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Spectrum of an anti-Stokes Raman ion laser in A-schemes

with various level parameters

S.A. Babin, S.I. Kablukov, S.M. Kobtsev, V.V. Potapov, D.V. Churkin

Abstract. The dependence of the Raman-laser output power
in a standing-wave mode on the pump frequency located near
the resonance with ionic levels is studied. The emission
spectra in two A-schemes of ArlII with different lifetimes of
the final levels are compared. In the scheme with a long-lived
final state, a sharp peak with an amplitude exceeding the
amplitude of a broad contour by a factor of 1.5—2 is observed
at the exact resonance, whereas no spectral features are
observed near the resonance in the scheme with a short-lived
final level. The effect is analysed within the framework of a
model taking into account the Coulomb scattering of ions. It
is shown that the peak forms due to a difference in the
broadening of the Bennett structures in the population
distribution of the operating levels over velocities. In the
second A-scheme, the contribution of the final level is small in
amplitude, and a sharp peak in the spectrum disappears in
accordance with the predictions of the model.

Keywords: Raman laser, ion laser, A-scheme, Coulomb broadening,
diffusion width.

1. Introduction

Despite a significant progress in the field of solid-state and
semiconductor lasers, argon lasers still remain the most
high-power and available sources of cw tunable radiation
with a significant temporal and spatial coherence in the
blue, violet, and UV spectral regions. Recently, an interest
in argon lasers has increased due to the possibility of using
them as sources of UV radiation for fabrication of Bragg
gratings in optical fibres. Such gratings are widely used in
fibreoptic telecommunication systems [1].

Direct generation in the UV region on the ArlIII lines is
possible in the range from 275 to 379 nm. The second
harmonics of strong Arll lines are less intense but have
shorter wavelengths 244 and 257 nm. One of the promising
methods for obtaining short-wavelength radiation is also the
generation in the resonance anti-Stokes SRS scheme on Arll
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lines [2, 3]. In the A-scheme (Fig. 1), the pump radiation at
the frequency ), is converted into the radiation of a Raman
laser at the frequency w > w,,. Continuous lasing in an anti-
Stokes Raman laser was obtained for the first time on
atomic neon transitions [4]. A A-scheme with the known
laser lines at 1.52 and 1.15 pm was employed. A narrow
nonlinear resonance was later recorded in the dependence of
the Raman-laser output power on the pump frequency (in
the Raman-laser tuning curve) [5]. A shallow (<10 %) but a
sharp dip with the width of the n — [ forbidden transition
was distinctly observed against the background of a broad
spectral distribution. The pump and generated waves in the
Raman-laser cavity were travelling and standing waves,
respectively. Such a structure appears due to the overlap
of the coherences, which are induced by the standing-wave
components, in the velocity distribution. This spectrum was
quantitatively described in [5], and the possibility of
precisely determining the relaxation rate of the forbidden
transition from the resonance was also shown. More
recently, the Stokes and anti-Stokes lasing was obtained
on the Ne and Ar atomic lines, which are not laser lines
[6, 71.

Since the lines in ion spectra have shorter wavelengths
compared to the lines in atomic spectra, the A-scheme using
ArlIl makes it possible to obtain a high conversion
coefficient (~ 25% at the maximum) in the short-wave-
length spectral region [2]. The relatively long-lived initial
3d P, /2 (t, ~ 30 ns) and intermediate 4p 2S]°/2 (z,,, ~ 10 ns)
levels were used for radiation conversion [8, 9], and the
rapidly decaying final level 4s 2P3/2 (t; ~ 0.35 ns) of the A-
scheme is the lower level of usual laser lines (see the scheme
in Fig. 1b). Note that the parameters of the initial 3d °P, /2
level were not optimal (the population and lifetime were
small). Due to the optimisation of the initial levels of A-
schemes on ionic transitions in the argon laser plasma, the
conversion efficiency reached 60 % [3] at a tuning range of
+4 GHz. As the initial levels, the 3d’'>G and 3d ‘F meta-
stable levels without radiative relaxation can also be used.
However, under discharge conditions, their lifetime is
limited by collisions with electrons (z < 100 ns) [10]. The
plasma features of the active medium results in the
appearance of new effects caused by ion—ion collisions
[11], which, in particular, may lead to a significant increase
in the Raman-laser output power.

