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Resonant peak in the output spectral profile of an ionic anti-Stokes Raman laser
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Continuous-wave generation of the anti-Stokes Raman laser is demonstrated in tha meheme
Ar 1l 3d’ 2Gg;,—4p’ 2F4,—4s' 2Dy, with quasimetastable initial and final levels. Red pump radiation with
wavelengthh ;=611 nm from a dye laser that excites transitioa’ 3Gy,—4p’ ?Fp, is converted into the
blue radiation ah =461 nm (%' °F;,—4s’ ?Ds,) with efficiency of about 30%. The tunability range spans
more than 20 GHz around exact resonance, which is five times broader than the Doppler contour. The output
frequencyw is found to depend linearly on the frequensy of the pump fieldiw=wy\,/\. A sharp peak of
output power is observed in the spectral profile at the exact resonance instead of the well-known two-photon
dip. The model is proposed that includes ionic scattering in plasma and interaction of the running pump and
standing output waves. The theory offers an interpretation of the observed peak.
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I. INTRODUCTION gases, e.g., Ng[16], have lower conversion coefficietiess
than 10%), whenever their tunability range exceeds 100
Many interesting optical effects have attracted particulaDoppler widths. The physical reason is the two-photon pro-
interest in Raman lasing. Recent examples are nonlinear dyess that is predominant in these schemes. Simultaneous ab-
namics, including longitudinal-mode competition and bista-sorption of the pump photon and emission of the output pho-
bility [1], inversionless gaih2], amplification of ultrashort ton occur. A narrow dip has been predicted in the output
pulses[3], suppression of quantum noigé], intracavity  spectrum having the width of forbidden transititsee, e.g.,
electromagnetically induced transparefi§}; and creation of  Refs, [17,18). This two-photon dip was observed in the
the population inversion on transitions involving the groundneon A scheme ,— 2s,—2p, with wavelengths\ ,= 1.5
state[6]. Meanwhile, one of major purposes of these efforts, 4\ =1 .15 um [19]. The spectral profile displayed a dip

is to achieve the short-wavelength amplification and generggiy the width of forbidden transition between the initial and
tion (for reference list seg7—9J). the final levels

Up-conversion methods are based in general on 3- and |, e hresent paper, the scheme of up conversion is pro-
4-Iev¢| systems. Most progress has been made tc_)ward thﬁbsed for Aril transitions @’ 2Ggjy—4p’ 2F 1;y—4s' 2Ds),
gqa_l n four-wave tmlﬁl]ng sﬁ(c:_h_em@O—lZI. I\?‘Il%wevetrﬁ mfthe with a relatively long-lived final state. Level lifetimes in this
mixing exhpfetnmen S ele 'C'E':[?]Cy Wfs tq d]' t(')r e fre- ; scheme are close to that in Nevhile the wavelength shift is
quency shitt was smallL1], or € outpu ra}, lation was not e, greater. In spite of the close parameters, our measure-
cqntmuous[lZ_]. Proposed "inversionless gan schemes ment does not reveal the expected two-photon dip. A sharp
with large shifts[13] have not been experimentally con- peak is observed in the center of the spectral profile instead.

flrmed yet. Thus,' In spite .Of qbwous ach|ev¢ments, N PriN=" 1 contrast to other gas lasers, an additional broadening of
ciple demonstrations, realization of the continuous powerful,,\inear resonances occurs in ion lasers, in particular the

up conversion with large frequency shift remains an Lm'two—photon resonance gets broadened. Analysis of the Cou-
solved problem.

In this vi he R M sch Fia. 1 is still of lomb broadening due to ion scattering in plasma is based on
_In this view, the Ramam\ scheme, Fig. 1, Is still of 5 popyer-plank type kinetic equatigsee Refs[20] and ref-
interest, especially its capability of short-wave generation

N ) rences there)n The small-angle scattering leads to diffu-
The largest frequency shift in continuous mode, from the redyp, iy the velocity space. This theory was limited by the
to blue spectrum, has been obtained in argon pldS#AS.  y,main of weak saturation, whereas the strong-field effects
In the experimental configurations,d3netastable levels
were used as the starting ones),( while short-lived
432P1,23,2 served as the final level$)( This group of states m

is thoroughly studied, since they are utilized as lower levels I__._I
in argon-ion laser transitions. The chosen combination of 0
lifetimes provides the maximum population inversion on the y ®

Raman transitioml, and as a result, the conversion effi-
ciency increase up to 60%. Since the main lasing channel is
provided by the stepwise process, the tunability range for

that scheme is limited by the Doppler width. Pump photon is !

absorbed on the transitiomm from initial to intermediate FIG. 1. RamanA configuration with Bohr frequencies,,
statem, after that the output photon is emitted on the adja-=(E,—E,)/4 and wy,=(En—E))/#, E; are the levels of energy.
cent transitiorml. The widths of levels are shown schematically by the boxes. Circles

Schemes with long-lived final level realized in atomic denote relative populations.
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are important to explain the intracavity photon-ion interac- PD1
tion in the Raman laser.

