sec−1, representing an optical power of 809 W/cm2.
Interestingly enough, the optical power of this incoherentC IV
line radiation is seen to be about six times greater than thatof
the incoherent Lyα radiation escaping the Strömgren sphere as
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calculated in Sect. 2.1. This suggests that it is probably worth
estimating if enough optical gain exists for C IV dressed-atom
laser emission to occur in a path length∼ rS lying wholly
within the Strömgren sphere. The pumping process would here
again be SHRS, with the pump light itself being the C IV fluo-
rescence generated by EIE,i.e. the quantity whose total rate of
generation within the Strömgren sphere was calculated above
in Eq. (13). As was the case in Sect. 2.1, it is here perhaps
conceptually easiest first to assume that the laser light would
originate near the hot star and would then become amplified
while propagating outwards along the Strömgren sphere radii.
Later, just as was eventually done in Sect. 2.1, one might at-
tempt to refine the model by considering what would be the
most favored laser beam propagation paths. Such an analysis
will be given below. First, however, it is of interest to compare
the 809 W/cm2 figure for the C IV fluorescence intensity at
the Strömgren sphere surface deduced above ina priori fash-
ion with estimates of the same quantity that can be made via
examination of spectra such as the one shown in Fig. 2.

When one views the spectrum of Fig. 2 at high amplifier
gain, one sees that the average intensity of the background con-
tinuum emitted by the hot star between 1500 Å and 1600 Å that
was recorded at the position of the detector is about 2 x 10−13

ergs cm−2 sec−1 Å−1. One can roughly estimate what the ac-
tual continuum intensity should be at a distancerS = 8.16 x
1012 cm from the hot star as follows. The hot star in Fig. 2 is
the white dwarf in RR Tel, which has been recently estimated
(see Nussbaumer and Dunn 1997) to have a temperature T=

140,000◦K and a radiusRh = 0.105R�. Therefore, at the hot
star surface, and in the spectral vicinity of 1550 Å, the emit-
ted continuum intensity should be about 4.55 x 1011 ergs cm−2

sec−1Å−1. At a distancerS from the hot star, the corresponding
intensity would be 3.65 x 105 ergs cm−2 sec−1 Å−1. It thus fol-
lows that the intensities shown in Fig. 2 must be multiplied by
roughly 1.82 x 1018 to get the values that would correspond to
the intensities present at a distancerS from the hot star. From
Fig. 2 one would thus infer, for example, that at a distancerS

from the hot star, the intensity of the 1548-Å C IV doublet com-
ponent would be about 11.4 W/cm2, which is roughly 70 times
less than the 809 W/cm2 value calculated earlier as the C IV in-
tensity crossingrS that theoretically results from EIE alone. In
principle, there could be many possible reasons for this discrep-
ancy. For example, via the linear absorption and scatteringpro-
cesses responsible for interstellar reddening, roughly half the
light emitted from RR Tel in the vicinity of 1550 Å would be
undetectable from our solar system, since the value of EB−V to-
wards the former object is known to be about 0.08 (Jordanet al.
1994). Also, in the continuing discussion of C IV dressed-atom
laser emission to be given below, a specific reason is suggested
for the C IV emission intensity in a symbiotic star viewed at
quadrature being notably less than when the system is viewed
at superior conjunction. The orbiting plane of RR Tel is known
to be close to the plane of the sky. Therefore, this object is al-
ways viewed at quadrature.

Let us now roughly estimate what would be the optical gain
for a C IV dressed-atom laser beam propagating a distancerS

outwards from the hot star along a Strömgren sphere radius.
We assume that the available SHRS pump power at radiusr

is I p(r) = 809 (r/rS) W/cm2. Then, in propagating a distance
rS outwards from the hot star, the C IV laser beam intensity
should be amplified by an amounteΣ, where

Σ = (3.5x10−8)
nCIVωCIV(809)2

nHωo(136)2

∫ rS

0
(r/rS)2dr. (14)

Equation (14) follows from a comparison with the Lyα laser
gain calculated in Sect. 2.1 via Eq. (9). The values of the pa-
rameters∆, Γ, andµ are here taken to be the same as in the
Lyα case. The net result is thatΣ = 8.7, so that the C IV laser
beam intensity would theoretically be amplified 6,090 timesin
propagating radially outwards from the hot star a length equal
to rS. Although the calculated laser gain in the case of C IV is
not as high as that for Lyα (mainly because of the difference
in densities), we assume that it is sufficient for dressed-atom
C IV laser emission to occur in the symbiotic star here being
modeled.

However, just as was done in Sect. 2.1, one should now
consider what would be the most favored propagation direc-
tions for C IV lasing. It seems intuitively obvious that these
again should coincide with the rays along which the red giant
solar wind propagates. One would again expect there to be C
IV laser beams propagating along these rays in two directions –
towards and away from the red giant. The former would again
converge to a spot on the red giant, being attenuated only via
Rayleigh scattering by the H atoms in the solar wind (vide in-
fra). The latter would propagate away from the symbiotic star
system in a divergent pattern determined by the cone of so-
lar wind rays in which the laser emission occurs. The dressed-
atom laser beams propagating towards the red giant would be
Doppler downshifted by the solar wind velocity. Those prop-
agating in the other direction would be Doppler upshifted an
equal amount. The cone defined by the C IV laser beams should
be much narrower than in the Lyα case. This results from the
fact that the C IV laser gain should be much higher for propa-
gation directions that pass close to the hot star. For example, a
C IV laser beam that just grazes the white dwarf would theo-
retically be amplified by an amount equal to (6,090) x (6,090)
≈ 37 x 106 in traversing from one side of the Strömgren sphere
to the other, according to the calculation given above. On the
other hand, a laser beam propagating in a direction that makes a
tangent to the Strömgren sphere surface would experience zero
optical gain. In the case of the Lyα laser beams discussed in
Sect. 2.1, there would be very little difference in gain in these
two directions.

Associated with the above scenario are some potentially se-
rious conceptual difficulties, ones which we are unable to re-
solve satisfactorily at the present time. The two C IV dressed-
atom laser beams (i.e. one for each of the2P3/2,1/2 ⇔ 2S1/2

doublet components) which propagate away from the red giant
along a given solar wind ray are assumed to have roughly the
same intensities within the Strömgren sphere as the two corre-
sponding beams which propagate towards the red giant. Since
the frequencies of the former beams are Doppler upshifted by
the solar wind velocity, while those of the latter are Doppler
downshifted an equal amount, what actually would here con-
stitute the “dressed-atom” frequencies remains unclear, since
the latter would depend upon which propagation direction one
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is considering. In principle, one can try to circumvent thisdif-
ficulty by conceptually dividing the total C IV ion population
into two separate categories – one category comprising those
ions that strongly interact resonantly with dressed-atom laser
beams propagating in one direction, the other comprising ions
that are resonant with beams propagating in the reverse di-
rection. Such a seemingly artificial division of the C IV ion
population into two separate categories is at least consistent
with the tenuous nature of the solar wind cloud assumed in the
model, which makes the collisional rate of C IV ions – even
with protons and electrons - small compared to the rates of
photonic processes. Another problem with the C IV dressed-
atom-laser scenario of the present section is that it involves a
V-type system, which in general allows dressed-atom fluores-
cence to occur (Sect. 3). In this connection, it should be noted
that Narducciet al. (1990) have madeexactcalculations of the
spontaneous emission and absorption properties of a drivenV-
type three-level system, and have shown that under certain con-
ditions, depending upon the relative Rabi frequencies of the
two driving laser beams, it is possible to reduce greatlyboth
the linewidth and integrated intensity of the (five) fluorescent
components surrounding each doublet transition. We are un-
aware how one should transfer results of these calculationsto
the complex situation represented by the C IV laser scenario.
Relevant also to this problem of C IV dressed-atom fluores-
cence is the effect that was considered in the discussion of Hα
dressed-atom laser emission in Sect. 2.1, namely, that suchflu-
orescence should in principle be partly recyclable via SHRS
re-pumping of the dressed-atom laser beams.

In the above scenario, the C IV dressed-atom laser radi-
ation pattern forms a narrow cone whose axis is that of the
symbiotic star and whose vertex is at the center of the red gi-
ant. According to this model, maximum C IV doublet radiation
should be detected at superior conjunction in eclipsing symbi-
otic stars. At this phase, most of the doublet emission should
appear blueshifted, unlike the case of the Hα emission shown
in Fig. 10 where the strongest component is redshifted. For a
symbiotic star with parameters roughly the same as those as-
sumed for the model in Sect. 2.1, one would expect a relatively
narrow cone of laser radiation to be produced. On the other
hand, if the parameterX in Eq. (4) were larger, so that the ion-
ized hydrogen nebular region were more like the one shown
in the middle panel of Fig. 5, for example, the vertex angle
of the C IV doublet emission radiation cone would be much
larger. All this indicates that it would be of enormous benefit in
evaluating this and other models to have available unsaturated,
high signal-to-noise, spectral data showing exactly how the C
IV emission doublet varies with phase in an eclipsing symbi-
otic star such as SY Muscae. In essence, it would be desirable
to have access to C IV spectral data which would be the equiv-
alent of the Hα data shown in Fig. 10.

