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Giant Coulomb broadening and Raman lasing in ionic transitions

A. A. Apolonsky, S. A. Babin, A. I. Chernykh, S. I. Kablukov, S. V. Khorev, E. V. Podivilov, and D. A. Shapiro
Institute of Automation and Electrometry, Novosibirsk 630090, Russia
(Received 20 March 1996

Continuous-wave generation of an anti-Stokes Raman laser on a number of blue-green argon-ion lines
(4p-4s and 4-3d) has been demonstrated with optical pumping from metastable ledéfG3and 3 *F. It
is found that the population transfer rate is increased by a factor of(&db hence the output power of the
Raman lasgrowing to Coulomb diffusion in the velocity space. The excitation and relaxation rates for the
metastable level have been measured. The Bennett hole on the metastable level has been recorded using the
probe field technique. It has been shown that Coulomb diffusion changes the shape of the contour to an
exponential cusplike profile. Its width exceeds the Lorentzian one by 100 times and is close to the Doppler
width. Such a giant broadening is also confirmed by the shape of the absorption saturation curve.
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PACS numbdps): 42.55.Ye, 52.20.Hv, 32.70.Jz

[. INTRODUCTION plasma is determined by the deactivation due to ion-electron
collisions[7]. The data for levels of interest are either un-

Stimulated Raman light scattering is widely used for fre-known or there are cor)trqdictory da}ta in different papers

quency conversion of laser radiatififi. In recent years there [8,9]. To carry out quantitative analysis, one has to measure

has been active development of cw anti-Stokes Raman laseP§th the excitation and deactivation rates of the metastable

(ASRLS) with frequency up-conversion that use two-photon'evel under_ actuql discharge conditions. In this paper, we

inversion in the active media of known lasers with gas-féport relatively high output parameters of Raman laser ob-
discharge excitation. cw generation of the ASRL has beeffined without any optimizatiofieven a plain linear cavity

successfully achieved for argon-i2] and He-Ne[3] laser allowed the up-conversion efficiency of more than 50%, see

media as well as for heavier noble atoms in electric dischargg€¢: V- Since the population transfer rate and hence the

[4]. The conversion of radiation (648-3437.5 nm in a aman laser output power rely upon .the _me.tasFabIe level
three-level A scheme was studied[2] for Ar i excitation rate and the part of the velocity distribution trans-

ferred to the upper level, we concentrated on the absorbin
3d2P5,—4p2S),,—4s2Pg,. In the level scheme em- PP 9

, transition for a specific 8’ G-, level, aiming to clarify the
ployed, a stepwise process from thel &netastable to the (e of collisions. We have studied the absorption saturation

upper laser level g takes place with a subsequent emission(sec. 1)) and nonlinear resonance in the probe field scheme
on the $p—4s transition. Despite the parameters of meta-griginated by the Bennett hole on the metastable l¢éSet.
stable level 8 2Py, being not optimalthe radiative lifetime  |v). Both experiments show a giant broadening of the Ben-
of about 30 ng5,6] is comparable with the lifetimes of the nett hole.
4p levels involved in laser transitionsthe conversion effi- In addition, the relaxation and excitation rates for the
ciency appeared comparatively high. In particular, it wasmetastable level were determined from the experimental
much higher than that in cw Raman lasers on atomic gasedata. We processed our data using formulas frb@, which
[3,4]. are valid for the simple two-level model. We had modified
In the present paper, we study the factors that can enhandeem considering two aspects: the difference between mag-
output parameters of a Raman laser based on ions in a gagetic sublevels and absorption of light in optically thick me-
discharge plasma. In the comparatively dense and coldia. The formulas were checked against our numerical simu-
argon-laser plasma, the Coulomb ion-ion collisi¢@igplay  lation (Sec. V), which included the deceleration due to
the key role. Collisions accompanied by a change of velocitydynamic friction force as well.
effectively increase the number of particles that interact
strongly with the resonant radiation and the longer the level's
lifetime the larger the possible increase in particle number.
Estimations indicate that the width of the hole “burnt” in
the velocity distribution for metastables with lifetimes In the present work, we have recorded the generation in-
=10’ s should be comparable with the Doppler contour induced by optical pumping from the metastable to the upper
width. This means that nearly all ions in the metastable statiaser level on a series of transitiofi&able I). The schematic
interact with radiation. diagram of the experimental setup is presented in Fig. 1. We
In order to study collisional effects we achieved Ramanused the output of a single-frequency linearly polarized dye
generation on a number of transitions in theconfiguration  laser as the pump source. The pump radiation wavelength
3d—4p—4s(3d) starting from the 8’ G and A *F lev-  was controlled by a meter with a resolution of 10° nm.
els, which have almost no radiative ded&y6]. However, it  This was done using a fraction of the pump beam reflected
is a fact that the metastable level relaxation in*Amser by mirror M;. The main beam was directed by mirrist,