One of such effects was discovered when investigating
the tuning characteristics of a Raman ion laser [12]. A A-
scheme with a comparatively long-lived final level was used
(Fig. 1a). The pumping was performed by a traveling wave,
and the generated wave was a standing one. A sharp peak
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Figure 1. Spectral curves calculated from formula (1) (solid curves) for
the schemes with long-lived (¢ = 1.4; a) and short-lived (¢ = 0.2; b) final
levels [¢ = (I,,/T, 1)1/ 2]. Dashed and dotted lines correspond to the
numerator and denominator, respectively, in formula (1). Linear absorp-
tion (amplification) is neglected. Insets present the systems of levels.

was detected in the frequency dependence of the output
power, and the following relation was valid: Q = (k/k,)Q,,
where Q, =, — »,, and Q = ® — w,, are the detunings
with respect to the resonance peak, and k and k, are the
wave numbers of the generated and pump radiations. This
profile of the spectral curve was unexpected, since it differed
from the profile observed for atomic neon [5] in the scheme
with close level parameters.

In this paper, we compare two A-schemes of a Raman
laser. In the first scheme with a comparatively long-lived
final level, the red pump radiation at 611 nm was converted
into the blue light at 461 nm (see the inset in Fig. 1a). In the
second scheme with a short-lived final level, the pump
radiation at 648 nm was converted into the light at
458 nm (see the inset in Fig. 1b). Table 1 presents the
relaxation rates I',, I',,, and I'; for the levels n, m, and /
and the Einstein coefficients A4,,,, A, for them —nandn —/
transitions for the schemes employed. Based on the features
of the influence of Coulomb collisions on the spectral
characteristics of Raman lasers [12], these schemes must
yield essentially different spectral dependences, which were

2. Model

The amplification of the generated wave on the m —/
transition is composed of the effects induced by optical
pumping: the population transfer from the »n level to the m
level and coherent two-photon processes arising due to the
polarisation p,; at the forbidden transition. Coulomb
collisions lead to the polarisation decay. The lifetime of
c e . 21-1/3
polarisation p,, can be estimated as 7, ~ [D(k — k,)7] ~
107 s<I,', ;' <I[', so that coherent processes can
be neglected in the analysis of the basic effects. Here,
D = w3/2 is the diffusion coefficient in the velocity space, v
is the effective rate of ion—ion collisions, and vy is the
thermal velocity.

A sharp structure at the zero detuning can be observed
in the amplification contour already in the linear approx-
imation by analysing only the population dynamics. The
fields induce Bennett structures in the distribution of
populations over velocities. Coulomb ion—ion collisions
in the discharge plasma result in a diffusion of ions in
the space of velocities; therefore, the longer the level
lifetime, the larger the Bennett peak (or dip) broadening,
and, its profile in the strong diffusion limit becomes
exponential with the width 4y, ~ kvr(v/2I)'* (j=m, n,
l) [13]. Therefore, changes in the distribution of the
population difference over velocities at the operating
m — [ transition of a Raman laser, which are induced by
a traveling pump wave, represent the difference of the
exponential contours with different widths and centered
at the resonance velocity v* = Q,/k,.

When the detuning with respect to the resonance is
Q, > I, Ap, only the traveling-wave component with the
same direction interacts with a pump-field-induced non-
linear structure, and v* = Q/k = Q, /k,, in this case. At the
exact resonance (€, = 0), the counterpropagating radiation
components of the Raman laser interact with the same
group of excited ions, resulting in the appearance of a sharp
structure in the amplification line at Q = 0. In this case, in
the scheme with a long-lived final level /, a peak against a
background of a wider dip forms in the amplification line;
i.e., the peak corresponding to the level m is less broadened
than the peak corresponding to the level /. An opposite
situation can be observed in a scheme with a short-lived final
level.