It was mentioned earlier in the present section that, accord-
ing to the C IV doublet emission model here being proposed,
less intensity should be seen at quadrature than at superior
conjunction. At quadrature, one is only able to detect fluores-
cence. If dressed-atom laser emission were completely absent
in the model symbiotic star system, then the fluorescence seen
at quadrature would correspond to the 809 W/cm2 value calcu-

lated to be the intensity atrS resulting from EIE. However, if
dressed-atom laser emission were present, it is likely thatin the
volume of the Strömgren sphere that is occupied by the trun-
cated cone of dressed-atom laser radiation, a large part of the
EIE-produced fluorescence would be converted into dressed-
atom laser radiation and would be transported out of the sys-
tem. At quadrature, one would then mostly see EIE-generated
fluorescence which is produced outside the volume through
which the laser beams pass.

There is one particular striking spectrum that can be given a
reasonable interpretation if a scenario analogous to the one pre-
sented above for C IV dressed-atom laser emission is assumed
to hold when strong emission occurs in symbiotic stars on the
1032 Å, 1038 Å doublet of O VI ions. It is well known (see,
for example, Schmidet al. 1999) that the presence of such O
VI FUV doublet emission in symbiotic stars produces strong
emission bands at≈ 6825 Å and at≈ 7085 Å via spontaneous
Raman scattering by H atoms in the red giant solar wind. A
recent visible spectrum of RR Tel that includes these emis-
sions is shown in Fig. 11. By assuming a solar wind velocity
of 60 km/sec, one calculates that in RR Tel there should be
present a Raman emission band whose peak as seen from the
vicinity of the Sun would occur at≈ 6822 Å. This band would
be produced by the interaction of the outgoing (i.e. upshifted)
λ1032 O VI dressed-atom-laser beams with solar wind H atoms
present in the vicinity of that portion of the Strömgren sphere
surface that is most remote from the red giant. In calculating
the above Raman wavelength, we used the generally accepted
–62 km/sec value for the RR Tel-Sun relative velocity. For the
value ofν1032, we used 96,907.5 cm−1 (Moore 1971). With the
same 60 km/sec solar wind velocity, one calculates that there
should also be a Raman band whose wavelength seen from the
Sun would be at≈ 6825 Å. This would be produced by down-
shifted O VI dressed-atom laser beams propagating towards
the red giant surface and interacting with solar wind H atoms
present near the Strömgren sphere surface closest to the red gi-
ant. However, in some cases there would also be a third source
of Raman emission. This would be the Raman scattering of
the downshifted O VI dressed-atom laser beams that occurs as
these beams converge upon a spot on the red giant surface -i.e.
this would be Raman scattering by atoms present in thepho-
tosphereof the latter. The peak wavelength for this emission
when viewed from the Sun would be≈ 6832 Å. On the basis
of these three calculated wavelengths, one can roughly account
for the shape of theλ′′6825′′ band in Fig. 11. However, with
the parameters that were chosen for the pure hydrogen symbi-
otic star model in Sect. 2.1, one should theoretically be unable
to observe Raman emission arising from photospheric scatter-
ing in the red giant. This is because the Raman and Rayleigh
cross-sections for excitation by light at 1032 Å are (Lee & Lee
1997)σRam(1032)= 7.5σT, σRay(1032)= 34σT, whereσT =

6.6 x 10−25 cm2 is the Thomson scattering cross-section. In the
model of Sect. 2.1, the dressed-atom laser light would there-
fore be attenuated by roughly a million times in propagating
from the Strömgren sphere surface nearest the red giant to the
latter. On the other hand, if the hydrogen atom density in the
solar wind were, for example, 107cm−3, almost 99 percent of
the laser beam intensity would reach the red giant. This would
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Fig. 11. RR Tel and CD-43◦14304 high resolution spectra recorded near the broad Ramanscattered O VI lines at≈ 6825 Å and≈ 7082 Å. The
strong, narrow emission lines are due to [Ar V]λ7005 and He Iλ7065. Reproduced from Fig. 9 of Schmidet al. (1999).

imply that the hydrogen density in RR Tel must be much less
than that which was assumed in the model of Sect. 2.1.

Thus far in Sect. 2, it has been assumed that the nonlin-
ear photonic process SHRS is the basic physical mechanism by
which photons at the dressed-atom laser frequencies are gen-
erated in symbiotic stars, with the pump power being narrow-
band fluorescence produced via either I/R or EIE. For three
main reasons, a coherently phased, dressed-atom gas is the
ideal “acceptor” for photons “donated” via the SHRS process.
(1) The dressed-atom gas allows all photons added to the laser
beams via SHRS to propagate freely through space without at-
tenuation (EIT). (2) The structure of the dressed-atom gas al-
lows the SHRS pumping process to continue without reduced
efficiency as the laser intensity level is increased,i.e. it pre-
vents saturation of the pumping process from occurring. (3)
Although SHRS can only efficiently convert incoherent pump
light into coherent dressed-atom laser light when the frequen-
cies of the former and the latter are very close together, the
strong fluorescence that results from I/R or EIE is spectrally
distributed in an optimal manner to allow this conversion tooc-
cur. All these effects only increase the likelihood that dressed-
atom lasers are actually present in symbiotic stars. The three
above statements also have interesting implications for the pos-
sible realization of a laboratory dressed-atom laser that would
operate on almost exactly the same principles as those forming
the basis for dressed-atom laser emission on FUV doublet tran-
sitions in symbiotic stars in the hypothesized scenario that has
here been presented.

2.3. Stimulated radiation pressure scattering (SRPS):
a nonlinear photonic process that could possibly
be occurring in some symbiotic stars

In a fewsymbiotic stars, it has been observed that, around each
component of the C IV (sometimes also N V) emission dou-
blet, there occurs almost total absorption of the background
continuum level in a comparatively narrow spectral region that
is blueshifted from the associated resonance line by a small
amount. A good example of a symbiotic star possessing such

Fig. 12. GHRS spectrum of EG And. Data set:
Z27E0306T downloaded from the MAST Scrapbook
(http://archive.stsci.edu/scrapbook.html).

features is EG And (Fig. 12). At higher amplifier gain (Fig. 13),
one sees that in this particular system there is also a pair of
narrow redshifted absorption lines. In addition, the blueshifted
absorption bands appear to possess a distinct two-component
structure.

Vogel (1993) was the first to propose an interpretation for
the absorption structure that could be seen around the C IV
doublet in EG And spectra that were taken much earlier with
IUE. He suggested that the blueshifted absorption bands rep-
resent what are known as P Cygni profiles, and he therefore
concluded that the hot white dwarf in EG And loses material
through its own fast, separate, solar wind. A similar conclusion
was reached by Nussbaumeret al.(1995) for the symbiotic star
AG Peg, again on the basis of blueshifted absorption bands ap-
pearing adjacent to FUV doublet emission lines. In the case of
AG Peg, the blueshifted absorption structure occurred around
the N V doublet.
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P Cygni profiles of select ion resonances (e.g.C IV λλ1548,
1551; Si IVλλ1394, 1403; Al IIIλλ1855, 1863) are often the
dominant features in the FUV spectra of O-type (Walbornet al.
1985) and B-type (Walbornet al. 1985) stars. From Doppler-
shift-based analyses of such profiles, astronomers have inferred
that the corresponding ions are strongly accelerated radially
away from the stars, reaching in some cases terminal veloci-
ties on the order of 1000 km/sec. As noted in Cassinelli (1979),
current stellar wind theories fall into three broad classes: radia-
tive models, coronal models, and hybrid models. In radiative
models, transfer of photon momentum to the gas is assumed to
occur through the opacity of the many strong FUV resonance
lines that are present. Increased acceleration is believedto re-
sult from the progressive Doppler shifting of the line opacity
into the unattenuated photospheric radiation field. The stellar
wind in existing radiative models is thus assumed to be driven
by a purelylinear effect, commonly known asradiation pres-
sure.