Il. GENERATION OF THE ANTI-STOKES
RAMAN LASER
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TABLE I. Anti-Stokes laser schemes in Arrealized in the experiment. Schemes marked by asterisks are
analogous to Ref2].

Pump— anti-Stokes linegnm) Levels Remarks
610.4-457.9 3d2P,,—4p 2S,,—4s2Pyy, *
648.3-457.9 3d 2P4,—4p 2S5,,— 4s2P ), *
613.9-496.5 3d*Fs;,—4p 2D3,—45%Py),

624.3-488.0 3d *F;,—4p 2D, —45%Py),

617.2-501.7 3d’ 2Gy,—4p’ 2F2,—3d %Dy,

and further focused by lendeinto the discharge tube. The 3d2Dg),); see Fig. 1. We measured the detuning of Raman
cavity of the argon laser consisted of highly reflective mirrorlaser with a scanning interferometés GHz free spectral
M and output mirrorM 4. Mirror M5 had a high transmis- rangg and a photodiode connected to an oscilloscope. In the
sion in the red spectrum. In the absence of a pump beam, @sence of optical pumping, we observed generation on
usual series of well-known Ar lines was observed. At 501.7 nm near the threshold; the total gain under these con-
transmission 5—-10 % of mirrdvl, in the blue-green region, ditions amounted to around 10%, only a narrow part of the
weak lines 457.9, 496.5, and 501.7 nm had low gain-to-losgain contour near the line center being above the threshold.
ratios. Under such conditions, the fraction of the outputNote that a noise spectrum with a width of about 1 GHz was
power that came from the optical pump was substantiallyecorded with random jumps among adjacent laser modes.
larger than the usual lasing. The output lines were separatddnder a single-frequency optical pumping on the 617.2-nm
by prism Pr. Aperturd, served to select the TEpM mode line an additional narrow peak of Raman generation ap-
of the argon laser and together with maintained the pump peared. The noisy background disappeared when the peak
and Raman beams coaxiality, which greatly simplified align-was tuned into the line center. When the pump power was 70
ment. In our experiments, we employed an argon-ion lasemW we observed that the Raman peak shift was consistent
with a longitudinal gas flow in order to achieve high longi- with the detuning of the pump radiation and was present in
tudinal uniformity of the discharggl1]. A 7-mm-bore dis- the output up to a detuning of 4 GHz. Even then, the gain
charge tube wal m inlength; it operated at a current of 100 coefficient induced by the optical pumping exceeded 10%.
A, the pressure being set optimally for argon laser generafhis result is important as it shows that the system can be
tion. These parameters were used throughout this work. optimized using multimirror cavities as described[#] to
Transitions marked by an asterisk in Table | have theproduce a high output power with a wide detuning range.
same starting levels as [2]: 3d2P,,, and 3 2Pg,. Using

the 457.'9—nm line in.stead of 437.5-nm line, Which has a IIl. ABSORPTION SATURATION
larger Einstein coefficient, we obtained a conversion effi-
ciency (output power exceeded 30% of pump poweom- For absorption measurement the scheme in Fig. 1 was

parable to that of2], already in a plain linear scheme of the used, except that mirrdvl, was removed and hence no gen-
Raman laser. Further, in the scheme with metastable stategation occurred. Lenk was chosen so that the beam di-
2G, *F, the efficiency was considerably higheip to 60%.  verged only slightly along the discharge tube. The pump

For a detailed study, we chose the scheme with the largebeam was attenuated with a set of filters and the transmitted
pump radiation absorption  (B2G;,—4p’ 2|:f5’/2_> intensity was registered. The power that came through was

normalized to the average beam cross section
S=0.44+0.05 mn? and thus we obtained the average inten-
4p('D)Fs sities|; and|; at the entrance to and the exit from the dis-
o charge tube, respectively.

