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Lasing on the D, line of sodium in a helium atmosphere due to optical pumping
on the D, line (up-conversion
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A method is proposed to produce population inversion on transitions involving the ground state of atoms.
The method is realized experimentally with sodium atoms. Lasing at the frequency corresponding to the
sodiumD, line is achieved in the presence of pump radiation resonant tB {Hae with helium as a buffer
gas.

PACS numbegs): 42.50.Hz, 32.76-n, 42.50.Fx

In recent years a growing interest has been attracted tmto the ground stat&,,, is achieved, and laser action at the
new schemes of laser action in gases. Especially attractive fsequency of theD; line remains possible. In Ref$7,8]
an opportunity to achive lasing from highly excited levels lasing reached the superluminosity regime.
into the ground state of atoms and molecules because these In correspondence with the nature of the process the gen-
transitions have the shortest wavelength. On the other hanérated frequency in Ref$7,8] was lower compared to the
the ground electronic state has the highest population th&ump frequencydown-conversion This naturally leads to
essentially complicates the problem. There are two basithe question whether up-conversion is possible, i.e., to
ways to achieve indicated lasing: to create real inversion o@chieve laser actiofon theD, line) with a frequency higher
transition into the ground state and to use a different kind ofhan that for the pump fiel@resonant to thé, line)? The
coherent effects. Thus the greatest interest is attributed to tH¥€Sent paper gives a positive answer. Such an opportunity
opportunity of lasing with a smaller wavelength than that foraPPears if one combines the above-mentioned collisional
a pumping radiation. processes with specific polarization effects. Let us prove this

There are numerous works investigating the ampIificatiorFF]f'_lteTent'I Cpnsdlde_rt:n mtera?notn of Fhe pu_mtp p(m?h
of radiation in alkali-metal vapors on the transition into the CMically polarizeg with a gas ot -atoms 1n a mixture with a

ground state in th& scheme. Some of them exploit effects buff_er gas at a.hlgh pressure. _Let us take for def|n|tr_1ess
. » sodium atoms with a corresponding level scheme, see Fig. 1.
of coherence to suppress absorption on the transition fro

"he pump pulse with a carrier frequency resonant toDhe

level is sliahtl lated b ' hod h Pine has the following temporal and polarization structure. It
per level is slightly populated by various methods, Such agngists of a long low-intensity circularly polarized prepulse

discharge currer{ﬂ] and collisions with buffer-gas particles.and a much more intensive and short main pulse with or-
[2] Ano_ther way s cor_mected with the process of paramem“Ehogonal circular polarization. The prepulse is used for opti-
generation on the basis of four-wave mixifty-6]. __cal orientation of sodium atoms in the ground state. From
n th.|s paper we aim to draw attention to the essentialyis gne can set the requirement on its duratibmas to be
expansion of opportunities to create inversion and reach Iasf%nger compared to upper state relaxation imed intensity
action on transitions into the ground state. The method iyt (it may be low, but enough for optical orientation only
based on manipulation with the polarization of pump wavesygar the end of the prepulse almost all the population is
and a specific collisional population transfer mechanism. optically pumped into one of the magnetic sublevels of the
In earlier paper$7,8] the possibility of laser action was ground statdits population is shown in Fig. (& by sym-
demonstrated at the frequency corresponding totféine  yjic columr. The main pulse may be shorter than the re-
in the presence of a strong pump field tuned in resonancg,asion time of the excited levels. It transfers the population
with the D, line in alkali-metal vapors. The effect is gener- ¢, the ground state onto the sublevel of the excited level

ated by collisions with buffer-gas particles. The collisionsp ot is initially emptv[the corresponding transition is
should be frequent enough in order to establish a Boltzmann V2 4 2 P g

distribution of population between fine-structure components
(P4, and Pyj,) during pump pulse action. At these condi- @ (b
tions magnetic sublevel populations of tRg,, state appear