In a textbook description of an ideal P Cygni profile, the
star’s continuum light in a spectral region that is blueshifted
with respect to the atom or ion resonance line is heavily ab-
sorbed. In a classic P Cygni profile, there also arises above the
continuum level an emission peak which is roughly centered at
the resonance line, but extends somewhat to both shorter and
longer wavelengths from it. According to the standard model,
the blueshifted absorption feature represents the effect of lin-
ear absorption by accelerated ions moving towards us in the
line-of-sight. The broadened emission peak represents thenet
fluorescence the viewer would see arising from electronically
excited, accelerated ions moving in all directions away from
the star. In applying the standard P Cygni model to explain the
profile seen in Fig. 13, one would naturally assume that the flu-
orescence of the accelerated C IV ions occurs as a result of EIE.
This would imply, for example, thatsomeof the background
emission seen in the immediate vicinity of the two sharp red-
shifted absorption lines in Fig. 13 might represent EIE-induced
fluorescence offully acceleratedC IV ions traveling directly
away from us. In symbiotic stars, one should easily be able
to see such fluorescence, because the white dwarf radius is
so small. In O- and B-type stars possessing P Cygni profiles,
such fluorescence would tend to be blocked from an observer’s
view by the star itself. For definiteness, we here now assume
that some of the emission intensity occurring in the immedi-
ate vicinity of the two sharp redshifted absorptions in Fig.13
represents EIE-induced fluorescence of fully accelerated CIV
ions moving directly away from us. The ions emitting this fluo-
rescence would all be located on the “other side” of the hot star
from us. In principle, they could be as far away from the hot
star as the Strömgren radiusrS. It then seems logical to assume
that thetwo redshifted absorption lines themselves must result
from linear absorption of EIE-induced fluorescence originat-
ing in the hot star hemisphere farthest from us by fully acceler-
ated C IV ions moving away from us in the same hemisphere.
On the basis of this hypothesis, one should be able to deduce
directly from Fig. 13 the value of the terminal radial velocity
attained by the accelerated C IV ions in EG And. The peak of
the2P1/2 ⇔ 2S1/2 emission in Figs. 12 and 13 occurs at about
1550.3 Å. The associated redshifted absorption occurs at about

Fig. 13. Higher gain version of spectrum shown in Fig. 12.

1550.68 Å. Therefore, the terminal radial velocity of the C IV
ions should be≈ 73.5 km/sec.

Let us now consider the blueshifted absorptions appear-
ing in Fig. 13. From this figure one sees that maximum ab-
sorption of the most blueshifted of the two distinctly separate
components that together comprise the entire blueshifted re-
gion of absorption associated with the2P1/2 ⇔ 2S1/2 transi-
tion occurs approximately at 1549.5 Å. In the standard P Cygni
model, this wavelength should correspond to Doppler shifted
absorption by fully accelerated C IV ions moving towards us.
However, the deduced terminal radial velocity of the C IV ions
is here 154.9 km/sec, which is slightly more than twice the
value deduced in the previous paragraph. Interestingly enough,
if one were to assume that the other component which con-
tributes to the blueshifted absorption region associated with the
2P1/2 ⇔ 2S1/2 transition corresponds to the Doppler shifted
absorption of fully accelerated C IV ions, then one would cal-
culate a terminal velocity consistent with the value obtained
earlier. The above mentioned other component maximally ab-
sorbs around 1549.9 Å, which would correspond to a terminal
C IV velocity of ≈ 77 km/sec. Thus a serious inconsistency
appears when one tries to interpret the blueshifted absorption
components seen in Figs. 12 and 13 on the basis of a standard P
Cygni model. In what follows, we shall attempt to resolve this
discrepancy.

A model will now be proposed in which anonlinear pho-
tomechanism both accelerates C IV ions present in the vicin-
ity of the hot star and produces the most blueshifted of the two
components that comprise each blueshifted region of strongab-
sorption in Fig. 13. In this model, the redshifted componentof
each blueshifted region of absorption results from linear ab-
sorption by the accelerated ions, as do also the two sharp ab-
sorption lines appearing on the red wings of the doublet emis-
sion lines. The exact way in which the latter features are formed
was discussed in detail earlier. In this model, the C IV ions that
become accelerated must satisfy two requirements. (1) They
must be positioned relatively close to the hot white dwarf. (2)
They must have initial radial velocities with respect to thewhite
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dwarf that are≥ 0. C IV ions in the red giant solar wind that
satisfy these two requirements all have the potential to become
accelerated.There is no need to assume a separate white dwarf
solar wind in the model.In the model, the C IV ion acceleration
occurs in radial directions away from the white dwarf.

One important feature of the nonlinear photomechanism
to be outlined below is that it would possess a definite pump
power threshold. Only those ion species in a symbiotic star neb-
ula for which this threshold is reached would be acceleratedby
the mechanism, and would therefore contain in their spectrathe
strong blueshifted absorption features seen in EG And. It was
noted above that relatively few symbiotic stars possess these
features. They are completely absent in RR Tel, for example.

The proposed new photomechanism is a stimulated scat-
tering process, somewhat analogous to stimulated vibrational
or rotational Raman scattering, yet different in that it involves
translationalmotion of the scattering particles. Consider a pho-
ton (frequencyν1, wavelengthλ1) from the hot star’s contin-
uum interacting with a C IV ion moving with a velocity whose
radial component away from the white dwarf isv. Assume that
there is also present a light wave (frequencyν2, wavelengthλ2)
propagating in the opposite direction,i.e. towards the hot star.
If the intensityI2 of the light wave atν2 is sufficiently great,
there will exist a definite probability for the following nonlin-
ear scattering event to occur. The photon atν1 will be absorbed,
a photon atν2 will be added to theI2 beam, and the radial ve-
locity of the C IV ion will be increased tov+∆v, with all three
events occurringsimultaneously.

The equations for conservation of both momentum and en-
ergy are easily written down for the proposed scattering pro-
cess. For the former, one has:

h
λ1
+

h
λ2
= mion(∆v), (15)

wheremion is the mass of the C IV ion. The equation for con-
servation of energy is:

hν1 ' hν2 +mionv(∆v). (16)

The functionsν1(r), ν2(r), andv(r) must all vary withr, the
distance from the white dwarf, in such a manner that Eqs. (15)
and (16) are satisfied for all values ofr, even when the above
scattering process becomesstimulated (vide infra).

From Eq. (15), one has that:

∆v ' 2hν
cmion

. (17)

Equation (17) states that the velocity increase∆v occurring in
each scattering event is always the same, that is,∆v is not a
function of r. It depends only on the properties of the ion be-
ing accelerated. For the C IV ion, one has that∆v ' 43 cm/sec.
Although each nonlinear scattering event results only in a mod-
est velocity increase for the ion being accelerated, the rate of
occurrence of such events will be very large in those regionsof
the symbiotic star nebula near the hot star where the ions are
being significantly accelerated, due to the scattering process
becoming stimulated. This is now discussed.

One here envisions a wave atν2 starting at a distance from
the hot star where the C IV ions have achieved their terminal

radial velocities and propagating radially inwards towards the
hot star, experiencing amplification via the nonlinear scatter-
ing process becoming stimulated. In order for the wave atν2
to experience optical gain, its frequency must remain roughly
constant as it propagates inwardly towards the hot star. Forthe
C IV system, there would actually be twoI2 beams, one for
each doublet transition. It then seems most logical that theν2
values would be the actual C IV doublet frequencies. We will
assume this to be the case.

The rate of stimulated scattering events occurring per unit
volume at any distancer from the hot star will be equal
to σ(r)φ2(r)φ1(r)nion(r), whereσ(r) is the resonant nonlinear
scattering cross-section (units cm4sec) and whereφ1(r) is the
continuum flux (photons cm−2 sec−1) effective in pumping the
stimulated scattering process at the distancer. If φ1(r) were
entirely due to blackbody continuum radiation emitted by the
hot star, one would haveφ1(r) = K/r2, where K is a constant.
The flux φ2(r) in the beam(s) atν2 should grow rapidly with
decreasing distancer according to the equation

−dφ2(r)
dr

= σ(r)φ2(r)φ1(r)nion(r). (18)

In this model, it is assumed that a steady state situation holds
everywhere in the symbiotic star nebula. Thus, for example,
the quantitynion(r) is the density of C IV ions at distancer
that have been accelerated to the velocityv(r). Not included in
nion(r) are those C IV ions in the red giant solar wind that have
not been accelerated by the nonlinear scattering process.

From Eqs. (15) and (16), one has

v ' h(ν1 − ν2)
mion(∆ν)

' c(ν1 − ν2)
2ν

. (19)

This equation appears to remove the confusion alluded to ear-
lier related to the presence of two separate components in each
blueshifted region of absorption in Fig. 13. The absorption
band having the greater frequency offset from the resonance
line is entirely due to the nonlinear process. However, Eq. (19)
shows that the terminal velocity value deduced by applying
standard Doppler analysis to this band must be divided by 2
in order to get the correct value.