In order to analyse the effect quantitatively in different
schemes, we use an analytic expression derived in [12] in the
following approximations: the saturation at the operating
transition of a Raman laser was taken into account, the
contribution of coherent effects, higher spatial harmonics,
and the saturation of the pump wave absorption were
neglected, and it was assumed that the diffusion width
was much larger than the relaxation rates and much smaller
than the Doppler width. In this case, the output power of a
Raman laser has the form

(N/Ofr =1+ (P)fr/0) (1 +e° = B)

actually observed in the experiment described below. W=cC — - =0, (1)
l+g+e~“+qge " —B
Table 1. Level parameters.
Transitions r,/10’ s r,/10"s™! r;/107s™! Ay /107 571 Ay /107 57! References
3d' %Gojy — 4p' *Fyy — 45" D5y 2 16 8 2 6 [8—11]
3d*Py — 4p7Sin — 45°Py 8 15 300 1 9 [8—11]
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where
—14ge 71— e "

g’ -1 ’
fT—exp( Qp/kzv%) is the Doppler factor; z = 2|Q,]|/k,
x(D/T )2 is the pump field detuning normallsed to the
diffusion width; ¢= (Fm/l",)l/z, P=m|G, \ /(Dk, 2ro)V? s
the dimensionless pump power; N = 2(N,, — N;)/(N,, — N,,)

is the dimensionless population difference at the operating
transition;

B= 41

_ ﬁl —r kUT
8n L 271(,0\/E|G‘2(N,, - Nm)

is the dimensionless loss factor; ¢ is the permittivity; 1 — r is
the loss factor; L is the cavity length; G and G, are the Rabi
frequencies; 4 = A4,,/I'; C= TS(Dk /Fm)l/z/Am, is the
dimensional scaling factor; S is the average beam cross
section; T'=2L/c;

u»_lﬁf@mx_Pl_i%?ﬁ”

is the pump power with allowance for an absorption-caused
nonuniformity along the medium; and « is the absorption
coefficient.

Two terms describing quite different phenomena can be
distinguished in the numerator of formula (1). The first one
Nf7/t — 1 describes the saturated absorption (amplification)
on the operating transition, and the second term is respon-
sible for the Raman lasing under optical pumping. Note that
the numerator and denominator characterise, respectively,
the amplification and saturation at the m — / transition. In
the case of schemes with a long-lived final level (¢ 1), a
narrow peak with a diffusion width of the upper level and a
wide dip with the diffusion width of the lower level are
formed. The effect exists even at equal level relaxation rates
r,=rI, (g=1), if a spontaneous decay is taken into
consideration. For schemes with a short-lived final level
(¢ — 0), the second term is almost frequency-independent,
and the numerator and denominator of (1) are canceled. The
total contour can be obtained taking into account the
saturated absorption (amplification) and a certain fre-
quency-independent parameter proportional to the pump
power. Hence, in this case, the tuning characteristic cannot
have a sharp and intense peak unlike schemes with a long-
lived final level.

Figure la shows that, in the scheme with a long-lived
final level, a peak forms against the background of a wider
dip at the center of the contour. The peak and dip widths are
determined by the diffusion at the intermediate and final
levels, respectively. In the scheme with a short-lived final
level (Fig. 1b), the ratio of widths is inverse, and a dip with a
small amplitude may be formed instead of a peak. This is
caused by the fact that the contribution of a narrow contour
(at the lower level in this case) is proportional to a small
value ¢ < 1.

Let us discuss the applicability of this model. Under our
experimental conditions, the Doppler width is kvg ~ 10" 71
and the transport collision rate is v ~ 10" s™!. For a scheme
Wlth a long-lived final level, the relaxa‘uon rates are I'; < 108
s, the diffusion width is Ap, ~ ~10° s~ ; and the approx-
1mdt10ns I'y < 4p < kvr and I,; <1t assumed in the
theory are well satisfied. The second inequality implies that
the polarisation at the forbidden transition is suppressed
and coherent processes can be ignored.

