Bulgarian Chemical Communications, Volume 48, Special Issue G (pp.79-84) 2016

Two-wavelength lasers based on pumping by laser Gaussian-beam as instrumentation
for materials and chemical products analysis
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We have developed, as a tool for differential-absorption spectroscopy and two-photon study of materials and
chemical products composition, effective lasers with two or more independently tunable wavelengths. Our solution is
based on the idea to combine a standard laser Gaussian beam longitudinal pumping of lasers, especially of dye lasers,
with patented by us multi-coaxial-channels laser geometry. The Gaussian beam, due to its unique intensity distribution
in the cross section, creates in the pumped laser active medium high pumping in the axial part and low pumping in the
periphery. These two parts are optically separated and each generates in its own spectrally selective resonator. Beside
the competition-less generation at two independently controlled wavelengths, other specific and essential advantages of
the proposal are: i) both emissions — at the weeker line, generated in the amplified curve wings, and at the stronger line -
arround the maximum of amplification, are produced with equalized energy without loss of pump energy for the
equalisation and simultaneously ii) the two emissions are produced and emitted naturally in coaxial beams using entire
laser medium volume. We report general modelling and detailed theoretical analysis of such a laser action on the basis
of Rhodamine Dye in ethanol, pumped by Gaussian beam of Nd:YAG laser (0.53 um). We succesifully tested the new
solution with its advantages. We applied the two-wavelength laser light as a tool in differential absorption spectroscopy
(DAS) to detect the presence and to measure concentration of Nd**-ions in a material under investigation.

Keywords: tool for DAS, two-wavelength lasers, dye lasers, Gaussian beam pumping, two-coaxial channel laser

geometry, DAS chemical composition study.

INTRODUCTION

Today various specialized laser instrumentation
has become a perspective tool for studying
composition of materials and chemical products.
Widespread application is the Differential-
Absorption Spectroscopy (DAS) for local and
remote use, the last especially for study of gas
components in the atmosphere [1, 2]. The DAS
method is based on comparison of the passed or
diffused light power at two laser wavelengths - one
of them coinciding with a specific line of
absorption and the other — with non-absorption
parts of the spectrum. The development of this
technique is closely related to development of
specific lasers that produce emission at two (or
more) independently tunable lines, i.e. the so called
two-wavelength lasers. Such lasers find wide
application also in general spectroscopy, in non-
linear optics, in bio-medical investigations and
treatments [3-5]. More detailed review of the two-
wavelength lasers and their applications is given in
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the recent papers [6-8].

The aim of this work is to report a new and
highly efficient two-wavelength laser. This includes
the proposed principle, detailed theoretical
description, test implementation and experiment to
prove the potential of such a laser to find the
presence and concentration of given atomic
particles in a mixed substance. We employ a new
idea to combine the standard longitudinal pumping
of wideband amplification laser medium (in the
work - laser dye) with a Gaussian laser beam and
our coaxial multi-channel laser geometry [9, 6].
The Gaussian beam, due to its peculiar intensity
distribution in the cross section, creates in the
pumped cylindrical laser active medium high
pumping (and high amplification) in the axial part
and low pumping (low amplification) in the
periphery. We can separate optically these two
parts to generate in two different spectrally
selective resonators. If in the high amplification
axial part we generate at wavelength with low
emission cross-section and at the periphery part — at
wavelength with high cross-section and choose
convenient diameters of the two volumes, we can
generate the two lines with equal energy without
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introduction of any corrected additional losses in
the channels. The two generations are without
competition and are produced and emitted naturally
in coaxial beams using entire laser medium volume.
These advantages are unique for the proposal. Still
more, the longitudinal pumping has as general
advantages, in comparison with the transversal
pumping, use of low concentration and a big
diameter pumped region of the active medium,
which lead to better homogeneity and lower
divergence. In the work, firstly we described the
proposed laser scheme, secondly we modeled and
provided detailed theoretical and numerical analysis
of the action of such new laser solution. We made
succesiful tests of the new solution to show its
advantages. As an application, we used the
produced two-wavelength laser light as a tool in
DAS and found the presence of the searched Nd**-
ions and measured their concentration in a sample
under investigation.