Computer calculations should show exactly how the quan-
titities v(r) andφ2(r) depend uponr. In performing such a cal-
culation, one would consider both Eq. (18) and the following
equation, which represents the acceleration of the C IV ionsvia
the stimulated scattering process:

v(r)
dv(r)
dr
= σ(r)φ1(r)φ2(r)∆v. (20)

Additionally, there would have to be an equation of continuity
relating the quantity 4πr2nion(r)v(r) to that fraction of the C IV
red giant solar wind that becomes scattered via the nonlinear
process here described. Only C IV ions moving in directions
that pass close to the hot star could be so scattered. The eas-
ily determined terminal velocity would provide an additional
boundary condition for the system of nonlinear equations gov-
erning the stimulated scattering process.

With the frequenciesν2 being those of the doublet tran-
sitions, there would be plenty of light available via EIE for
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“seeding” theI2 beams at larger distances from the hot star.
As already stated, as theI2 beams continuously propagate in-
wardly towards the hot star, they become amplified via the non-
linear scattering process, which by now one sees could aptly
be termedstimulated radiation pressure scattering (SRPS).
Maximum I2 beam intensity would be attained at the hot star
surface. Because of the small size of the hot star, most of this
nonlinearly amplified light could pass around the latter and
be in principle viewable from the “other side” of the hot star.
One might therefore think that theI2 light generated possibly
accounts for a significant part of the doublet emission inten-
sity one sees in the case of EG And, for example. However, a
glance at Fig. 12 shows that the integrated continuum intensity
removed by nonlinear absorption is evidently only a small frac-
tion of the total integrated emission intensity observed. We can
find no specific information regarding the orbital phase of EG
And when the spectrum shown in Fig. 12 was recorded. (As
was briefly noted in Sect. 2.1, EG And is an eclipsing symbi-
otic star.) However, by comparison with Fig. 3 of Vogel (1993),
in which four IUE C IV doublet spectra recorded at different
phases are shown, one surmises that in the case of Fig. 12, the
phase of EG And must have been reasonably close to quadra-
ture. If this is true, most of the doublet emission intensityone
sees in this figure must be due to EIE, at least if one assumes
that the C IV dressed-atom laser model outlined in Sect. 2.2
applies here. We conclude Sect. 2 by making the following pre-
diction, which again hints at the value a complete series of high
resolution spectra showing the variations that occur in theC IV
profile in EG And with changes in orbital phase would have.
One would predict that at superior conjunction the two narrow
redshifted absorption lines seen prominently in Figs 12 and13
would be absent. This is because it should not be possible for
C IV ions to be accelerated in the direction of the red giant,
because for these the “initial” radial velocities with respect to
the hot star would be negative.

3. Fluorescence and absorption spectra of
cascade-type dressed atoms

An energy level diagram similar to the one with which C-T&R
introduce the concept of unperturbed, threefold-degenerate
multiplicitiesεn,n′ is shown in Fig. 14. Wavy arrows pointing to
the left or to the right describe the emission of a fluorescence
photon on transitionsabor bc, respectively.

For cascade-type three-level atoms, Fig. 15 shows the un-
perturbed degenerate states of the multiplicityεn,n′ and indi-
cates the couplings that are induced between these states bythe
presence of the two resonant light fields. The matrix element
for the interaction HamiltonianHint that couples together two
states of a multiplicity – for example,|a, n+ 1, n′〉 and|b, n, n′〉
- can generally be written as (see Cohen-Tannoudjiet al.1992,
p. 415)

〈

b, n, n′ |Hint| a, n+ 1, n′
〉

= −1
2
µE(ωo) =

1
2
~ω1, (21)

whereµ is theab transition dipole moment,E(ωo) is the maxi-
mum value of the sinusoidally-varying electric field of the light
beam atωo, andω1 is the Rabi frequency for this beam. (In the
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Fig. 14. Energy level diagram showing some of the (threefold degen-
erate) unperturbed multiplicitiesεn,n′ . Wavy arrows pointing to the
left or to the right depict the emission of a fluorescence photon on
transitionsab or bc, respectively. After Fig. 3 of Cohen-Tannoudji &
Reynaud (1977).

shorthand notation used in C-T&R, the quantity~ appearing in
Eq. (21) is taken to be equal to 1, as already mentioned.)

Diagonalization of the couplings inside each multiplicity
εn,n′ is performed by C-T&R in the following manner. Two
linear combinations of|a, n+ 1, n′〉 and |c, n, n′ − 1〉 are in-
troduced which are respectively coupled and uncoupled to
|b, n, n′〉. One first defines a “generalized Rabi frequency”Ω1

in terms of the individual Rabi frequenciesω1 andω′1 of the
two resonant laser beams.

Ω1 =
(

ω2
1 + ω

′2
1

)1/2
(22)

Defining an angleα by

tanα =
ω′1
ω1
, (23)

one then writes
∣

∣

∣u, n, n′
〉

= cosα
∣

∣

∣a, n+ 1, n′
〉

+ sinα
∣

∣

∣c, n, n′ − 1
〉

(24)

and
∣

∣

∣v, n, n′
〉

= − sinα
∣

∣

∣a, n+ 1, n′
〉

+ cosα
∣

∣

∣c, n, n′ − 1
〉

. (25)

Using Eq. (21), one readily verifies that|v, n, n′〉 is not coupled
to |b, n, n′〉, while |u, n, n′〉 is coupled to this state with an am-
plitude (1/2)Ω1. C-T&R thus deduce thatεn.n′ splits into three
perturbed states|i, n, n′〉 (i = 1, 2, 3)

∣

∣

∣1, n, n′
〉

=
1
√

2

(∣

∣

∣b, n, n′
〉

+
∣

∣

∣u, n, n′
〉

)

∣

∣

∣2, n, n′
〉

=
∣

∣

∣v, n, n′
〉

(26)

∣

∣

∣3, n, n′
〉

=
1
√

2

(

−
∣

∣

∣b, n, n′
〉

+
∣

∣

∣u, n, n′
〉

)

with energies (measured with respect to the unperturbed energy
of εn,n′) respectively equal to:

E1 = +
1
2
Ω1

E2 = 0 (27)
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Fig. 15. Unperturbed degenerate states of the multiplicityεn,n′ for
cascade-type three-level atoms. The double-headed arrowsrepresent
the couplings between the degenerate states, proportionalto the Rabi
frequenciesω1 andω′1. After Fig. 4 of Cohen-Tannoudji & Reynaud
(1977).

E3 = −
1
2
Ω1.

These perturbed levels are shown in Fig. 16. Using Eqs. 24, 25,
and 26, one can finally write the dressed-atom wavefunctions
as linear combinations of the bare-atom wavefunctions for the
cascade-type structure:

∣

∣

∣1, n, n′
〉

=
1
√

2

(

cosα
∣

∣

∣a, n+ 1, n′
〉

+
∣

∣

∣b, n, n′
〉

)

+
1
√

2

(

sinα
∣

∣

∣c, n, n′ − 1
〉

)

∣

∣

∣2, n, n′
〉

= − sinα
∣

∣

∣a, n+ 1, n′
〉

+ cosα
∣

∣

∣c, n, n′ − 1
〉

(28)

∣

∣

∣3, n, n′
〉

=
1
√

2

(

cosα
∣

∣

∣a, n+ 1, n′
〉

−
∣

∣

∣b, n, n′
〉

)

+
1
√

2

(

sinα
∣

∣

∣c, n, n′ − 1
〉

)

.

As a consequence of the assumption that theac transition is
forbidden, the only non-zero matrix elements of the atomic
dipole moment operatorM areµ = 〈a |M| b〉 andµ′ = 〈b |M| c〉 .
Utilizing this fact, and making use of the wavefunction expan-
sions appearing in Eqs. (28), one can easily evaluate the dipole
matrix elements for all allowed spontaneous emission decays
originating from each of the three perturbed levels|i, n, n′〉 of a
given multiplicityεn,n′ and terminating on the various perturbed
levels of lower-lying multiplicities. It becomes at once appar-
ent thatM couplesεn,n′ only to adjacent multiplicities (εn±1,n′ or
εn,n′±1 ). Equation (2.12) of C-T&R displays these dipole mo-
ments in the form of two simple tables. The individual dipole
matrix elements are either zero, or are equal toµ or µ′ multi-
plied by simple factors such as (1/2) cosα,−(1/

√
2) sinα, etc.

The individual spontaneous emission decay rates, obtainedby
squaring the various dipole matrix elements, are again either
zero, or are equal toγ or γ′ multiplied by simple factors such
as (1/4) cos2α, (1/2) sin2α, etc. Hereγ andγ′ are the fluores-
cence decay rates of the two bare atom transitionsb → a and
c→ b.

For three-level cascade-type atoms, the allowed sponta-
neous emission decays from the three perturbed states ofεn,n′

are shown as wavy arrows in Fig. 17. One instantly sees that
the fluorescence spectrumFab(ω) observed on the transition
b → a has five components at frequenciesωo, ωo ± (1/2)Ω1,

andωo ± Ω1. A similar result holds forFbc(ω), which exhibits
five components atω′o, ω

′
o± (1/2)Ω1, andω′o±Ω1. The widths

and the weights of the various fluorescence components are
evaluated in C-T&R.