For a scheme with a short-lived final level, I',, T, ~ 10°

LT ~10° 57!, 4 ~ 107 57!, Ap ~ 10% 7!, Therefore,
for the levels 7 and m, the approximation I'; < 4p < kv is
valid, whereas, for the level /, it is not so. Thls may lead to a
theoretical prediction of more sharp structures than those
observed experimentally, because the contour at the level /
can no longer be considered exponential. It represents a
convolution of the Lorentzian and Gaussian profiles [13].
Thus, the dip, which is observed in this scheme instead of a
peak will be blurred. In addition, the approximation
I,y <1p' is not fully satisfied in this scheme; therefore,
coherent processes neglected in this theory can make an
appreciable contribution to the shape of the tuning curve.
All these factors may result in a difference between the
theoretical and experimental curves, but the basic difference
of this laser scheme from the previous one (the absence of a
peak) must take place.

3. Experiment

A discharge tube of an argon laser was used as a cell with
the Raman-laser active medium. The experiments were
performed under conditions of a homogeneous discharge at
a current of < 150 A in a sectioned discharge tube 7 mm in
diameter and 0.5 m long with mirrors mounted in vacuum.
Figure 2 shows a schematic of the experimental setup. The
discharge tube (/) was placed inside the cavity with mirrors
(2) and (3), which had a high reflectivity in the blue
spectral region and were transparent in the red region.
Thus, the pump and generated fields in the medium were
represented by travelling and standing waves, respectively.

The Raman laser was pumped by tunable single-fre-
quency cw dye lasers. Rhodamine 6G and DCM dyes were
used in the dye laser for measurements in the schemes with
long-lived and short-lived final levels, respectively. When the
rhodamine 6G dye laser was used, the tuning was performed
within a range of up to 20 GHz by heating a thick etalon
and simultaneously tuning a thin etalon. In experiments
with the DCM dye laser, the lasing power was continuously
tuned within a range of up to 4.5 GHz [14] by the automatic
control of the position of a Troitskii film. A short-term
frequency stability was 10—20 MHz over the time interval of
an order of 1s. The scheme shown in Fig. 2 corresponds to
the setup with the DCM dye laser.

The beam from the dye laser (4) was focused by a lens
(5) at the center of the discharge tube in order to ensure a
maximum field homogeneity in the cavity. The pump field
intensity inside the Raman laser cavity was ~ 1 W cm >
The frequency of the dye laser was measured by a wave-
length meter (6) with a 100-MHz resolution. The Raman
signal was selected with the help of a diffraction grating (7)
and recorded with a photodetector (9). Scanning Fabry—
Perot interferometers (8) with a 5-GHz free dispersion
range were used to monitor the mode composition of the
dye-laser radiation and Raman lasing.

Measurements were performed for various discharge
currents, pressures, and pump powers. In all the measure-
ments, the pump power corresponded to the linear
absorption regime. In addition to the tuning curves of
the Raman laser, linear absorption contours in the absence
of lasing in the cell were recorded for all current values. The
population of the level n, Doppler width kv, and the optical
width aL were calculated from these profiles.
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Figure 2. Schematic of the experimental setup: ( /) discharge tube; (2, 3) mirrors; (4) dye laser; (5) lens; (6 ) wavelength meter; ( 7) diffration grating;

(8) scanning Fabry—Perot interferometers; and (9) photodiodes.

Figure 3 shows an experimental dependence of the
Raman-laser output power on the pump frequency in the
scheme with a long-lived final level [12], which was obtained
under conditions when the approximations adopted in the
theory considered above were valid. This figure also presents
a curve calculated using formula (1). The curve was fitted by
varying the parameter ¢ = (Fm/lﬂ,)l/2 and the scaling factor
C. The parameters P/t and N/t were estimated from
independent measurements. The data were processed using
the following values of parameters: v = 2D/U72~ =0.1T",,,
N/t= 0.53, P/t=6.8, kvp=32 GHz, oL =1.5, and
A = 0.5¢°, which corresponded to the experimental con-
ditions. The central parts of the contours (|Q,| < k,v7) were
fitted, because the approximations of the theory are violated
at their wings.