PRINCIPLE AND THEORETICAL ANALYSIS

Schematic of the proposed longitudinally
pumped with a Gaussian beam two-wavelength
coaxial-architecture laser is shown in Fig.1. The
principle is described on the example of Rhodamine
Dye in ethanol (concentration 2x10-4 mol/l),
longitudinally pumped by Gaussian beam
distribution, second harmonic (0.53 pm) of
Nd:YAG laser (pump energy of ~25 mlJ; pulse
length of ~ 30 ns). The dye solution filled a
cylindrical cell (noted as Dye AM - Active
Medium) with length 1 and diameter d (5 mm and 6
mm, respectively). The input pump beam passes
through lens with suitable focal length (0.6 cm) to
form a spot at the input of the AM with a diameter
of the pumped part of ~ 6 mm that contains ~ 99 %
of the incident beam power Py (i.e. 1.6 times
higher than the Gaussian radius of 3.75 mm on the
AM input). The Rayleigh length is essentially
larger than the length 1 of the cell, which permits to
accept parallel propagation of the Gaussian beam in
the AM. After the lens, a multichroic mirror M;.s
tilted at ~30° is placed (reflectivity R ~0.9 for 0.54-
0.6 um, and ~ 0.1 for 0.53 pm). The laser output
mirror Moy is also multichroic (R ~ 0.7 for 0.54 -
0.6 um and ~ 0.1 for 0.53 um). At the opposite end
of the AM, a near-plane multichroic mirror My
with radius of curvature few meters (R ~ 0.1 for
0.54-0.6 pm and ~ 0.8 for 0.53 um) is suitably
adjusted The generation at the two wavelengths
(scheme in Fig.1) is produced in two coaxially
disposed and optically separated parts of the AM. A
spectrally-selective ~ resonator ~ with  length
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L(~5cm) was formed for each part. The
separation (hatched differently in Fig.1) is obtained
using a dividing rectangular prism (DP), declined at
a small angle (~5°) with respect to the cell axis to
avoid the back Fresnel’s reflection. The prism has a
0.3 cm diameter bored hole with length of 0.4 cm.
In the hole a very thin (~0.1 mm wall) metal tube
with 2 cm length is introduced, that assures very
good separation of both channels as we have shown
in our previous work [6]. The resonator for
generation in the internal part (internal channel,
generation at A;), built of Mo, and M; and the active
volume, is separated by the tube through the prism.
The spectral selection is done by the Interference
Wedge IW; [10] with thickness of 6 pum, reflectivity
of the layers ~0.9 and apex angle of 5.107 rad that
assures tunable selection in the amplification range
of the generated dye and with linewidth ~ 0.3 nm.
The external part (external channel, A.) generates in
the resonator formed by M., internal reflection by
the prism DP and selector combination of 1200
l/mm Diffraction Grating DG, and the plane mirror
M. providing tunable selection with linewidth of
~ 1 nm in the gain region of the AM. We will use
below the given already parameters of the laser
construction.
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(%) dividing
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Fig. 1. Optical scheme of the laser with channels
dividing prism DP with a hole.

THEORETICAL MODELLING

Theoretical analysis aims to obtain the
conditions — especially AM separation in
combination with the wavelength shift, for which
simultaneous generation is possible with near equal
output energies. We will consider the important,
however difficult case, when one line is near the
maximum of the amplification gain, and the second
- shifted far from the maximum. In the common
volume for lasers with homogeneously broadened
amplification (our case), due to the so-called
“wavelength competition” effect [11, 12], the
generation of the weaker line is completely
suppressed by the stronger one.



M. Deneva: Two-wavelength lasers based on pumping by laser Gaussian-beam...

Firstly, in the theoretical analysis, we have
calculated the pumped power distribution in the
AM. For the used Rh6G dye concentration from the
measurement, we have evaluated the non-saturated
absorption coefficient for the pump 0.53 pum light
to be ~12 cm!. The approach applied by us is
schematically clarified in Fig.2. AM is divided
radially into rings and longitudinally - in slices. The
cross section of the cell is divided at 7 rings with
equal increasing radii for each sequent by Ar (see
Fig.2b). Along the axis Z of the crystal the division
is at 5 slices each with equal length A/=//5. We
have A/ =0.1 cm and Ar = 0.042 cm.
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Fig. 2. Schematic dye cell division: (a) longitudinally in
slices and (b) radially in rings