To obtain the strengths of either the dressed-atom fluores-
cence or the dressed-atom absorption components, one needs
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Fig. 16. Perturbed states of the multiplicityεn,n′ , with a splitting de-
termined by the generalized Rabi frequencyΩ1 = (ω2

1 +ω
′2
1 )1/2. After

Fig. 5 of Cohen-Tannoudji & Reynaud (1977).
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Fig. 17. Diagram showing all spontaneous emission decays (wavy ar-
rows) which are allowed from the three perturbed states ofεn,n′ to
lower multiplicities in cascade-type dressed atoms. AfterFig. 6 of
Cohen-Tannoudji & Reynaud (1977).

to know the equilibrium populationsπi of the dressed-atom
states (see Eq. (2)) Under the so-called “secular approxima-
tion” (Ω1 � γ, γ′), C-T&R show that theπi can be obtained
from simple rate equation considerations. The steady-state so-
lution to these equations is found to be:

π1 = π3 =
γ′ cos2 α

γ sin2α + 2γ′ cos2α
(29)

π2 =
γ sin2α

γ sin2α + 2γ′ cos2α
. (30)

With use of both Fig. 17 and Eqs. (29, 30), it is straightfor-
ward to predict the general appearance of absorption spectra of
dressed cascade-type atoms.

For definiteness, let it be assumed that the ratio of Rabi
frequencies of the resonant laser beams applied to the three-
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level gas is such thatω1 >> ω
′
1. This would correspond to

the assumption made in Sect. 2.1 that in symbiotic stars the
Lyα dressed-atom laser beam intensities are much greater than
those of the Hα dressed-atom laser beams. Then, to first or-
der, one sees from Eqs. (23), (29), and (30) thatπ1 ≈ π3 ≈
1/2, π2 ≈ 0. Through inspection of Fig. 17, one sees that
no absorption should occur at eitherωo or ω′o, because of the
essential equality of the populations in, for example, the states
|3, n− 1, n′〉 and|3, n, n′〉. This of course simply reflects the fact
that a condition of EIT about each bare-atom transition auto-
matically results from the presence of both applied resonant
laser beams. From Fig. 17, it is apparent that EIT is equivalent
to “saturation” occurring on transitions between dressed-atom
states. For similar reasons, there is also no absorption at ei-
therωo ±Ω1 orω′o ±Ω1. Again from Fig. 17, one sees that the
only linear absorption bands the cascade-type dressed-atom gas
would display occur atω′o±(1/2)Ω1. At ωo±(1/2)Ω1 only gain
would be present, and not absorption. Any incoherent pumping
light resonant with the latter transitions could only drivestim-
ulated emission transitions that add photons to the incoherent
pump source, while effectively removingthem from the laser
beam atωo. In the spectral vicinity ofω′o ± (1/2)Ω1, however,
power from the incoherent pumping source can in principle be
transferred to the cascade system laser beams either via linear
absorption, or else through a nonlinear absorption processsuch
as SHRS. In Sect. 5, it will be shown that in symbiotic stars
nonlinear pumping mechanisms are far more important than
one based upon linear absorption. In Sect. 4, it will be seen that
for Λ-type and V-type dressed-atom gases, only absorption oc-
curs in the vicinities of both bare-atom transitions.

In all three types of dressed-atom systems, thepositionsof
the absorption bands shift with increasing levels of laser power.
However, the bandstrengthsremain constant. This is the es-
sential reason why saturation of the pumping efficiency of a
three-level dressed-atom laser does not occur.

4. Spectral properties of Λ-type and V-type
dressed-atom gases

In Narducciet al.(1990) the spontaneous emission and absorp-
tion properties of driven V-type three-level systems are calcu-
lated in considerable detail. General case formulas are derived
that apply when the secular approximation (Ω1 � γ, γ′) is not
valid, but a dressed-state description closely following the ap-
proach of C-T&R for the high intensity limit is also included. In
a subsequent paper (Mankaet al.1991), corresponding spectral
properties of theΛ and cascade models were investigated. The
formulas for emission and absorption in the high-intensitylimit
contained in both of these papers generally agree with what can
be discerned about driven three-level systems via inspection of
dressed-atom energy level diagrams such as the one shown in
Fig. 17. For example, formulas given in Mankaet al.(1991) for
the absorption spectra of the cascade model in the high inten-
sity limit verify the conclusion drawn in Sect. 3 that absorption
can be obtained in the vicinity of one transition, but not both.

For theΛ system, we are again interested in the high-
intensity limit. Application of the two resonant laser fields
again lifts the degeneracies of the multiplicitiesεn,n′ , split-
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Fig. 18. Diagram showing all spontaneous emission decays which are
allowed from the three perturbed states ofεn,n′ to lower multiplicities
in Λ-type dressed atoms.

ting them in exactly the same manner as shown in Fig. 16.
Analogous to Eqs. (28) are equations expressing the dressed-
atom wavefunctions as linear combinations of the bare-atom
wavefunctions for theΛ system:

∣

∣

∣1, n, n′
〉

=
1
√

2

(
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∣
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∣a, n+ 1, n′
〉

+
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〉

)
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〉
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〉
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.

Following the same procedure which led to the construc-
tion of Fig. 17, one can prepare an analogous diagram for the
Λ system showing all the allowed spontaneous emission transi-
tions that can occur from a given multiplicityεn,n′ (Fig. 18). It
is apparent from Fig. 18 that, for theΛ system, the pattern of al-
lowed spontaneous emissions around both bare-atom frequen-
cies is the same as that around theab transition for cascade-
type dressed atoms. However, the equations for theΛ system
that are analogous to Eqs. (29,30) for the cascade system are
very much simpler. Simply by inspecting Fig. 18 one can see at
once that, under the secular approximation, the following must
hold: π1 = π3 = 0; π2 = 1. The presence of applied laser
beams at bothωo andω′o has thus resulted in all the atoms in
the gas becoming “coherently trapped” in the|2, n, n′〉 dressed-
state levels. Moreover, this occurs forall values of tanα, the
ratio of the individual laser Rabi frequencies (Eq. 23).

From inspection of Fig. 18, one can also instantly see why
no fluorescence is emitted from aΛ-type dressed-atom gas. As
is by now well known to scientists in the quantum electron-
ics field, coherent trapping ofΛ-type systems can be vividly
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Fig. 19. Diagram showing all spontaneous emission decays which are
allowed from the three perturbed states ofεn,n′ to lower multiplicities
in V-type dressed atoms.

demonstrated in the laboratory as a complete quenching of flu-
orescent emission from (bare-atom) levelb when both laser
beams are applied to a vapor cell, whereas when only one or
the other of the beams is applied, bright fluorescence is seen.
Among the earliest papers to discuss coherent trapping ofΛ-
type dressed atoms and to report laboratory demonstrationsof
this effect were Alzettaet al. (1976), Arimondo and Orriols
(1976), and Grayet al. (1978).

Again, from mere inspection of Fig. 18, one can see that the
linear absorption spectrum ofΛ-type dressed atoms consists
only of components atωo±(1/2)Ω1 andω′o±(1/2)Ω1. No linear
gain is present around either of the bare-atom frequencies.

Figure 19 shows the analogous spontaneous emission di-
agram for V-type dressed atoms. Here the pattern of allowed
spontaneous emission transitions about each bare atom fre-
quency is seen to be the same as that about thebc transition in
cascade atoms. The steady state solution for the dressed-atom
level populations can be deduced from inspection of this figure
to beπ1 = π3 = 1/2, π2 = 0, and this again holds for all inten-
sity ratios of the two applied laser beams. The term “coherently
trapped atoms” is therefore also a fitting description for V-type
dressed atoms. The fluorescence spectrum in this case consists
of a triplet around each of the bare-atom frequencies, with com-
ponents atωo, ωo ± Ω1, ω′o, andω′o ± Ω1. The linear spectrum
of the dressed atoms here again contains only absorption bands
occurring atωo ± (1/2)Ω1 andω′o ± (1/2)Ω1.

5. Stimulated Raman scattering (SRS) and
stimulated hyper-Raman scattering (SHRS):
realistic pumping mechanisms for
dressed-atom lasers in symbiotic stars

One can utilize either Fig. 18 or 19 to evaluate the relative ef-
fectiveness of an optical pumping mechanism (either linearor
nonlinear) that could in principle provide sufficient excitation
for Λ- or V-type dressed-atom laser emission to occur. For the
sake of definiteness, we here consider how amplification can be

achieved in a tenuous gas of V-type orΛ-type dressed atoms ir-
radiated by narrow-band fluorescence centered atωo andω′o
resulting from I/R (and/or) EIE (c. f . Sects. 2.1 and 2.2). It will
be assumed that the intensity of this fluorescence pump light
is comparable to the calculated Lyα laser pumping light inten-
sity in the model of Sect. 2.1. Also, as was done in the case of
that model, it is here assumed that the pump light is spectrally
distributed over a width∆νL ≈ 6 cm−1.