Now the theory is expanded to the case of a strong field in
a standing-wave mode. It occurs that either two-photon, or
other optical coherence effects are suppressed by the diffu
sion of phase and turn out to be negligible under a strong
field. The only essential broadening is that of population dis-
tribution over velocity. The derived expression is appropriate
to interpret the peak in the spectral profile, i.e., the output
power as a function of the pump frequency.

In Sec. Il, we describe the experimental setup. The fre-
guency curve, i.e., the dependence of output frequency on
the input one, is shown to be a linear function. The spectr
profile with the sharp peak in the center is presented.

In Sec. Ill, the equations for the density matrix are solved
for a three-levelA system with Coulomb scattering. Section studied. Its radiative lifetime is 8.5 ns. The electron deacti-
[l A introduces the kinetic equation for ionid scheme, vation decreases this value 16;11%6 ns, see Ref[20].
where we take into account the Coulomb small-angle scatthys, the inequality’,,I'|<T,, is roughly valid.
tering but ignore the contribution of higher spatial harmonics  The off-diagonal relaxation constardt,, of forbidden
of standing waverate equationsand the coherence effects. transition is much less than those of allowed transitions
Section Ill B contains estimations of experimental plasmar T . In this case, the effects of two-photon coherence
parameters. It is shown that under the considered conditionghould prevail in the three-level system considered. The ratio
the diffusion of phase has managed to destroy the coherengg rejaxation constants and their absolute values are close to
between initial and final states. Thus we can ignore the tWothat of the Raman laser in atomic neop;2-2s,—2p,. In
photon process with respect to optical pumping. In Secneon, the coherence effects led to a narrow dip that appeared
Il C, the Raman amplification, i.e., the power of standingin the center of the spectral profile. The width of the dip is
wave generated in unit volume, is calculated. The simpleyien py the constarit ,, of the forbidden transition.
formula obtained corresponds to a quantum amplifier with” | eye| populations in the argon-laser plasma are governed

optically short active medium neglecting spontaneous decay,y the balance between radiation and the collision processes.
In Sec. Il D, the more realistic problem is treated. We take|y the scheme under consideration they ané,

into account the propagation effects, i.e., solve the kinetic. it cm 3> N,~N,~10° cm3[21]. The starting level
equation for ions together with equations for the field. Thejs much more populated than other levels. Population inver-
spontaneous decay is also accounted. The formula for seljon on transitionml in conventional discharge is absent,
consistent output power as a function of input detuning is;orrespondingly the continuous generation was never ob-
derived. _ , served at this line, see Ref24,25.

Section 1V is devoted to comparison between the theory A gketch of the experimental setup is shown in Fig. 2.

and experiment. The least-square fitting with reasonable pasctive medium of the Raman laser was created by means of
rameters is performed. Validity domains of the theoreticak,q low-pressure discharge at currént100 A in 7-mm-
model are discussed. Section V summarizes the results.  psrad tubeTl. The length of active part wds=50 cm. Ho-

mogeneous pressure distribution along the tube axis was kept
Il. DETUNING CHARACTERISTICS with the help of a slow longitudinal flow of gg£6]. The
] o i continuous-wave dye lasébDL) with Rh6G was used for
The three-levelA scheme is shown in Fig. 1. The input n,mping. Its power was up to 100 mW in single-frequency
pumping field resonant to transitionn with frequencyw, i  mode at the wavelength of 611 nm. The pump radiation was
converted into output field with frequenay, resonant 10 gjrected by mirrors into the tubE Internal mirrors M1, M2
transitionml. The wavelengths for Ar A,=611 nm and  \ere attached to tube ends by means of vacuum bellows. The
A=461 nm correspond to up-conversion. Starting level reflection coefficient of the mirrors was high at 461 nm and
(3d" ?Ggyy) is metastable, its radiative decay into the groundioy at 611 nm. The output transmission at 461 nm in the first
state ° Py, is forbidden by theAJ=0,1 selection rule. experiment was abot=0.3%. An absorption of the weak
However, in gas-discharge plasma the lifetime of levés  signal was also measured; in this measurement the power of
limited by inelastic collisions with electrons and amounts tothe dye laser was lowered. The red and blue lines were sepa-
I',*~40 ns[15,21. For final levell (4s' ?Dg,) the dipole  rated with diffraction gratingDG). The spectra of the dye
transition into ground state is also forbidden, since the parerdind Raman lasers were registered by scanning interferom-
Ar 11l configuration changes. Nevertheless, this rule is nokters SI1, SI2, photodiodes PD1, PD2 andneter WM
strict for Ar 11, hence the characteristic radiative lifetime is in “Angstroem” with a sensitivity of 8 digitfdown to 10 MHz
the interval T, *~10-27 ns according to calculations by in frequency units The power was measured with photo-
different authors [22,23. The intermediate levelm diodes PD3 and PDA.
(4p’ 2F4) is similar to the laser level @ 2Fs,. The latter During the scanning of pump frequency the data were
is used as the upper level of laser line 501.7 nm, and is welynchronously written by a PC. Recorded data gave two ex-