The saturation behavior of absorbed power for ionic tran-
sitions is strongly dependent on diffusion in velocity space
caused by Coulomb collisioig,10]. The measured densities
and temperatures are N;=Ng,=1.7x10* cm 3,
T,=mp3/2=1 eV, andT,=5 eV. The effective frequency
of ion-ion collisions amounts te;=2x 10’ s~* and so the

Anti-Stokes
Pump

617.2 nm

3 2
AP Dan diffusion coefficient isD=5x 10"’ cm? s~3:
e — A | S| PD
=t 11l \\ _ 16JmN;e*A D_unu$ .
M. L DiMs D:MPr 7y Vit TamRT 0 PT T @)

FIG. 1. Experimental setup for the study of Raman generationWhereA is the Coulomb logarithme is the electron charge,
M,,M,, beam turning mirrorsi, lens; D,,D,, aperture stops; and m is the ion mass. It is shown |Eﬂ.0] that whenever
M, M,, argon laser cavity mirrors; Pr, dispersion prism; S, scan-diffusion is strong, the absorbed powRmper unit volume as
ning interferometer; PD, photodetector. There is a scheme of leveld function of the field intensity = 167°%c|G|%/\3A,, has
involved in Raman generation in this figure. the form
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with |G|?=|Ed,,/2%|? the Rabi frequency. The diffusion - . -
width kvt\v;/2T'; enters in saturation paramete|? in- 101 -
stead of the homogeneous width,,. Then the dependence I z
P(l;) behaves as in the case of homogeneous saturation. The .|
formula is valid up to the intensities satisfying the conditon | =~ ... ...
kvotvv;i/2l > |G| I mn/T,. This means that the Coulomb | A7 - - = * co ‘
broadening at metastable level exceeds the field broadening. % 10 202
The results of 10] were obtained with the assumption that |i (W/cm )
kor>T 0. L L e, vii(kop)?T3 <1, (4)
FIG. 2. Dependence of the absorbed intendity=1;,—1; on the

where Q= w— o, is the difference between the radiation transition 31’ °G;,—4p’ 2F2, upon the incident intensity; .
frequency and the Bohr frequency of then transition and  Boxes correspond to experimental data. The theoretical dependence
Fj are the relaxation constants for the levels(solid curve (5) is fitted with the maximum-likelihood algorithm.
=Tt T2 Dots correspond to inhomogeneous saturation with Coulomb diffu-

The above assumption appears well justified for thesion neglected. The straight lines correspond to the slope of the
Ar Il laser lines. In our case it is not valid since the meta-Saturation curve at zero intensities and to the asymptote of maxi-
stable relaxation constafit, is much less than those for the Mum possible absorption.
laser levels. Provided the radiation is linearly polarized, we
can neglect the degeneracy and treat thdevel 3d’ 2G,, was 14 times that of @’ 2F2,,. Knowing the
3d’ 2G,,—4p’ ?F2, transition as a two-level system taking Einstein coefficient for this transitiof,,,=2.2x 10" s™* [6]
into consideration the degeneracy factgfs,=2J,,,+1 of  and the discharge lengtk=100 cm, one can obtain the lower
upper (m) and lower () levels. To check for validity of level populationN,=(5.33+0.14)x 10 cm~3 from for-
expressions2) and (3) for concrete levels we compared mula(6). One can also determine the lower level decay rate
them with a numerical solution of the equations for the denwith the help of Eq.(7). The upper level decay rate was
sity matrix (see Sec. ¥ taken from the literaturel’ ,=2.0x 16 s~ (r,,=8.4 ns is

As long as up to 90% of the incident radiation is ab-the radiative lifetimg 6] andK =10~ cm®s™! is the de-
sorbed, it is necessary to consider the optical thickness of thactivation constan12]).
medium. In such a case, the relation between the incident The lifetime obtained for lower level is

(1) and output [4) intensities is I',=(7.7t4.6)x 10’ s~ L. The accuracy is low as only slight
saturation was achieved. Additional error has been intro-
L) li—lg duced by the uncertainty in the measured saturation intensity
In I I =kol, ) associated with nonuniformity of the beam. Since the expres-

sion for I';, includes a difference of two close values, the
with the small-signal absorption coefficient in the standardcalculated result should be viewed as an estimation. By mea-
form suring the width of the nonlinear resonance in the spectrum

of the probe field one can determine more accurately the

_ NAnmn Im metastable level relaxation constant. As soon as the contri-
ko= 87737§§T N“E_Nm ©) bution of levelsm and n into the nonlinear resonance is
inversely proportional td';, one can say, on the basis of the
and the saturation intensity being results, that the contribution of the lower level is at least 3
times greater than that of the upper one. The measurement of
8w\/2_1/“vaﬁc 1 1\t the nonlinear resonance shapes are covered in the next sec-
Is= )\3Amn \/F_m+\/r—n @) tion.