by the Boltzmann factor higher than that of tRg, state. A 3p i i i i 3p 52 _lf_ _1/.2_ _3/.2_
strong pump field is used to equalize magnetic sublevel  3p)” _ 3P, iy
populations of the ground sta®,, and the resonant upper

stateP5,. As a result, the population of level,,, appears to

be higher than the population of lev8],,. Thus, the popu-

lation inversion on the transition from the upper st&g, 38,, 38, \

FIG. 1. Relevant energy levels of Na and optical transitions
*Electronic address: fractal@iae.nsk.su (quantization axis is collinear to wave vectprs
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FIG. 2. Schematic of the experiment to observe superluminosity -4 0 ‘1‘ 4 0 ‘1‘
®-0p, (cm™) ©-0p, (cm™)

on the sodiunD, line. DL, dye lasersP, polarizersiL, lenses; HC,
Helmholtz coils; BC, bifilar heater coil; BS, beam splitteid;

FIG. 3. Output lasing signal around tHe,-line frequenc
monochromatorD, detector. P 9 s'9 z d Y

(tz) viewed from opposite directions. The forward signal on the
D, line (a) is 80 times higher then the backward sigffal Curves
shown in Fig. 1b) by a solid arroW. The intensity of the 1 [in (a) and (b)] show the output signal of thB, line with D,
main pulse must be high enough to maintain the equality opumping for 810 Torr helium pressure=495 K,B=80 G. Curves
populations for the coupled sublevels. Furthermore, at higl2 [in (a) and (b)] show output signal of th®, line at the same
buffer-gas pressure collisions are frequent enough to mix theondition but forB=0. Pump beam detunings from tii®, reso-
statesP,,, and P, and their magnetic sublevels as well. As nance are equal to zero.
a result the population is distributed between the sublevels
almost equally, as shown in Fig(d by small columns. The the pulsed laser is counterclockwise polarized. The cw radia-
sublevelM = —1/2 of the ground state is almost emygtg-  tion prepares the medium by converting it into tBg,(M
member that it is pumped out by the prepl)sehereas other =1/2) state, and high-power pulses are used for populating
sublevels of the ground state and excited states are populatggper levels. Both beams propagate in the same direction
almost equally(the population difference by the Boltzmann and are focused by the lehs with focal lengthF =55 cm
factor betweerP,,, and Py, states is insignificant here and into the cell with a sodium-helium mixture. The intensity
may be neglected One can see that population inversion near the beam waist is 60 W/cn? for the cw laser, and up
between some upper magnetic subleylsluding those for to 6 MW/cn¥ for the pulsed laser. The cell has a 1.5-cm
the P4, level) and the sublevell = — 1/2 of the ground state diameter and is 22-cm long with a heated zoB&} of 4.5
is created. Hence, necessary conditions for laser action, spem in the central part. The sodium vapor density is con-
cifically from the levelP, to the ground stat§,,,, are met.  trolled by varying the temperature, measured by thermo-
Thus, we have shown that there exist conditions for procouple. The cell is placed between the Helmholz c@H€)
ducing laser action on th®, line with pulsed excitation that provide an external longitudinal magnetic field to elimi-
resonant to th®, line. Taking into account partial oscillator nate the deorientating effect of the transverse component of
strengths, we see that the highest gain is achieved on ttibe laboratory field. The magnitude of the external field up to
transition Pg(M = —3/2)—S;,(M=—1/2), as shown in B~80 G is available. Output radiation is focused by the lens
Fig. 1(b) by a wavy arrow. It means that the generated wavd-, onto the slit of the monochromator RAMANOR HG.2S
has presumably the same polarization as the main pum(M) with an apparatus width of about 0.5 ch Data from
pulse. To avoid misunderstanding, we should remind théhe photomultiplieD connected to the amplifier and integra-
reader that collisions with particles of a nonmagnetic buffettor are registered with a computer. That allows us to store
gas(noble gas as an examplaix magnetic sublevels of the and average measured data. The generation aDthkne
ground state in alkali metals very weakly, so we neglect thigrequency was measured in the direction of the pump beam
factor with confidence. as well as in the opposite direction. For this purpose the
On the basis of the above treatment, we have experimerpeam splitter (B9 was inserted into the pump beam path-
tally realized such a scheme with population inversion orway, as shown in Fig. 2.
transition P4,-3S,,, of sodium. A general schematic of our  First of all, it has been ascertained that in the absence of
experimental setup is shown in Fig. 2. In the experiment ithe external magnetic field and at low buffer-géelium)
was easier and more convenient to use cw radiation instegetessure there is no coherent radiation at Bheline fre-
of the prepulse. In this case it maintains the orientation of thejuency in a broad range of other experimental parameters.
ground state between pump pulses, coming from another ldAfter the external magnetic fiel8>0.5 G is applied, an
ser source. We used a cw dye laser DL1 with linear verticalntense coherent radiation at tBe-line frequency appeares
polarization(of ~3-GHz spectral linewidthand pulsed dye at a helium pressure higher than 200 Torr with cw and pulse
laser DL2 with horizontal polarizatiofof 10-GHz linewidth  lasers are tuned to exact resonance with Eheline, see
and ~5-ns pulse duration In the spectrum of the pulsed curve 1 in Fig. 8a). Divergence of the output beam appears
laser together with narrow-band laser radiation, a broad ban be no more than that of the pump beam. Registered spec-
luminescence of the R6G dye is present, but its spectral dertral width is about 0.7 cm?, being close to the apparatus
sity is by 3 orders of magnitude weaker. width. The radiation at th®,-line frequency has nearly the
After passing the quarter-wave\f4) plate the beam of same polarization as the strong pulsed field. Curve 2 in Fig.
the cw laser becomes clockwise polarized, and the beam &(a) illustrates the measurement without magnetic field (
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=0). In this case only the absorption line is observed because m 1
broad band R6G dye luminescence is absorbed in optically
thick media. The coherent radiation at thg-line frequency
is observed both in the direction of the pump beam and in the
opposite directioFig. 3(b)]. The spectral width for the for-
ward and backward output radiations is nearly the same. In
contrast to the forward radiation, the backward one is also
observable in the absence of the external magnetic field.
Note that the intensity of the forward output radiaton is 80
times as high as that of the backward radiationthe pres-
ence of the magnetic fieldThis fact can be explained by the
effect of dye luminescence that serves as a seed leading to n
amplification in its direction. o o .