FIG. 2. Experimental setup: DL, dye laser; T, discharge tube;
1, M2, mirrors of the Raman laser cavity; DG, diffraction grating;
I1 and SI2, scanning interferometers; PD1, PD2, PD3, and PD4,
photodetectors; WM, wavelength meter, PC, computer.
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range of the Raman laser exceeded 5 Doppler widkls (
=3.2 GHz). The conversion efficiency at the center was as
high as 30%.

The most unexpected feature was observed in the spectral
profile, Fig. 4. It was a sharp peak at the center instead of the
dip typical for neon atomic line$19]. The characteristic
width of the peak, 500—-800 MHz, was much greater than the
expected widthl',,;=20 MHz of forbidden transition. The
curve had a three-scale structure: a relatively narrow peak at
the center, the smooth dip of the nearly Doppler width
around, and wide wings. The wingand consequently, the
tunability range of the Raman lagewrere almost indepen-

, ‘ . ‘ ‘ dent of the discharge parameters and pump power. The dip
8 4 0 4 8 exhibited more sensitivity to the discharge current and pres-
Q. [GHz] sure and disappeared at low curreh§40 A. It became
P deeper, on the other hand, by decreasing the pump power. At

FIG. 3. Frequency correlation: the measured dependence of gefRW-intensity pumping, the generation at the center vanished
erated frequency detunir@= w— w,, on the detuning of pumping and @ gap formed in the spectral profile with the width about
frequency(),=w,— wnm,. The solid curve is a straight line with Kvt. Here, the generation remained outside the Doppler
slopek/k, . width.

Surprisingly, in the *high-Q” cavity (T=0.3%) the gen-
perimenta| curves: the generated frequemﬁs a function eration on theml transition(46l n|:T) appeared' under lower
of pump frequencyn,, (Fig. 3 and the output powei,g as ~ &rgon pressurp<<0.1 torr even Wlthou_t pumping. Note that
a function of pump frequency, (Fig. 4). the continuous laser oscillation at this line was never ob-
Ana|yzing the data of frequency measurement we Conserved, while pUlsed generation has been obtained under spe-

clude that the generation frequency is proportional to thé&ific conditions[24]. In our device, long-term operation un-
pumping one: der low pressure was hard because of discharge instabilities

that shorten the tube lifetime. Although experiment in this
QO regime was difficult, it was helpful, since it allowed us to
=P (2.1 find the reason of the dip formation and to provide the Ra-
Kp man lasing in a “low-Q” cavity (T=7%).
It was clarified that the dip in the spectral profile was
Here Q= w— oy and Q= w,— oy, are the detunings. A caused by nonuniform pressure distribution along the dis-
typical series of experimental points in Fig. 3 proves depeneharge axig26]. Cathode and anode bulbs contained colder
dence(2.1). At different parameters, no deviation from the ions under higher pressure compared to the plasma column.
linear law was observed and the slope was constant. Soménder conditionN,,~N,, the contribution of the electrode
scattering of points is originated from jumps between longi-layers into absorption leads to significant perturbation of the
tudinal modes of the cavityabout 100 MHz. The detuning
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FIG. 5. Measured spectral profiles in “low-Q” cavityT(

FIG. 4. Spectral profile in the “high-Q” cavity[=0.3%):the = =7%) at current 70 A along with theoretical curv®d:r=6.89(80

generated powal,g as a function of the pump frequency detuning mw), A77=0.53(curve 1; P/7=4.65(54 mW), A/ 7=0.53(curve