The obtained value of ¢~ 1.3 makes it possible to
evaluate I',,/I"; ~ 1.7, which agrees with the data reported
in [8, 9]. The peak width is determined by the velocity

diffusion at the level m: A, = kvy(v/2I,)"* = 0.7 GHz.
We should take into account that the peak in the tuning
curve is half as wide as the Bennett peak in the distribution
over velocities. Figure 3 also shows that the peak amplitude
is somewhat higher than that predicted theoretically. A
probable explanation of this fact is a saturation with respect
to the pump field neglected by the theory.

When |Q,| > k,vy, the contribution of two-photon
effects rises and may lead to an appreciable changes in
the wings of the tuning curve. The absolute peak height (the
pedestal is subtracted) increases linearly with the pump
power P. This points to the predominance of the second
term in formula (1), which is proportional to the power P,
and indicates that the absorption saturation [15] is negligibly
small under the experimental conditions.

Figure 4 presents the radiation power generated by the
Raman laser as a function of the pump wave frequency for
the scheme with the 4s 2P, /2 short-lived final level (Fig. 1b)

W (rel. units)

250 1

200

150 |

100

"
Q,/GHz

Figure 3. Lasing power W of a Raman ion laser versus detuning Q, of
the exciting field in the scheme with a long-lived final level: (solid line)
theoretical curve at ¢ = 1.3 and (dots) experimental points.
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Figure 4. Lasing power W of a Raman ion laser versus detuning Q, of
the exciting field in the scheme with a short-lived final level: (solid line)
theoretical curve at ¢ = 0.2 and (dots) experimental points.
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and a fitting curve with the parameters P/t =0.45 and
N/t=0.99 [see (1)]. The data were processed using the
following parameters: ¢ = 0.2, v=0.1T",,, kvy = 3.2 GHz,
aL =1.5 and A = 0.7¢>, which correspond to the exper-
imental conditions. The values of P/t and N/t resulting
from this fitting agree with the estimates obtained from
independent measurements.

Figure 4 shows that, in contrast to the scheme with a
long-lived final level, a sharp peak is absent, as predicted by
the theory. A change in the pump power resulted only in a
change in its excess over the threshold and, thus, in a scaling
of the entire tuning-curve contour as a whole. A shallow dip
is observed at the contour centre, but its amplitude is
comparable to the measurement error. Moreover, there is
a slight elevation ~ 0.5 GHz wide at its centre with the dip
at its top. This structure is probably a result of the influence
of a coherence at the forbidden transition, which, as was
shown above, may manifest itself in this scheme.

Measurements in the scheme with a short-lived final level
were also performed at various pressures and discharge
currents. However, the resulting dependences are not
illustrative and are related only to a change in the inversion
N from negative (absorption) to positive (amplification)
values with the increasing current and decreasing pressure.
This resulted in an increase in the contour amplitude and
width without a significant change in its shape.

4. Conclusions

Plasma features of the active medium determine the tuning
curves of a Raman ion laser with a travelling pump wave
and a standing generated wave. Unlike neutral gases, in the
case of the scheme with a long-lived final level, a
comparatively wide peak is observed instead of a narrow
two-photon dip. The peak shape is determined by the
Coulomb broadening of the Bennett structure induced by
the optical pumping at the intermediate level. The peak
width is ~ 700 MHz, which is an order of magnitude larger
than the width of the forbidden transition and is much
smaller than the Coulomb width at the lower level. In the
scheme with a short-lived final level, the peak is not
observed, because the resonance structures induced by the
optical pumping and saturation have close widths. The
Raman laser theory [12] describes well the phenomenon
under study in the first and second schemes.

The main mechanism in the formation of spectral
structures near the resonance is an effect associated with
the optical pumping combined with the saturation at
various diffusion widths of the Bennett structures at the
operating levels. Specific features of an ion Raman laser are
determined by Coulomb collisions, which have a stronger
broadening effect on the Bennett structures at levels with
longer lifetimes.
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