The Gaussian pumping (radius 3.75 mm) is with
25 mJ in ~30 ns pump pulse. The input beam is
centered on the AM axis. Let's first consider the
distribution of the pumping for each cylinder
formed by border lines parallel to the axis of the
dye cell and closed by the pair of rings at the front
and rear sections of the dye cell (partial cylinders).
The maximal intensity Iy in the center of the beam
at the entry plane of the dye cell was calculated on
the base of well-known relation:

opMmax

0 T CUZ
where P™* is the maximal pump power in the pulse
and o is the Gaussian radius of the pump beam.
The intensity for each partial cylinder is calculated
at the middle of the ring radius (r, =(2-i-1)-(ar/2),
r=1,2 ... 6) and is assumed to be homogeneous
for the ring. The points on the graphics in Fig.3
present the values for the corresponding rings.

The distribution of the pump power for each
ring and starting pump intensity are presented in
Fig.3(b). In the calculations for propagation along
the Z axis, we have used the Bouger’s law, taken
into account the effect of absorption saturation. We
have evaluated the change of the pump intensity
correspondingly for each ring, slice by slice —
forward and backward after reflecting by the mirror
M. For each slice we sum forward and backward
values, accepting that for any ring of the slice the

(1

intensity is constant, equal to this one at the half
length of the slice. We assume a total input in the
crystal pump power Py, = 25 mJ / 30 ns at Gaussian
beam intensity distribution.
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Fig.3. (a) Calculated distribution of the pump intensity
(I;) in the cross section; (b) The pumping power P(r)
corresponding to each ring; (c) The result pump intensity
for the first five rings (the axis X shows the number of
the slice sl;, i=1,2..5).

In Fig. 2(a) zi (i=1, 2, ...5) corresponds to the
middle of the slice length, where the result intensity
is calculated. The values of the obtained intensity
I, for the first five rings, after summing the
forward and backward values, calculated slice by
slice are presented in Fig.3(c). The calculated plots
in this figure show for each partial cylinder, with
acceptable accuracy, the sum pump power (and
energy) to be uniform both in slices and in the cross
section — i.e. in the corresponding ring. This
uniformity determines the fact that we can accept
homogeneity of the pumping with different energy
density for the partial cylinders. The change in the
intensities from the first to the last slice for the
corresponding cylinder is of the order of a few
percents and practically could be taken as constant
for each ring. On this base, we can calculate the
generation for each partial cylinder applying the set
of rate differential equations [11] adapted for the
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case, presented in the next point. The considerable
difference in the pump power for the cell parts
around the axis and in the peripheral areas makes
possible generation at weaker lines (with smaller
values of the emission cross-section) comparable to
that at the stronger lines, when they are generated
in peripheral part of the dye cell. We show this
possibility for the wavelength 594 nm, generated in
near axial part and the wavelength 558 nm
generated in the peripheral part of the cell.

ANALYSIS OF THE LASER GENERATION

Taking the approximately constant value of the
pump energy into slices along the axis of the crystal
— l.e. possibility to assume homogeneity of
excitation (with different energy density for the
corresponding ring), we apply the adapted set of
differential rate equations [11] for the analysis. The
adapted system that describes our case at assumed
parameters is:

dN e e, e N
dtz =Rg‘)(t)—B( D.ql ,).NZ_TZ
| . @)
da®) e mlei) o) g
—vae).gei gl g9
dt a a 7
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Here g1l o' Ic/Vel L

aﬁ?)= 2x107" cm?; ()— 1.14x10"¢ cm? —
emission cross-section of the Dye laser medium for
Ae = 558 nm and A; = 594 nm [11], / — dye cell
length; ¢ = 3x10'° cm/s is the light velocity; L' =
6.7 cm is the optical length of the resonator. The
lifetime of the upper laser level is 7 = 3 ns. The

term in (3) Av®Y~3.3x10"? J is the energy of the
generated photons for the corresponding
wavelength. The dumping time of the photon in the

resonator is r =L / c- , where »® describes

the losses in the respective resonator following Ref.
[11] accounting the corresponding considered ring
(partial cylinder). The calculations are for the laser
and pumping parameters, given already. The total
number of active Rh6G molecules cm? used in the
calculations is 1.2x10' ¢cm™ (2x10* mol/l Rh6G).