There are three optical pumping mechanisms which poten-
tially could provide a basis for amplification of both applied
laser beams in a dressed-atom laser: linear pumping by the in-
coherent fluorescent light, stimulated broadband Raman scat-
tering (SRS), and stimulated hyper-Raman scattering (SHRS).
Consider first the effect of linear pumping of V-type dressed-
atom gases via absorption of IR- (and/or) EIE-produced flu-
orescence in the absorption bands atωo ± (1/2)Ω1. An indi-
vidual photonic event occurring in this type of process might
be, for example, absorption of a continuum photon atωo −
(1/2)Ω1 accompanied by excitation of a dressed atom from
state|1, n− 1, n′〉 to state|2, n, n′〉 . While through this event
the number ofωo photons dressing the atom is temporarily
increased by 1, the energy thus gained by the dressed-atom
system soon becomes irretrievably lost via the four fluores-
cent transitions indicated in Fig. 19. Therate at which dressed
atoms are excited from|1, n− 1, n′〉 to |2, n, n′〉 via linear ab-
sorption is given approximately by the fluorescence pumping
flux within the dressed-atom absorption bandwidth times the
maximum cross-section of the dressed-atom absorption band.
Taking the latter to be (λ2/2π)(∆νn/∆νD), its value at Lyα
would be≈ 1.2 x 10−14 cm2, if the Doppler width∆νD of
the dressed atoms is here for simplicity also assumed to be 6
cm−1. In the pure hydrogen symbiotic star model of Sect. 2.1,
the flux of Lyα fluorescent photons crossing the surface of the
Strömgren sphere was calculated to be 8.3 x 1019 photons cm−2

sec−1 (≡136 W/cm2). Hence, the rate at which a dressed atom
in state|1, n− 1, n′〉 is linearly excited to state|2, n, n′〉 would
be no greater than≈ 106 sec−1, which is approximately three
orders of magnitude less than the net rate of fluorescent decay
from |2, n, n′〉. Thus, one must evidently look beyond linear ab-
sorption to find an effective symbiotic star dressed-atom-laser
pumping mechanism.

Consider next stimulated Raman scattering (SRS) as a pos-
sible pumping mechanism for dressed-atom space lasers. SRS
is a stimulated two-photon process that efficiently converts
pump light into coherent light called the Stokes wave. It works
equally well whether or not the pump light is coherent (vide
infra). In SRS, the unit step involves simultaneous absorption
of a pump photon and creation of a Stokes-wave photon, with
an atom moving from a populated initial level to an unpopu-
lated terminal level, and with total energy being exactly con-
served in the step. From the V-type dressed-atom energy level
diagram (Fig. 19), one sees that four separate SRS photonic
processes which generate Stokes waves at the bare-atom fre-
quencies are theoretically possible. One such process would
involve the simultaneous absorption of a continuum photon at
ωo−(1/2)Ω1 accompanied by emission of a photon atωo. From
Fig. 19, one sees that such SRS events would originate from
populated dressed-atom|1, n, n′〉 levels and terminate on un-
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populated dressed-atom|2, n, n′〉 levels. Light atωo would also
be generated via the SRS process in which continuum light at
ωo+(1/2)Ω1 is absorbed. Here the events would originate from
populated|3, n, n′〉 levels and terminate again on unpopulated
|2, n, n′〉 levels. Two similar SRS transitions occurring about
ω′o could, in principle, provide amplification at that frequency.
All four SRS processes must originate from the upper levels
shown in Fig. 19 in order to terminate on unpopulated lev-
els. There are also four potential SRS processes starting from
the upper levels that terminate on unpopulated levels but have
Stokes-wave frequencies different from the bare-atom frequen-
cies. These would, however, be discriminated against, because
the SRS transition probability is proportional to the instanta-
neous power in the Stokes wave, and the latter can only build
up if the Stokes-wave frequency stays constant.

In the above discussion, both the SRS pump radiation
and the Stokes-wave emission were considered to be spec-
trally coincident with specific dressed-atom resonant transi-
tions. However, for the purposes of highlighting and explaining
some subtle, but nonetheless important, physical properties of
the SRS process, it will be helpful for us to assume temporarily
that the following additional constraints apply: (1) The fluo-
rescence pump light bandwidth∆νL is significantly larger than
the dressed-atom Doppler width∆νD. (2) The incoherent flu-
orescence pump light is applied in the same direction that the
generated Stokes waves propagate. One then has optimum con-
ditions for the occurrence ofbroadbandSRS, an effect known
in the quantum electronics field for more than thirty years.

In broadband SRS it is observed that in the backward direc-
tion (i.e. counter-propagating pump and Stokes waves) the gain
coefficient is proportional to (∆νL + ∆νD)−1, while in the for-
ward direction,in the absence of dispersion of the Stokes wave
relative to the pump wave, the gain is proportional to (∆νD)−1

alone. For such relative dispersion effects to be negligible, the
pump spectrum should be significantly detuned from the tran-
sition between the initial state1 and the intermediate state2, as
depicted in Fig. 20, for example. When this is so, the threshold
for SRS is completely independent of pump bandwidth, and
just depends upon the total pump power. For a pump spectrum
that doesn’t overlap the intermediate state resonance (Fig. 20),
the SRS threshold varies as the square of the frequency offset.
When the pump spectrum overlaps the intermediate state res-
onance, the SRS threshold depends upon thespectral density
of the pump, and one sees a threshold dependence as shown in
Fig. 21.

Scientists in the quantum electronics field frequently ex-
plain the pump-bandwidth-independent SRS threshold behav-
ior observed in the off-resonant case, and also the fact that SRS
can evidently be excited just as easily by incoherent light as
by coherent light, by postulating that, whenever SRS does oc-
cur, the Stokes-wave radiation is generated with a time-varying
phase that exactly equals the time-varying phase of the pump
radiation, no matter how randomly-varying the latter may be
(c. f . the equations shown in Fig. 20). This is the so-called
“phase locking” postulate. However, according to Raymeret
al. (1979), its theoretical basis is not particularly well under-
stood. When the equations shown in Fig. 20 are substituted into
the nonlinear equations describing the growth of the Stokes
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Fig. 20. Diagram of a broadband SRS process in which the pump beam
spectrum is offset from the intermediate state resonance. The phase
φL(z, t) of the pump beam electric field is here assumed to be stochas-
tically varying.
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Fig. 21. Experimental measurements by Korolevet al.(1978) showing
the dependency of SRS threshold on both the center frequencyand
bandwidth of the pump beam spectrum, when the latter overlaps the
intermediate state resonance. The pump beam bandwidths utilized are
indicated. After Fig. 2 of Korolevet al. (1978).

wave in SRS, the phases of the pump and Stokes-wave fields
exactly cancel, and do not therefore enter at all into the de-
termination of the SRS Stokes-wave gain, and hence thresh-
old value. However, a pump fieldEL in Fig. 20 having a con-
stant amplitudeεL but a stochastically-varying phaseϕL which
abruptly changes at a rate ˙ϕL = 2(∆νL) would have a spectral
bandwidth∆νL, and should therefore be viewed as a “broad-
band” source. This is the so-called “phase diffusion” model of
stochastic light. It is frequently employed in nonlinear optics
calculations (e.g. in Raymeret al. (1979), and in references
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cited in that work), because the mathematics involved is rela-
tively tractable.

Under the assumption that phase locking occurs in SRS, it
can be easily shown that a certain nonlinear photonic loss pro-
cess – one thata priori would seem to have the potential to
cancel entirely the laser gain produced by SRS – can actually
be neglected. This istwo-photon absorption(TPA). In the V-
type dressed-atom diagram (Fig. 19), the TPA process could
be represented, for example, by a simultaneous two-photon
absorption step originating from|3, n− 1, n′〉, proceeding up-
wards via|3, n, n′〉 ,and terminating on|2, n+ 1, n′〉 . However,
whereas the randomly-varying pump and Stokes-wave phase
shifts cancel in SRS, they add in TPA. This continually keeps
the sum of the pump and Stokes-wave photon energies detuned
from the two-photon resonance, thus lowering the TPA transi-
tion probability.