Q, at current 100 A, pressure 0.2 Torr. For comparison, the Dop2); P/7=2.33(27 mW), N 7=0.53(curve 3; P/7=2.33(27 mW),

pler width kvt is shown in the graph. The sharp peak at the center\/ 7=0.0056(curve 4. Pressure was 0.1 Tofecurves 1,2, and)3or
is discussed in Sec. IV. 0.15 Torr(curve 4.
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Dopplgr line forml Fransition. In pe}rticular, the.re existed an [F|m—i(QIkU)]Pt=f7p|m—iG(Pm—P|).
operation mode with the absorption at the line center and
amplification at wings. The effect manifested itself in multi- - . 0 0
mode generationwithout pumping; its spectral profile, Lipi=Vpi+2 REiG* (p +p-)]1+Ani(pm=pm) + oy,
measured near the threshold at high pressure, showed a wide R
dip that disappeared at lower pressure. It means that similar  I'mpm=Vpm—2 R4iG*(p. +p_)]—2 ReiGp)
effect should exist in the spectral profile of small signal gain. o

Under lower pressure, when the longitudinal distribution +Hlmpm, (3.2
was more smooth, the Raman lasing could be observed in the .
transparent cavity, i.e., 8=7%. When the pump was off, [Tmn= i1 (Qp—kpW) 1p=Vp—iGp(pm—pn),
the integral gain was less than the losses for output mirror
transmission. The power of dye laser of about 10 riv  where p;j=p;; is the population of levelj, p(u)
tensity 0.4 W/crd) was enough for lasing. Experimental =exd —i(kX—wpt)lpmn is the polarization induced by the
curves, recorded at different discharge parameters and pungmping field,I'; and I';; are the relaxation constants for
power showed no dip, Fig. 5. A sharp peak was evidentevel j and polarizationp;;, Q=w—-wy and Q,=w,
against the background of the broad wings. The relative peak wp,, are the same detunings of the output and pump waves
height was within 30-50 % in the wide domain of param-with respect to the corresponding Bohr transition frequen-
eters. At low pumping power and relatively high pressure, ecies, as in Eq.2.1), Ap, is the Einstein coefficientG,
single isolated peak was observed without wings. Howevers=&,um/2f is the Rabi frequency for pump wavg,,, is
the accuracy of measurement under these conditions was lothe dipole moment of transitiormn, p}):Nj exp(—u?/
due to strong fluctuations near the threshold. A model intery2)/\/7rv+ is the equilibrium population of levélwithout the

preting the peak is discussed in the next section. field, which has a shape of one-dimensional Maxwellian dis-
tribution with thermal velocity +=+/2T;/m, whereT,; is the
[ll. COULOMB DIFFUSION UNDER A STRONG FIELD ion temperature in the energy units, ands the ion mass. In

the equation for the density matrix we drop out the terms
proportional to polarizatiorp,, at the forbidden transition
The standing output wave has the form and contribution of the higher spatial harmonics.

The operator of small-angle ion-ion scatterﬁﬁgiescribes
the velocity change of an ion. Random wandering of the ion
where frequency is close to Bohr frequency of transition in the micrpfie!d of other charged patrticles can be presented
ml, x is the coordinate along the cavity, and c.c. means th&S & diffusion in velocity space:
complex conjugate term. Let us write the off-diagonal ele-

A. Basic equations

Ex,H)=Ee (e +e e,

ment of the density matrix ignoring higher spatial harmonics . d? B 8N &
3ikx o5ikx : V=D—, =———A
e ,e Y e du 3m vt
— a—lotraik —ik
pmilx,u,t) =€ [e"p, (u)+e"p_(u)]. whereD is the diffusion coefficientN,e are the ion density

Polarizationg . andp _ are induced by the waves running in and charge, and. is the Coulomb logarithni27].

positive and negative directions, respectively. Hers the

projection of the velocityv onto the wave vectok. The B. Approximation of strong Coulomb diffusion
power of induced emission is given by the integral over ve-  The pumping field is in resonance with ions having veloc-
locities ity u, =Q,/k,. Nonlinear correction to the population dis-

tribution (the Bennett holeseaches maximum at=u, . In
P(Q)=2kw Rej du[iG* (p.(U)+p_(u)], (3.1 a sim_ilar way, the generated field is in resonance with i_o_ns of
velocity u, == Q/k for the wave running in the positive
(+) or negative () direction, respectively. Nonlinear cor-
d rectionsépj(u)zpj—p? that appear because of interaction
with the fields, have the shape of narrow peaks or dips with
extrema at resonant velocitiag . Since the random velocity
change of an ion in plasma follows the diffusion la/Dt,
the width of a nonlinear structure cannot be less than the
diffusion width Au=yD/I';. Under typical experimental
That is a traveling wave propagated in a positive direction. I£onditions I'— 2 10° 3_1'3 kuy~2X 101 s7%, DK*~(2
excites ions from the long-lived levelto the upper levein, X 10° s79)% N~10" cm™3, andTi~1 eV, we can take
increasing, in doing so, the population inversion on theddvantage of the following inequalities:

whereG=_Eu, /24 is the Rabi frequency of the probe field
and u .y, is the dipole moment of transitiom|.