In Fig. 2 the dependence of the absorptibh=1;—1; on
the incident intensityl; given by expressiornt5) is plotted
along with the experimental points using the maximum- The scheme of the experiment to measure the nonlinear
likelihood fitting. The unsaturated absorption coefficigpt resonance in the probe field spectrum is presented in Fig. 3.
has an experimental value of (2:48.05)x10 2 cm™1, To split the dye laser beam into two, the pump beam and the
while the saturation intensity; was measured to be probe one & andb in Fig. 3, respectively we used reflec-
11.2+2.1 W/cn?. A comparison between the absorption ontion from the uncoated surface of the output mirré#(in
this transition and the gain coefficient for an adjacent transifig. 3). The probe beam power amounted to a few percent of
tion 501.7 nm indicated that the population of metastablehe power of the strong beam. LendgsandL , were used to

IV. NONLINEAR RESONANCE
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FIG. 3. Experimental setup for the study of the nonlinear reso-
nance in the probe field configuratiokt,, coupling mirror of dye
laser; M,,M3,M,4,M5, beam turning mirrors, BSBS,, beam
splitters;L,,L,, focusing lenses; Ch, beam chopper; D, small aper-
ture stop.a andb mark pump and probe beam paths, respectively. O/Zﬂ‘ (G Hz)
The chopper in position 1 modulates both pump and probe fields; in
position 2 it affects only the pump beam. The scanning interferom-

eter (SI), photodetector(PD), oscilloscope (09, and single-  FIG. 4. Function(10) Fy ; versus detuning}/2m (in GH2) fitted
frequency He-Ne laser are the components of the spectrum an#lto the experimental points. Crosses and boxes denote two differ-
lyzer. ent data sets. For comparison, the Doppler velocity distribuiion

vt units) and the shape of the Bennett hole on the metastable level

ensure minimal divergence of the beams along the discharg®€ also shown.
tube, the diameter of the probe beam being 3 times smaller
than that of the pump beam. The probe beam that passed
through the discharge was detected behind the beam splitter
BS, (transmissiont~20%). The lock-in detector Unipan
232B was used. A fraction of the pump beam comingwhereF is the function that describes the shape of the Ben-
through the splitter B§ and modulated by the chopper was nett hole in the case of diffusion broadenifgee[7] and
used as the reference signal. The chopper in position leferences therein; the validity of the expression as applied to
modulates both beams and the lock-in detector registers tHBe studied transition is discussed in Se¢. M the scheme
power of the probe beam transferred through the dischargeinder investigatio), = —Q,=(}, thus the velocities of the
When placed in position 2, the chopper influences the pumparticles resonant to the probe and pump figlf/k differ
beam only and the lock-in detector registers the variation opnly in sign.

the transferred power due to the influence of the pump beam. The solution of Eq(8) can be written in the form

The intensity of the pump field was measured taking into

account the variation of the dye laser beam crossection. For F12=F(Q,-Q)
this purpose, the intensity near the beam axis was registered

(02— g) .

F(Ql,Qz)zexp( — ko o

using an aperture stdp (with a diameter much smaller than ~ _ EAOON ’
the effective beam diamederThe detuning was measured [o(D)11(0){1—exd —k(Q)ITrexd —k(Q)I]
with a scanning interferometer, photodiode, and oscillo- (10)

scope. Along with the dye laser frequency, the scanning in-

terferometer registered the single—frequgncy He-Ne.Iaser SiQNhereTl(I)=T1(O)exq—k(ﬂ)l] is the probe field intensity
nal. The latter served as a reference point to detuning of thg, ihe absence of the strong field, i.e.| a&0.