The e (1) B (014

is defined on the base of the part of the optical
pumping power that corresponds to the considered
ring and wavelength. According our data, the
obtained pump power for each ring can be
determined from Fig.3. The pump power is a
function of the area and the intensity in the ring.
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RiVis related to the temporal shape of pump

energy in combination with the laser pump pulse
shape. The Q-switched laser pump pulse can be
well approximated by a trapezoid shape with a rise
time of 10 ns, near-plateau part of 10 ns and fall
time of 30 ns. Va(e'” is the active volume of the

considered ring for the generation of the
corresponding wavelength. In the calculations we
have taken the geometrical data for each ring
derived from the description of the laser cell
separation given above.

The system (2-3) is solved using the Runge-
Kutta method independently for the generation in
each considered coaxial part — for each cylinder,
with initial conditions N = 0 and q"*”= 1. Solution

of the system gives the temporal shapes of the laser
outputs and their integration [11] is the output
energy. For the used parameters, generation in six
rings in total is obtained — in the first three rings the
594 nm wavelength is generated, and for the next
three rings generation for the 558 nm wavelength is
produced. Typical plots for generation at 594 nm
(rings 1+2+3) and at 558 nm (rings 4+5+6) are
presented in (Fig.4a). The plot modulation at
558 nm we relate to the small number of the rings,
however this fact does not change essentially the
real temporal shape of the laser emission at this
wavelength, as shows the experimental results. The
output energy for the wavelengths for the
corresponding partial cylinder is plotted in Fig.4(b).
The calculations show also that both generations
are temporally superimposed with some difference
of the starting of each generation of order of 5 ns.
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Fig. 4. (a) Temporal generation at e = 558 nm (1+2+3

rings) and at Ai = 594 nm (4+5+6 ring), respectively; (b)

Calculated output energy in rings 1, 2, 3 (at Ai = 594 nm)
and inrings 4, 5, 6 (at Ae =558 nm).
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The total output energy produced at 594 nm is
~2.5mJ and at 558 nm ~ 2.8 mJ. Thus it is really
possible to obtain practically equal energetic
characteristics of both generations. For generation
in a single common volume, the lasing at 558 nm
suppresses the lasing at 594 nm.

THE EXPERIMENTAL TEST

The analysis in the previous section, besides
showing the feasibility of our proposal with its
advantages, confirms that the chosen parameters are
well suitable for such laser realization. We have
realized the laboratory prototype of the laser with
elements and pumping parameters close to those in
the previous section. To realize the DAS testing
experiment, the two wavelengths are tuned to be at
561 nm (A¢) and 579.6 nm (A;), with energy ratio
~ 1:0.6. The sum output at these two wavelengths
(for our non-completely optimized test laser), was ~
1.6 mJ that easily can be decreased using filters.
The tuning in the range of ~ 6 nm conserves the
two generations with acceptable equality of ~ 1:0.6
at the optimum (our case) to 1:0.3 at the ends. Both
generations are emitted in coaxial beams, each with
similar cross-section distribution to the spot of two-
coaxial beam emission of a solid-state laser, shown
in our work [6]. The internal beam has a circular
~3 mm diameter spot and the external - a ring one.
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Fig. 5. The curve of spatial distribution of the two-
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Fig. 6. The parts of the absorption spectrum of Nd3*-ions
in the YAG crystal and the wavelengths of the
illuminating laser beams [13].

Each beam can be presented as superposition of
few transversal modes [6], for internal — TEMyo +

TEMoy:+ and for the external — of two cylindrical
modes of type TEM4, turned radially with respect
to each other at n/8 (each mode has maximums in
the minimum-holes of the other). The external
boundary of the internal spot and the internal
boundary of ring-spot of the external beam, at some
distance (of ~ 1.5 m) from the laser output, merge
due to diffraction. The spots of the two-wavelength
generation are shown in Fig.5.