In experiment, the external pumping field on transition
mn enters the cavity

Epx,H) =& el c.c.

working transitionml. rr 5
Amplitudesp .. (u) could be found from the kinetic equa- —Im ~mn \ﬁ<vT_
tion [20] k" kp I

063804-4



RESONANT PEAK IN THE OUTPUT SPECTRA. .. PHYSICAL REVIEW A 63 063804

From the first relation it follows that the diffusion widthu  sideration more complicated, however, it does not change the
of the corrections is much greater than their collisionlessnain conclusion about the diffusional nature of the peak.
widths. The second relation means that the diffusion width is
small compared to thermal velocity . C. Raman gain

If we neglect ion-ion collisions, the gain for the generated

i induced b fical . db To derive the expression for spectral profile we take into
wave 1S induced Dy oplical pumping processes, caused Dy..,nt the saturation effects on the working transitioln
population transfer from leveh to m, and coherent two-

b ' but restrict our consideration to the linear approximation
photon processes, caused by polarizapgnon the forbid-  jith respect to the pumping intensity, i.e., ignore saturation
den transition. In our case the contribution of two-photongp transitionmn. The polarization at allowed transitions as a
processes can be ignored, since the polarizatigris sup-  function of velocityu has the shape of narrow contours cen-
pressed by the Coulomb diffusion. Pump and probe wavegred atu=Q,/k,=Q/k for p,(u) andp(u) or u=—Q/k

do modulate the polarization as ¢B—kp)X], thenp, turns — for p_(u). The width of each contour is determined by the
to zero if the statistical uncertainty of particle coordinAte dephasingéu~t51/k~(D/k) 1’3<~/D/1“,-. In accepted ap-
approachesr/(k—kp). Value Ax is defined by the velocity proximations, kinetic equatiofB.2) gives the integrals for
diffusion Ax=Aut and grows up with time asAx  polarizations

=DY%32 Hence the time of dephasing can be estimated as
7p=[D(k—kp)?]"¥3~10"° s. That is much less than the
relaxation timel" ;" at the forbidden transition. This relation
among times signifies the strong damping of polarization and

the possibility of neglecting two-photon coherent processes

in the kinetic equatiori3.2).

Thus, the gain of the generated standing wave has two
peaks at resonant frequenci@s= = k/k,. Their heights where
are nearly equal; the width of each is controlled by the dif-
fusion AQQ=kD/I',,. The small-signal gain is independent S+:J dup.(u), S:J dup(u).
of the sign of detuning, therefore, both waves seemingly a B
must come to generation. H(_)wever,_ even a tiny contrlbutlor]n Eqg. (3.2 for populations, the narrow functions can be
of coherence effect to the gain coefficient of one wave breaks :

. replaced bys functions
the symmetry and gives an advantage to one of the two pos-
sibilities. This disbalance is enhanced by the nonlinear mode p.(U)=S.8uFu,).
competition[28], as a result the generation occurs only at
Q=+Q.klk,. At the same time, the influence of coherenceAfter this replacement the equations for populations take the
processes on the generation power is negligible provideébllowing form:
|Qp| < kpUT .

The formation of a single peak in the center of the spec-
tral profile[Figs. 4 and $can be explained merely by popu-
lation effects. Let us consider the distribution of polarization
over velocity u. The population differenceAN,(u) 2 2
_ ~ : i i dpm . 27[Gy
=pm(U)—pi(u) at the maximum of nonlinear correction Tpm=D —S5— p
dpm, U=u, =Q,/k,, within the Doppler contour is almost du? Kp
independent of},. Then, the gain for the copropagating

. 27|G|?
2 ReiG*S.)= ——(pm=p)|u-u,

. 27[Gyl?
2 ReiGyS)=— ——(pp=plu-u,, (33
p

2
P
Fip= DW+3+Am|(Pm_POm)+F|P|O,

S(u—u,)[pd(u,)—pa(u,)]

0
wave is independent of the detuning, too. +lmpm, (3.9
At small detuningQ,=<k,yD/I'y,, the wave running in G2
o

the negative direction may also be amplified due to the popu- S=
lation inversion created by the pumping field. Conversely,

when the detuning exceeds the diffusion width=Kk,u,

%kp\/D_/Fm, the _pumping_ field creatgs no inversion for par-

ggei;r\],\clxlfg dne'lgr?gxetr\\/eeIgfr:tp})‘;;c;tlijgn’ g?f’hAeNom;)IE);;?(a) \(/:vzr\]/e I the Doppler limitku— the set is reduced to algebraic
absent. Thus, the frequency dependence of the standinequat'onS that can be solved analytically.