dye Ia;er. . In the experiments, the readings of the lock-in detector
Owing to a strong absorption, the depth of the burnt Beny,ere recorded when the chopper was in position 2; in this
nett hole changes along the discharge. Consequently, we rese they were proportional t@(l)—Tl(I). The input inten-

quire a formula for the resonance in an optically thick me-""" ~ |

dium. Neglecting the influence of the probe figldon the  Sities of the probé ,(0) and pumg (1) fields were propor-

strong onel,, which propagates in the opposite direction tional to the output power of the dye laser. With the chopper
in position 1 we measured the dependence of the absorption

from the pointz=1| to 0, we have an exponential intensity > X & 5 >
dependence on the distanzel ,(z) = 1,(1)exfk(Q,)(z—1)]. ~ coefficient upon detuning(€)=koexy ~/(koy)"]. From
ese data we reconstructéd , as a function of detuning

The corresponding dependence of the weak field intensit ) .

1,(2) can be extracted from the following equation, taking'} UP t0 an arbitrary amplitude. _

into account a weak saturation of the transition by the strong The dependence determined in this way is demon-
trated in Fig. 4. It is relevant to mention that the experi-

field 1(2): mental data consist of two overlapping sets of points because
diy(2) 1,(2) it was difficult to cover the required range in one sweep.
= k(Q)14(2) 1—':(91,92)2—), (8)  Experimental points were approximated by expressi@n
dz l's using a maximum-likelihood fitting. Three param-
eters were fitted: magnitude, width, and detuning zero
where Q; , are the frequency detunings of the weak andshift. The processed data yielded diffusion width
strong fields from the exact resonance respectively; A= (In2/7)v;j/2I' \kv=3.0+£ 0.3 GHz, the Doppler width
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being A vp=kv+/IN2/7=5.3+0.1 GHz. Internal noises of 3
the dye laser in the vicinity of the strong-field chopping fre- P (W/ent) Ak(@) (10%m)
guency can lead to a systematic error, that is, the total error
can exceed 10%. The decay rate of the metastable level de- 4.
termined from the diffusion width id",,=(2.3+0.5)x 10’

s~ 1, which agrees with the value obtained from the satura-
tion intensity. Hence our assumptions concerning the contri-
butions of the upper and lower levels into the resulting con-
tour of the nonlinear resonance are obviously true,
I',=0.1T",,. To compare the Bennett hole width and that of
the Doppler contour, we show the respective velocity distri-
butions at zero detuning from exact resonance in the inset to . . ‘ : : s
Fig. 4. We should take into account that the Bennettholefull 0 5 10 15 20 2 0 02 04 0§ 08 1
width at half a maximum isA and the width of function I(W/cmz) Q/(va)

F1,in Eq.(9) and Fig. 4 isA/2, which comes from scanning a b

the hole with double speed. It is seen from the plot that

collisions “blur” the Bennett hole to almost whole Doppler

contour. In addition, knowing the relaxation rate and popu- FIG. 5. (@) Dependence of the absorbed powerupon field
lation we find the excitation rate of the metastable legl ~ intensity | in an optically thin medium for a two-level syste(®)

to be 1.6 times greater than that of the upper laser level and a numerical simulatiof11) for magnetic sublevels with friction
‘ " force includeddashed and solid curves, respectiyelp) Variation

of the absorption coefficientAk(Q)=F 1 exd —Q2(kv7)?]l,/1s
caused by the strong field at the intensify=0.11 5 : the solid curve

Not all the assumptions ¢fL0] were valid for our inves- plots the results of numerical simulation and the dashed curve is the
tigation; we needed to check the accuracy of analytical Calgnalytical approximatioriparameters are taken from experiments
culations. To this end, we solved numerically the equations

no

V. NUMERICAL SIMULATION

for the density matrix of a two-level system in the field of a 712 512 1|2
2 2
running electromagnetic wave, including the Coulomb diffu- |dm|?=[(ml[d[[n)| M -M o/ (13
sion and the dynamic friction force. These equations are as
[7]
. where{m||d||n) is the normalized dipole moment,
(Fmn=1Q+ikv)pmn=Dpmn= —1G(pPmm= Pnn)
. o » 3 [(mlld[|n)[? , 5 [(mlld[|n)[?
I'vpmm= Dpmm= QuW(v) —2RE1G™ pyyp), (11 |d5/2| ~28° 3 |d3/2| ~28° 3
I'pan—Dpnn=QuW(v) +2ReiG* ppp), 3 |<m||d||n>|2
|yl =) = (14)
where 14 3
2
f)p_:v__i vp__+U_Tﬂ (12) At a given intensityl, the field magnitudgin frequency
oM TP 2 v | units) |Gy|?=|Edy/24|? is different for every subsystem.