It is interesting to note that the backward generation oc- FIG. 4. Elucidation of the posibility of short-wave lasing.
curs in the absence of the longitudinal magnetic field, i.e.

when the optical orientation is noticeably destroyed. We SUPEW/ e corresponding to strong saturatioss>1.1 This

pose Fhat thls'happens due to a sufﬁmgnt Intensity c.)f the CV%uggests that the generation occurs in the superluminosity
radiation that is able to transfer the residual population fro"}egime(at least in the forward directioni.e., the generated

SUbleV9|81/2 M — 1/ﬁ Into exc_lted states, th#ﬁ helbplng 0 wave is capable of utilizing a considerable portion of inver-
create inversion on the operating transition. The absence Q. o the operating transition.

forward generation under identical conditions is most likely ~ \v/o a1s0 have considered parametric processes such as
exp_lalneld as fr?llor\;vs. T(?e cw raédlatlon getfs ﬁ_bsorr]be_d ProPgyave mixing as an alternative interpretation of our experi-
gatlg_g_ao_ng t el eate Zl%n¢' hecause ot this, ; i'nvers'%ental results. It is well known that wave-mixing processes
condition is no longer va 1d in the ogtput part o .t € z0ne. 5. suppressed at the resonance conditions due to absorption
Hence, the generated radiation coming forward is absorb 1, while our signal conversely has a maximum at the fre-
in the output part. quency resonant to thHe, line and vastly decays with detun-