wave gain copies the shape of nonlinear correciipp, to ’ First, let us show how to solve s(3.4) without sponta-
9 P >nap Pk neous decayA,,=0), then we treat the general case. We
the upper-level population. Consequently, the deviation fro

S . ; OMeek the population distributions as two exponential curves
equilibrium occurs even at low output intensity domain,

K {5(U—U*)[pm(u*)—p|(u*)]

+ 5(u+u*)[pm(—u*)—p|(—u*)]}.

where saturation effects are absent. This feature distinguishes _ N

the effect from the Lamb dip28]. The Lamb dip is a non- N _ M - _ M

! k ! ! ) ) P +A] ex +AJ ex

I|_near effect and it requires saturation on the Work_lng_ transi- VD/T VDIT

tion. The saturation in our case makes the quantitative con- (3.5
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Substituting Eq.(3.5 into Eg. (3.4) we get the following width is determined by the diffusion at the upper level

equations forAJ-i : again. Its contras€ =2 is the same, but its height is lowered
27(G2 by factorpg. In the opposite limit of short-lived lower level
77' .
2 DT AE = U ) —pr(=u)], g<<1, as well as for equal relaxation constants 1, the
" kPt = p(u,)] cusp in the gain disappears, since factors-€L?) in the
) numerator and denominator cancel out. In the intermediate
2 DI A = — 27|G| [pm(Uy) = py(U,)] caseq>1, the peak can combine with a wide dip. Its width
mm m * *
k is limited by diffusion at the lower levdl AQ) = \/Dkf,ll“,.
271G, |2 An analogous two-scale contour has been discussed concern-
- P12 (uy) = pS(up)], ing experiments on the Lamb dip in ionic spectra of a two-
p level system with different level lifetimg0].
___2a|GP?
2VDI'nAp=— K [om(—Ux) —pi(—Uy)]. D. Self-consistent Raman lasing

To derive the expression for self-consistent generation
Expressing the population difference at point = u, in power of the Raman laser, let us equate the gain of induced
terms ofAji again, we obtain a linear set of equations forradiation to the losses in the cavity

amplitudesAji . Calculated amplitudes allow one to find the

power generated from the unit volume at working frequency PQ,) = C|_‘€|2 ﬂ
o as a function of the pump detuning@, using Egs.(3.1) P 8 L’
and (3.3): . . - . .
wherer is the reflection coefficient of the coupling mirror,
27ho|G|? 1-r=T, andL is the length of active part of the medium.
P(Qp)= K [ANp (U )+ ANp(—u,)] Neglecting absorption of the pump wave we get the intra-

cavity intensity
_ 2{mho|G]*fr  2Npy i+ PNyy(1+e?)

kvt 1+p(l+g+e ?+qe ?9)’ (2)
(3.6)

where fr=exp(-Qyk2v%) is the Doppler factor, z where

=2|Q,|/k,VD/T  is the detuning of the pumping field nor-

malized to the diffusion widthq= T ,/T"; is the ratio of N=2
diffusion widths of leveld andm, N;; =N;—N; is the popu-

lation difference, and p=|G|?% VDK, and P is the dimensionless population difference on the working
=7-r|Gp|2/\/Dk2pl“m are the dimensionless Raman-laser andransition, and
pump-wave intensity, respectively.
Expression(3.6) consists of two terms. The first one de- clg?1-r kvt
scribes the linear absorption or amplification and is propor- ™ 2N _
tional to the unperturbetequilibrium) population difference 87 L 26w Vm|GIANy—Np)
Np at the working transition. The second term is responsiblgg the dimensionless level of losses.

for amplification induced by the optical pumping and propor-  whijle we seelp, we assume the pump powerconstant.

tional to the producP N, of the pump power and the popu- For a real laser, the pumping field is inhomogeneous along

lation difference between starting and intermediate levelghe medium due to its absorption. To take the absorption into

Nnm- In our experimentdN,> Ny, Ni;PNyw>Np, there-  account we should average the calculated exponential depen-

fore the second term, i.e., the optical pumping, prevails. Thjence over the coordinaf(x) =P exp(— afX):

pumping induces the peak kﬁp|<0.5\/Dk2p/Fm. Its shape

is described by a sharp exponential curve, a copy of the 1/t 1—exp(—afil)