The absorbed power is found by summing up over all sub-
Q; is the total excitation rate of thigh level, and\(v) isthe  systems. For each of them expressith is valid with
one—dlmen3|onal Maxwell dlst.r|but|0n over velocity having the substitutions |G|2—|Gul? and [(Im/In)Na—Npl
width vy. The terms proportional t&\,, have been ne- —[(N,/9,) — (Nm/9im)]. At low and high intensities <I
glected since they are §ma|| for_the transition in questiongpq| >|,, the total absorption is exactly the same as that of
Amn=0.1T"y,. For numerical solution of Eq11) the sym- 4 two-level system according to E(). The largest devia-
metrical differences in operat® were substituted for par- tion is achieved at=1 and does not exceed 2%.
tial velocity derivatives. At =5v+ we took the asymptotic Unknown constants ifil1) were taken from independent
conditionp=0 and solved the resulting array of linear alge- measurements. The population of the metastable level was
braic equations using the matrix sweep method. To calculatebtained in the experiments on absorption saturation. The
the field work and the shape of the nonlinear resonance, wepper level population was given by the measurements of the
averaged the distribution fqs;;(v) over velocity, using the gain coefficient on the adjacent laser transition. The decay
formalism given in[7]. rate of metastable level was taken from experiment with non-

A different behavior of the magnetic sublevels was takeninear resonance in the probe field spectrum.

into consideration too. When a linearly polarized field inter-  Figure Fa) displays the dependence of absorbed power
acts with transition 8’ 2G,;,—4p’ ?F2j,, the only allowed P per unit volume upon field intensity, for a two-level
transitions are those conserving the projectidrof angular  system in an optically thin medium. Theoretical values cal-
momentumJ onto the polarization direction. Magnetic sub- culated from Eq(2) (dotted ling are shown along with those
levels with the same projectiod can be regarded as inde- obtained numerically including the dynamic friction and de-
pendent two-level subsystems with different dipole momentgieneracy(solid curve.
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One can see from Fig(& that the difference between the intensities attained in our experiments, the curve that takes
two curves is within 5%. This shows that the discrepancyCoulomb diffusion into account is saturated noticeably as it
mainly results from the dynamic friction. Also, the numerical draws near the asymptotic value, whereas the inhomoge-
data at given values$’;,Q;,An,, 7, v can be shown to neous saturation curve is not saturated at all. At pump inten-
agree with the functiorP(1)=kgl/(1+1/1), but with dif-  sities|~I diffusion causes the absorptidgand with it the
ferent values fok, andl. Those values are lower by 2% output power of the Raman laser on the adjacent trangition
and 6%, respectively, thaky andl in (6) and(7). to increase by a factor 3—5 depending on the values of re-

The contour of the nonlinear resonank&(Q)) was cal- laxation constants. Note that the perturbation influence of
culated numerically for the intensity of the strong field Raman generation on absorption of the pump radiation is
I,=0.1l, and the probe field intensity <I according to the small whenI',<I",,,. At low intensities(much lower than
experimental conditions. In Fig.(8), the solid curve stands the saturation intensity on the adjacent transjtitve genera-
for numerical calculations and the dashed linetion follows the dependence of absorbed power on the pump
corresponds to the analytical approximatioAk({2) input. We should mention that simple expressions for the
=F, exf—Q%(kv7)?]l,/ls used for processing the experi- output power of an ionic Raman laser have been derived
mental data. It deviates from the numerical simulation by eearlier [14] by the perturbation method for low pump and
factor of 1.45 with an accuracy not worse than 3% over thegeneration intensities.
whole detuning range, i.e., it closely follows the shape of the Let us compare the value obtained for the relaxation con-
resonance. stant of the metastable levB},=2x 10" s~ with some data
found in other papers. We know no published data for level
3d’ 2G,, deactivation in plasma. However, there are some
results on the similar metastable leval'$Gg,. In [8], the