Basically, all the properties of SRS outlined above are con-
sistent with it occurring in a gas of V-type dressed atoms ex-
cited in an end-pumped configuration by photons from a suffi-
ciently intense, resonant, incoherent light source. However, an
interesting observation that results from a comparison of Figs.
18 and 19 suggests that while SRS should be possible withΛ-
type systems, it should not occur with V-type systems. A gen-
eral requirement for an effective dressed-atom-laser pumping
mechanism is that it must be able to “donate” photons to the
two separate laser beams atωo andω′o in such a manner as to
keep the atoms in the gas coherently phased (i.e. “dressed”).
Having all atoms in the gas coherently phased implies that the
phases of the two resonant laser beams traversing the system
and phasing the atoms must be the same, or at least must dif-
fer by only a fixed amount. This would imply that if broad-
band SRS is the mechanism that donates the photons atωo and
ω′o to the system, the difference in phases of the two gener-
ated Stokes waves, no matter how rapidly the individual phases
may vary, must be constant in time. Now consider Fig. 18. It
is apparent thateachSRS pumping transition (e.g. the tran-
sition from |2, n− 1, n′〉 to |3, n, n′〉) is two-photon coupled to
Stokes-wave transitions atbothfrequenciesωo andω′o (e.g. the
transitions from|3, n, n′〉 to |3, n− 1, n′〉 and|3, n, n′ − 1〉). This
implies that when SRS occurs, the two Stokes waves generated
are excited by a common source of pump light. Under the as-
sumption that phase locking occurs, both Stokes waves would
therefore have the same phase. On the basis of Fig.19, however,
one clearly cannot make the same argument. One is therefore
led to conclude, for example, that broadband SRS could not
be the effective pumping mechanism for C IV, N V, or O VI
dressed-atom lasers that possibly could exist in symbioticstars.

On the basis of the preceding discussion, broadband SRS
would still seem to be a viable photonic scheme for pumping
the symbiotic star dressed-atom Lyα laser of Sect. 2.1, aΛ-type
system which was analyzed on the assumption that the laser
gain results entirely from SHRS. One now should therefore
compare calculated optical gains for the two processes SRS
and SHRS. A general formula for the SRS gain coefficient can
again be found in Hannaet al. (1979) and is:

GR = gRIL =
2π2r2

ec2

~

nHωS

(∆ωD)
f32 f12

Ω23Ω21

IL

(Ω21− ωL)2
, (32)

wherere is the classical electron radiusre ' 2.82 x 10−15 m,
the f ’s andΩ’s are oscillator strengths and angular frequencies
of the transitions shown in Fig. 20, andIL is the Lyα fluores-
cence power that end-pumps the hydrogen gas. We assume here
that the pump light and Stokes-waves are collinear, so as to sat-
isfy the conditions required for broadband SRS to occur. ForIL

andnH , we choose the same values used in Sect. 2.1,i.e. 1.36
x 106 W/m2 and 1.64 x 1016 m−3, respectively. We again as-
sume the spectral width of the pump light to be 6 cm−1, but we
here take the hydrogen atom Doppler width∆νD to be 3 cm−1

(∆ωD =5.65 x 1011 radians/sec), so as to satisfy the∆νL > ∆νD
requirement of broadband SRS. Thef numbers in Eq. (32) are
here both assumed to be 1.

As explained earlier, Eq. (32) strictly speaking only ap-
plies when the pump is significantly detuned from the transition
to the intermediate state, as depicted in Fig. 20, for instance.
However, here we are assuming that the pump spectrum is cen-
tered on the pumping transition. Fortunately, from Fig. 21 it can
be inferred that one should be able to determine approximately
the SRS gain coefficient in the present case from Eq. (32) by
substituting a value≈ 6 cm−1 for the quantity (ν21 − νL). The
net result, when all the above numerical substitutions are made,
is thatGR ≈ 2.7 x 10−7 m−1. This is a gain coefficient roughly
7.7 times greater than the (already large) value for GHR which
was calculated in Sect. 2.1!

Because it involves a simpler nonlinear process, it is likely
that the SRS gain calculation given here should be more accu-
rate than the one given in Sect. 2.1 for Lyα laser gain due to
SHRS. At this stage, it appears that one should probably sim-
ply conclude that both SRS-pumped and SHRS-pumped Lyα

dressed-atom lasers could exist in symbiotic stars. One would
expect the SRS-pumped lasers, which favor end-pumping con-
figurations, to propagate mostly in directions that are orthogo-
nal to the H I/H II interface. The spectrum of an SRS-pumped
dressed-atom laser beam should be virtually identical withthat
of the fluorescence which pumps it -i.e. no pronounced spectral
narrowing should occur. One therefore is again impelled to ask
what would be the astrophysical consequences (aside from fa-
cilitating Hα dressed-atom-laser beam generation, as discussed
in Sect. 2.1) of having Lyα dressed-atom laser emission occur
in symbiotic stars. One answer is that such laser beams would
provide a rapid and effective means forradiation transportin
symbiotic stars,i.e. the removal of energy from the immediate
proximity of the ionized region that surrounds the hot member
of such systems. Looking beyond symbiotic stars, it is apparent
that there is here a viable nonlinear mechanism having the po-
tential to generate intense Lyα laser light that could propagate
directly away from other bright space objects, such as OB stars
or perhaps even quasars.

We now present a somewhat analogous dressed-atom anal-
ysis that would apply to the case of SHRS. Here V-type
atoms are considered, since SHRS is apparently the only ef-
fective pumping mechanism for these systems. Figure 22 is a
schematic diagram showing the basic SHRS processes which
are assumed to occur aroundboth bare-atom frequenciesωo

andω′o in a dressed-atom space laser, although only processes
around the former frequency are shown. The two photonic pro-
cesses shown at the left would generate photons atωo. The two
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Fig. 22. Schematic diagram showing the basic SHRS processes which
are assumed to occur around both bare-atom frequenciesωo andω′o
in a dressed-atom space laser. (Only processes around the former fre-
quency are shown.) The two processes shown at the right are compet-
ing ones (see text).

processes shown at the right are competing ones, which would
act to remove photons atωo from the generated Stokes wave.
As stated above, and as can be seen from Fig. 19, there are
equivalent processes that occur aroundω′o. As can also be seen
from Fig. 19, there are various “cross processes” that can occur.
An example of the latter would be the following. Starting with
an atom in|3, n− 1, n′〉, a continuum photon atωo − Ω1 − ∆ is
absorbed, a photon atω′o is emitted, and a continuum photon at
ω′o − Ω1/2− ∆ is absorbed, with all events occurring simulta-
neously and with the atom ending up in the unpopulated level
|2, n, n′〉. In Fig. 22, the value of∆ is arbitrary, in principle ex-
tending out to a significant fraction of the pump fluorescence
bandwidth∆νL.

The following argument is based upon the assumption that,
when a stimulated hyper-Raman scattering process occurs, the
phases of the three participating waves are related in a man-
ner analogous to the conditionφL(z, t) − φS(z, t) = 0 linking
the phases of the pump and the generated Stokes-wave light in
broadband SRS (Fig. 20). Considering the waves participating
in the SHRS processes shown in Fig. 22, and also those (not
shown in Fig. 22) which involve frequencies aroundω′o, one
would write:

φc(ωo + Ω1 + ∆) − φ(ωo) + φc(ωo −Ω1/2− ∆) = 0, (33a)

φc(ωo − Ω1 − ∆) − φ(ωo) + φc(ωo + Ω1/2+ ∆) = 0, (33b)

φc(ωo + Ω1 + ∆) − φ(ω′o) + φc(ω′o −Ω1/2− ∆) = 0, (33c)

φc(ωo − Ω1 − ∆) − φ(ω′o) + φc(ω
′
o + Ω1/2+ ∆) = 0, (33d)

φc(ω′o + Ω1 + ∆) − φ(ω′o) + φc(ω′o −Ω1/2− ∆) = 0, (33e)

φc(ω′o − Ω1 − ∆) − φ(ω′o) + φc(ω′o + Ω1/2+ ∆) = 0, (33f)

φc(ω′o + Ω1 + ∆) − φ(ωo) + φc(ωo − Ω1/2− ∆) = 0, (33g)

φc(ω
′
o − Ω1 − ∆) − φ(ωo) + φc(ωo + Ω1/2+ ∆) = 0, (33h)

with φc(ω) being the phase of a small bandwidth of continuum
light atω used in pumping the various SHRS processes.

From Eqs. (33c) and (33e), it follows thatφc(ωo+Ω1+∆) =
φc(ω′o+Ω1+∆). From Eqs. (33d) and (33f), it likewise follows
thatφc(ωo−Ω1−∆) = φc(ω′o−Ω1−∆). Since∆ is of arbitrary
value, it then follows from (for example) Eqs. (33a) and (33c)
thatφ(ωo) = φ(ω′o). This last equation represents a necessary
and sufficient condition for the atoms to remain “dressed” as
the light intensity at both narrow-band frequenciesωo andω′o
continues to increase due to SHRS.