Bennett peak in the velocity distributiof3.5) at the upper (P)= Efo P(x)dx= PT'

level m. Its height significantly exceeds the linear amplifica-

tion. In the case of weak saturatign<1, the denominator \hereP is the incident intensity of the pump field, is the

(3.6) is independent of. The contrasC of the peak can be apsorption coefficient at the line center. If we include also

defined as the amplification at its center O divided by that  the spontaneous decay at the working transition, the method

at the wingsz>1. The contrast turns out to lfe=2. of calculation is almost identical. The final expression for the
In the limit of strong saturatiop>1, we can ignore 1in  output power, including both effects of the spontaneous de-

the denominato(3.6). At q>1, i.e., for the long-lived lower cay and inhomogeneous pumping field, has the following
level, the narrow peak in the gain contour induced by thefgrm

pumping is also observable under strong saturation. Its pro-
file is cusplike and given by the exponential curve and its Wuas=cp(z),

_ Nit+Pf(l+e ?)—r
7(1+q+e *+qe 79’

(3.7)

Nm_ NI
Nn_ Nm
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N zfr—1+(P)f/r(1+e ?~B) the scope of the theory. Three top curves 1, 2, and 3 were
p(z)= - - =0, (3.9 recorded at the same discharge pressure, while for the bottom
1+qt+e “+qe “9-B curve 4 the pressure was higher. In the same picture, the

where theoretical curves calculated with formula.8) are also pre-

sented. Curves 1, 2, and 3 were fitted by parameter
=I',/T, and scale factoc. Parameter®/+ and N/ r have
, been estimated from independent measurements. In the data
2_ 1 . . 2
q processing, the following values are assumee:2D/v5

_ _ i . . =0.1I',, M71=0.53, kv;t=3.2 GHz, aL=1.5, and A
f‘—tAml/Fa*S(?_t:;SVDk IVl Ay 1S th?_ d|m(;3r:§|o?alhtsgale =0.50° according to experimental conditions. The fitting
Equation(3.8) is the solution of the self-consistent problem %25 Camied out using the central part of the curves
on Raman lasing provided the amplification exceeds thé|Qp|<kpUT)'S'nC9 the approximation underlying the theory

losses. If the losses are gredteumeraton(3.8) is negativé, IS r'l\Ot valid altt thfet;/]v mlgs. ¢ fitting. th |
thenp(z) =0 is the steady-state solution. S a result of tne least-square hiting, the common value

In a similar manner as Eq3.6), p(z) could be split into g=1.3 is obtained for curves 1, 2, and 3. This value corre-

two terms, that describe completely different phenomenaSPonds tol'y/I')=1.7 and agrees with the literature. As

The first term, proportional t&vf/7— 1, is responsible for Mentioned in Sec. II, the data on the lifetime of final level
. . . .. 12 H
conventional lasing on the working transition. The second*S’ “Dsr2 by different author$22,23 vary by a factor of 3.
term describes the Raman lasing due to the optical pumpin@h? present fitting makes it possible to meialsure the lifetime
and includes the parameters of all three levels. The first terrf@tio more accurately. From known vallg,"=6 ns we
has a frequencyz) dependence in the denominator only, obtain ' '=10 ns with collisional deactivation included.
which is caused by the saturation effect. When the gain i§or the bottom curve 4, the valug=1.3 was assumed and
above the thresholdV/7>1, and pumping is negligible N/ 7 became the fitting parameter. The result\#r=5.6
(P)<N—1, we obtain the Lamb dip in the spectral profile X103, which almost matches the threshold of linear ab-
[28]. Its cusplike profile is determined by the Coulomb col- sorption. The independent measurement in the “high-Q”
lisions[20]. cavity agrees well with this value.

In the opposite limiting case of strong optical pul) Figure 5 confirms that the shape of spectral profile per-
>|N— 7| zdependence enters in both the numerator and desists at increasing. The width of the peak is governed by
nominator of the second term. Generally, they lead to formathe velocity change on levelm: &,=kvyv/2l',
tion of a narrow peak with the diffusion width of the upper =0.7 GHz. We should take into account that the peak in the
level and a wide dip with the diffusion width of the lower spectral profile is twice as narrow as the Bennett-type hole in
level. The qualitative behavior s&+0 remains almost the the velocity distribution in frequency units. The tunability
same. Contrary té\=0, the factors involvingz dependence range depends on the excess of the amplification above the
do not cancel each other, evengat- 1. Note that the gener- generation threshold. The excess is determined by both
ated power is proportional to the pump powRrThis is a pumpingP and linear gain\' in agreement with Eq(3.8).
particular feature of the Raman laser in contrast to the twoThe absence of wings under higher pressure is a result of
level laser. decreased linear gaiV at the same pumping. The same