We analyzed the dependence of absorption upon pumlaser induced fluorescence was observed in a hollow cathode
field intensity, as well as the nonlinear resonance that comedischarge. The measured electron deactivation coefficient ap-
from the Bennett hole on the metastable level. This includedeared to be (2:51.0)x 10~8 cm?/s, the electron tempera-
an approximation of the experimental values with analyticature beingT,=3.5 eV. For electron densitje=2x 10"
expression and a comparison of the theory with numericatm 2, which is relevant to our experiments, we get the de-
solutions of the equations for the density matrix. As a resultcay ratelI',~5X 10° s™1. The relaxation constant of the
it was clearly demonstrated that the unusual features of bottetastable level & °Gg, I',~10% s™1 is found in [9],
the saturation curve and the Bennett hole are primarily due tagain for a hollow cathode discharge. Authors of Héf.
the Coulomb diffusion of ions in the velocity space. The hypothesized that metastable is quenched due to resonant
diffusion leads to an abnormal broadening of the Bennettharge-exchange collisions of excited argon ions with atoms
hole: the diffusion width of the holé for the metastable in the ground state. The estimation for the electron deactiva-
3d’ 2G,, reaches 3 GHz, whereas the Lorentzian width oftion of level 3d’ ?G, done in Bates-Damgaard approxima-
the transitionl,,,/7 amounts to as little as 35 MHz. The tion (using tables iff15]) yields',=4x10° s~*, which is
relative broadening is thus nearly by a factor of 100. Withslightly lower than the measured value. This were done tak-
the field broadening included, the transition widthing into account only the predominant channel
V1 +4[G[UT Ly~ 10T 1, is also much less than the 3d’ 2Gy—4p’ 2F2,. It is likely that in our conditions re-
diffusion one. Thus the giant Coulomb broadening com-daxation occurred due to both collisions with electrons and
pletely determines the shape of saturation curve for the trarresonant charge-exchange with neutral atoms. Consequently,
sition. the experimental value for the relaxation rdtg=2x10" s

Instead of the well-known “hole burning” in the velocity ~* of level 3d’ 2G-,, does not contradict the estimation and
distribution, one observes nearly complete saturation of theliffers from data given i18,9] for 3d’ 2Gg, no more than
whole Doppler contour. The shape of the nonlinear resothey differ from each other.
nance has an unusual exponential c(sge Fig. 4. Note that Note that the metastable level we have studied has a re-
such exponential wings were observed in the spectrum of thiaxation rate comparable with the ion-ion collision fre-
probe field on transition & ?>Gg,—4p’ 2F,, of argon ion  quency. Under such conditions the dynamic friction force
under conditions of hollow cathode discharg®13]. The and velocity dependence of the diffusion coefficient should
authors of those papers attributed the broadening to ion-atoiead to a noticeable narrowing of the Bennett hole centered
collisions. Since plasma parameters were not measuredn a far wing of the velocity distributiofv|>v+ [16]. Ex-
guantitative analysis is difficult. However, despite considerperiments with independently tuned strong and probe fields
able difference in plasma parametdispecifically, much could check this phenomenon.
lower charged particle concentrations in hollow cathode

VI. DISCUSSION

Coulomb collisions may also play a noticeablt_a role there. VIl. CONCLUSION
Coulomb broadening changes the saturation curve very
much. The inhomogeneous saturatikg/ 1+ [G|%/[Gy|?, The present work has demonstrated the possibility of Ra-

which is typical for single-frequency pumping, is replaced byman generation due to an optical pumping from metastable
homogeneous saturatidg/(1+|G|%/|G¢?). The saturation levels 3’ 2G and & “F on a number of generation lines of
intensity differs by a factor of 60 for these cases. The dottectn argon laser. For the absorbing transition
line in Fig. 2 corresponds to inhomogeneous saturation andd’ 2G;,,—4p’ ?F2, of the Raman laser 617-2501.7 nm,

the horizontal line is the greatest possible absorbed powehe unsaturated absorption coefficidgg=2x10"2 cm™1
P=(6/8)Q,iwS| (the expression is valid foF ,<T',;). At  and saturation intensity;=11 W/cm? have been deter-
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mined. The ratios of populations<(14) and excitation rates population transfer to the upper level and enhances the effi-
(~1.6) for levels 3’ G, and 4p’ °F2;, have been mea- ciency of the Raman laser.

sured. The relaxation rate of level d32G,, is

I',=2.3x10" s~ . It is determined primarily by collisional

deactivation in plasma. The Bennett hole on metastable level ACKNOWLEDGMENTS
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