The OUtP.Ut intensity Of. gener:?\ted radiation under fixe ing from the resonance, and, moreover, the signal generated
other conditions reaches its maximum when frequencies 94 the wave mixing in the backward direction need not be

both Ia§ers(cw and pulseflw, are t.uned in resonance with present due to phase mismatchirg4]. Thus our original
the D, line of frequencywp, . Detuning from the exact réso- jniarnretation presented above seems to be more realistic and
nance|Q|=|w —wp [~4 cm ! leads to the disappearance reasonable.
of the output signal. Appearing at a helium pressure of 200 Our work is based on the composition of well-known phe-
Torr, the intensity at thd®,-line frequency rises monotoni- nomena(laser excitation, optical pumping, collisional popu-
cally with increasing pressure up to 810 Torr, the highestation transfey, but we need to stress that only the appropri-
available in the experiment. The maximum of output inten-ate combination of the phenomena mentioned above lead to
sity measured as a function of sodium vapor density ighe results that were obvious beforehand.
reached aN~8x 102 cm™ 3. Under these conditions the cell ~ Thus we have shown in the present work that the pro-
transmission is=90% for the pulse radiation, and80% for ~ posed combination of polarization and collisional transfer
the cw laser beam. mechanisms opens new opportunities for resonant radiative
Starting at an external magnetic field strenBths low as  processes. In view of the development of the general method
0.5 G (comparable to the laboratory fi¢Jdhe output signal applied here for a special case, we propose a variant of the
grows almost linearly with increasing field up 8~5 G  scheme that allows one to achieve the generation of violet
when it saturates. Note that an application of the externagnd UV radiation on transitions into the ground state. For
magnetic field considerably helps to orientate sodium atomthis purpose, instead of a single-photon process a two-step or
by circularly polarized cw radiation. The luminescence in-two-photon excitation into higher-lying states can be ex-
tensity is attenuated by a factor of:3! after the field is plored(see Fig. 4. In this case, radiative transition from the
applied, which means the portion of oriented atoms reache@xcited state(m) into the ground state is parity forbidden.
more than 80%. However, if there is another clogeithin kT range level |
When the pump intensity is attenuated down to=125  of different parity, coupled radiatively with the ground state
MW/cm? the output intensity does not change significantly.n, the developed method remains applicable. Using high-
Further attenuation of the pump radiation leads to a smootRressure buffer gas an efficient collisional mixing of upper
decrease in the generated power while its spectral width re-
mains constant. At the same time, attenuation of the cw laser
power leads to an abrupt fall in the generated power at the ithe saturation parameter is defined as (d,,E/2%)2/TT,,,
D,-line frequency. At optimal conditions({=0, N~10" whered,,, is the matrix element of the dipole moment on the tran-
cm, helium pressure=810 Torr,B~5 G) the output in-  sition m—n, E is the electric-field amplitude] is the collisional
tensity of generated radiaton reaches-1286 of the ab- linewidth, andl',, is the relaxation raté&adiative of the upper level
sorbed pump intensitfof the pulsed lasér The intensity of m.

the generated radiation inside the cell is estimated te-be
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levelsm andl can be provided. Then, due to the Boltzmanntional opportunity to build up population inversion between
factor (if level | is lower than levelm) and high intensity corresponding sublevels of transitiba n.

pump waves, a population inversion on transitiamcan be ) ] ) .
achieved, thus resulting in laser action in a short-wave range. We gratefully acknowledge fruitful discussions with S. G.
In case the available intensity and the Boltzmann factor ar&autian, Ye. V. Podivilov, and M. G. Stepanov, and the op-
not enough for generation, or levielies higher than levein, ~ portunity to use the cw dye laser by “INVERSion” and

it is possible to prepare the system using the same polarizaTechnoskan” companies. This work was supported in part
tion technique: optical orientation of the ground statey = by Russian Foundation for Basic Research, Grant Nos. 96-
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