An additional contribution into the peak appears from thereason increases the fluctuations: points in series 4 are scat-
first term of Eq.(3.8) when the losses prevail at the working tered, since the gain approaches the threshold. Figure 5 also
transition /< 7. This effect is analogous in some respects toindicates that the height of the peak is slightly above the
saturated absorption pefR9], but can be observed only at theoretical prediction. Possible explanation is the saturation
presence of pumpingP)=r— N>0. The generation is pos- effect with respect to the pumping field ignored in the theory.
sible when the optical pump compensates the losses. Thit |Q,|>k,vt the contribution of the two-photon coherence
contribution is independent d® and allows subtracting it effect grows and may lead to the observed deviations at the
from the total line profile. Moreover, the second term in Eqg.wings.

(3.9, proportional toP, starts to dominate already at rela-  Absolute height of the peakminus the paggrows up
tively small excess above the generation threshold. linearly with pumpingP. It points to the main role of the

Thus, the peak in the spectral profile is formed due tosecond term of formul&3.8) proportional to the pumping
diffusion in the velocity space, provided that the widths ofand indicates that the effects like saturated absord@Sh
resonant structures on leveisand| are different. This dif- are negligible under experimental conditions. Qualitative un-
ference exists even for equal relaxation constdigts-I'; if derstanding of the main processes permits us to compare Fig.
spontaneous emission is taken into consideration. 4 with the theory, although the near-electrode plasma absorp-

tion is not known exactly. If we fit only the central peak,
V. COMPARISON BETWEEN THEORY the_n the Ieast-s_quares yield a reasonable pararqevtdr.z,
AND EXPERIMENT which agrees with the data extracted from Fig. 5. The theory
does not describe the wings of the spectral profile, average

Spectral profiles measured at different pump laser poweabsorption along the tube at the working transition and cor-

are shown in Fig. 5. The experiment was performed withinresponding absolute value @f significantly changes with

—1+qe Zi-e?
B=Aq q
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the detuning in contrast to the basic assumptions of thenode competition, only the wave parallel to the pumping

theory. one is generated.
The proposed model describes well the experimental
V. CONCLUSIONS spectral profiledVag(€1,) for various pump powers and dis-

charge pressures. The sharp peak with contrast 1.5—2 against

We have shown that peculiarities of plasma as an activéhe smooth background was observed within the broad do-
medium fundamentally modifies the spectral profile of themain of parameters. Under some conditions the isolated peak
ion Raman laser with traveling pump wave and standing outwithout a pad was registered, or the peak inside a smooth
put wave. As distinct from the neutral gas, a comparativelydip. Each case agrees qualitatively with the theory.
broad peak is observed instead of a narrow two-photon dip. The shape of spectral profile is very sensitive to the ratio
Its shape coincides with that of the collisionally broadeneddf working level lifetimesI',,/T'; and the effective transport
Bennett hole at the intermediate level. Its width is about 70drequencyv. That permits one to utilize the effect for the
MHz, which exceeds the width of the forbidden transition bydetermination of one lifetime provided the other is known.
more than an order of magnitude. Such an estimation has been done in the present paper for an

The convenient theory of Raman lasing is often based oA\ Il m_etastable levels in plasma. _If_ both lifetimes are mea-
the assumption of output field being weak compared to theured independently, then the collision frequency can be ex-
pumping power. It therefore ignores the saturation on thn%:aCted from the peak shape. Thus the effect may also be

working transition. The generated wave in our experimen elpful for plasma diagnostics.
happened to be strong, so that its interpretation lies beyond
the scope of the perturbation theory. We develop the alter-
native model describing the strong field on the working tran- We are grateful to A. M. Shalagin and S. G. Rautian for
sition and weak pumping field. The second unusual featuréruitful discussions, and M. A. Rybakov for technical assis-
of our theory is collisional dephasing of the forbidden tran-tance. This work is partially supported by RFBR Grant Nos.
sition polarization. Soft ion scattering in plasma turned out to00-02-17973 and 00-15-96808, and by Russian Ministry of
be sufficient to destroy the coherence effects within the DopScience and Technology, program “Physics of Quantum and
pler contour. The theory also provides the answer to th&Vvave Processes.” M.G.S. acknowledges the support by
question on why the slope of the frequency characteristics iINTAS within the program of the International Center for
determined by the ratio of wavelengths even off the DopplelFundamental Physics in Moscow No. 96-0457. Tunable cw
contour. The coherence effect breaks the symmetry betweadye laser for the experiments is courteously granted by Laser
two counterpropagating waves. Because of the nonlineaCenter “Inversion” (Novosibirsk.
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