By contrast, for the first of the two competing processes
shown at the right in Fig. 22 to be correctly phased for opti-
mum transition probability, one would requireφ(ωo)− φc(ωo+

Ω1 + ∆) + φc(ωo + Ω1/2+ ∆) = 0. From Eq. (33a), this would
then require thatφc(ωo−Ω1/2−∆) = −φc(ωo+Ω1/2+∆). Since
this last equation does not follow from Eqs. (33a-33h), one is
able to conclude that rapid phase fluctuations of the waves in-
volved in the competing process keep it continually detuned
from exact three-photon resonance, thus greatly decreasing its
transition probability. The reader will recognize that this argu-
ment is essentially the same as the one used earlier to show that
TPA could be neglected in the case of broadband SRS.

6. Summary

A “dressed-atom” gas,i.e. a gas of three-level atoms coherently
phased by the application of collinearly propagating resonant
laser beams tuned to the “bare-atom” frequenciesωo andω′o,
is shown to be an ideal medium for greatly amplifying both
applied laser beams, provided there exists a suitable indepen-
dent pumping mechanism which can “donate” photons to the
two laser beams both at a sufficiently high rate and in a man-
ner that allows the atoms in the gas to remain “dressed”. If the
optical gain per unit propagation length is high enough, such a
system will generate intense beams of coherent light (i.e. laser
light) via amplification of either weak, resonant, “seed” light
or optical noise. A dressed-atom gas possesses two striking
and important properties that make it an ideal laser medium.
(1) It displays a remarkable transparency (EIT) at bothωo and
ω′o that allows the amplified beams to propagate in space with-
out being attenuated. (2) It has a characteristic quantum level
structure that allows the pumping process to continue to oc-
cur without loss of efficiency as the power in the beams being
amplified increases,i.e. it prevents saturation of the pumping
process from occurring.

Two nonlinear photonic processes are identified as suitable
dressed-atom-laser pumping mechanisms: stimulated hyper-
Raman scattering (SHRS) and stimulated broadband Raman
scattering (SRS). Both processes are shown to be effective
means of converting incoherent pump light into coherent
dressed-atom laser light, provided that the frequencies ofthe
former and the latter are close together. This requirement is
optimally satisfied, for example, if the incoherent pump light
is the strong fluorescence atωo andω′o produced via electron
impact excitation (EIE) in an ionized plasma, since pump and
laser frequencies would here differ at most by the Doppler
width ∆νD. It is assumed throughout the present paper that
the source of pump light is narrow-band fluorescence gener-
ated either via EIE or through ionization/recombination (I/R).
Through inspection of dressed-atom energy level diagrams,it
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is deduced that SRS could occur in the case ofΛ-type systems,
but not in V-type systems, whereas SHRS could in principle
occur in both types of system. This conclusion is based on the
specific abilities of the two above pumping processes to keep
the atoms of a coherently phased gas “dressed” as photons are
“donated” to the two laser beams. There is an additional con-
straint for SRS pumping inΛ-type systems - the pump radia-
tion must be applied collinearly with the propagation direction
of the dressed-atom laser beams,i.e. an end-pumping configu-
ration must be employed. No such restriction holds for SHRS
pumping; the pump radiation can in this case be applied in an
isotropic manner along the whole amplification path length of
the laser beams.

In this paper, it is investigated whether such dressed-atom
laser systems could possibly be present in symbiotic stars.The
latter are compact space objects having both an extremely in-
tense, point like, source of pumping energy (the white dwarf
member) as well as (by astronomical standards) very high den-
sities of atomic hydrogen gas (as much as 1010 cm−3) present
in the red giant solar wind in the vicinity of the hot star – both
features thata priori would make such systems favorable as-
tronomical environments for the occurrence of dressed-atom
laser emission. The calculated optical gains for Lyα dressed-
atom laser beams pumped via SRS are found to be extremely
large, making it appear quite likely that such lasers could in-
deed be present in symbiotic stars. SRS-pumped Lyα dressed-
atom laser beams in symbiotic stars would be expected to have
the following properties. The laser beam spectrum should be
virtually identical with that of the pumping radiation, with the
latter being the Lyα fluorescence generated via I/R and EIE in
the ionized hydrogen region that surrounds the white dwarf.
The SRS-pumped Lyα laser beams should originate at, and
propagate away from, the H I/H II interface in directions that
are roughly normal to the latter. At any distancer from the
white dwarf, the intensities of the Lyα laser beams should be
comparable to that which one would expect for Lyα fluores-
cence in the complete absence of dressed-atom laser emission,
both quantities falling off as 1/r2. Transmission of Lyα fluo-
rescence energy away from the H I/H II interface would nor-
mally involve photonic propagation along circuitous random-
walk paths necessitated by the combined effects of elastic scat-
tering by H atoms in the red giant solar wind and diffusion.
However, if the fluorescence were entirely converted close to
the H I/H II interface into Lyα dressed-atom radiation, the en-
ergy would then be transported at the speed of light in straight-
line paths leading directly away from the interface. In essence,
such a conversion process would constitute an effective chan-
nel for radiative transportin symbiotic stars. It is entirely pos-
sible that this evidently robust mechanism is also operative in
the case of other very bright space objects, such as OB stars or
perhaps even quasars.

The optical gain for SHRS-pumped Lyα dressed-atom laser
emission in symbiotic stars is also calculated to be very large,
although not as large as the gain for SRS-pumped laser emis-
sion. The presence of either one in a symbiotic star theoretically
should facilitate the occurrence of cascade-type Hα dressed-
atom laser emission, although calculations of optical gainare
here much more difficult to perform than in the case of Lyα

laser emission alone. Balmer-α radiation is strongly seen in
symbiotic stars, and in those systems which are known to be
eclipsing, the Hα spectral profiles display puzzling variations
with changes in orbital phase. A speculative Hα-laser-based in-
terpretation is offered for such spectral data recorded in the case
of SY Mus.

The possibility that dressed-atom laser emission can at least
partially account for the intense FUV doublet emissions of C
IV, N V, or O VI ions that are frequently seen in symbiotic
stars is examined. These isoelectronic ions all have the same
V-type level structure, so that the only available dressed-atom-
laser pumping mechanism for them would be SHRS. Rough
estimates are made of the likelihood that C IV dressed-atom
laser emission occurs in symbiotic stars. The calculated optical
gain is much less than for SHRS-pumped Lyα lasers, and seems
marginal at best. Amplification should here occur in straight-
line paths contained within that part of the ionized hydrogen
plasma in which C IV is the dominant carbon species. The
pump light would be C IV fluorescence generated via EIE in
the C IV-dominant region. In our model, a surprisingly large
amount of such C IV fluorescence is generated, the calculated
optical power crossing the H I/H II interface being roughly
six times the value estimated for Lyα fluorescence. The lower
calculated C IV-laser gain simply reflects the relative abun-
dance (3.3 x 10−4) of carbon to hydrogen in the red giant solar
wind. As a result of the marginal gain, one would expect C
IV dressed-atom laser emission to occur in a relatively narrow
beam, defined by a cone of solar wind propagation rays whose
axis is that of the symbiotic star, and whose surface passes rea-
sonably close to the white dwarf. Laser emission would occur
within the C IV-dominant region along the solar wind rays in
both directions. Laser beams propagating away from the red
giant would be Doppler blueshifted by the solar wind velocity
and should be seen in eclipsing symbiotic stars at superior con-
junction. Laser beams propagating towards the red giant would
converge to a spot on the photosphere of the latter, and should
be hidden from direct view at all orbital phases. These beams
would be Doppler redshifted by the red giant solar wind veloc-
ity. At quadrature, all observable doublet emission shouldrep-
resent fluorescence. A possible manifestation of bi-directional
laser beams occurring in symbiotic stars might be the split pro-
files one sees in the red Raman bands in symbiotic stars having
strong O VI doublet emission. In the case of RR Tel, the Raman
profile can be roughly explained with the assumption of a 60
km/sec solar wind velocity.

A new nonlinear process, stimulated radiation pressure
scattering (SRPS), is proposed to explain the observation that,
in a few symbiotic stars, there occurs almost total absorption
of the background continuum level in two comparatively nar-
row spectral regions, each blueshifted by the same amount from
a component of an FUV doublet. A high quality C IV spec-
trum of EG And is analyzed on the basis of this new pho-
tonic scheme. Contributing viability to the proposed process
is the fact that it simply explains why the above mentioned
blueshifted absorption bands possess a distinct two-component
structure. The same nonlinear model also accounts for the pres-
ence in EG And of a pair of narrow redshifted absorption lines.
In addition, it is somewhat reassuring that the predicted two-
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component structure of the blueshifted absorption bands di-
rectly follows from equations that represent conservationof
both momentum and energy in the unit scattering process.
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