We demonstrate the two-wavelength DAS
spectroscopy method, using the two-wavelength
laser for evaluation of Nd**ions concentration in
Nd**:YAG crystal. The part of the absorption
spectrum of Nd**-ions is shown in Fig.6 [13]. The
wavelength at A. coincides with the absorption
minimum (practically zero) at 561 nm and the other
- Ai - with the absorption line (with c4=0.54x10
Pem? [11]). When the light at these two
wavelengths passes through the crystal sample with
length &, decreasing of intensity at each wavelength
is different. We can write for our case for the
decreased power of the incident intensities Io%’
(W/cm?), that is adjusted to be less than 25 kW/cm?
(saturation intensity for Nd3+) for non-saturated

. . N-é+a-&
transmission ! -1l .e ab at i,
pas 0
e _1e oo : S
Ipas_lo'e( ¢) at Ae. Here a, in cm’, is the

coefficient of light decreasing due to different
reasons, common for both wavelengths — reflection
at the sample input and output surfaces, scattering,
non-spectral selective absorption of impurities.
After some simple calculation, we have:

N = (o, ) e In[(l;)as/l )(gas/lg)*lj (4)

In our case, from the easily measured ratios

(15/18)=0042 and (1% /18)=0.64, at o=
0.52x10% c¢m? [13] and & =8 c¢m, the concentration
of Nd**-ions is 6.4x10" cm™.

CONCLUSION

In the work we have shown — theory and the
experimental test - the possibility to use the specific
light intensity pump beam distribution in the
Gaussian beam in combination with special coaxial
geometry to obtain a new two-wavelength laser.
This laser, beside the absence of non-desired
wavelength-competition effect [12, 14], assures
laser emission simulataneously at tunable weak and
strong lines with practically equal energies without
loss of pump energy for the equalisation. The two
emissions are produced and emitted naturally in
coaxial beams using the entire rod volume. Such
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ABYBBJIHOBU JIA3BEPU, BASUPAHUN HA JIABEPHO BB3bYXJIAHE C TAYCOB CHOII KATO
NHCTPYMEHTAPUYM 3A AHAJIM3 HA MATEPUAJIN 1 XUMHWYECKU ITPOAYKTU
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(Pesrome)

B paGorata Hue mpeqiaramMe HOB aTPaKTHBEH JBYBBJIHOB Jia3ep, OTHACSN C€ KbM BKHHUTE WHCTPYMEHTH 3a
CIIEKTpaJIeH aHAJIN3 Ha ChCTaBa HA MAaTEPUAIM U XUMHUYECKU MPOJIYKTH ¢ TEXHUKATa Ha JU(epeHIInaTHO-a0CcopOIMOHHA
cnekrpockonus (JJAC) u nBy-hoToHHO TpeTupane. HamieTo perieHre ce OCHOBaBa Ha HOBA uies Ja ce KOMOMHHpa
HAJUTHKHO BB30Y)KAaHEe Ha Jiazep, 0COOEHO OarpuiieH Jjasep, 4pe3 CTaHgapTeH [aycoB Ja3epeH CHOIl C HaIlaTa
MATEeHTOBaHA MYJITH-KOAKCHAJIHA TeOMETpHsi Ha KaHajJuTe B Ja3epa. [ayCOBHSIT CHOI, HOPaAHd CHEHUPUIHOTO
pasnpe/esicHie Ha UHTEH3WTETa B HANPEYHO CEUeHHE, Ch3/1aBa BHB JIa3epPHATA aKTHBHA Cpella BUCOKO BH30YXKIaHE B
aKcWaJiHaTa ¥ YacT M HUCKO BB30yXkJIaHe B HeliHaTa mepudepus. B HameTo pernieHue, Te3u JBE YacTH ONTHYECKU ca
pa3IencHu KOAKCHATHO M BCSIKA TeHEPHpa B CBOH COOCTBEH CIIEKTPAITHO — CEJICKTHBEH pe3oHaTtop. OCBEeH reHeparus Ha
ABE€ HE3aBUCHUMO YIPaABIACMHU OBb/DKUHU Ha BbJIHATA 663 KOHKYPECHIIUA, ApYyru CHCHI/Iq)I/I‘{HI/I npeauMcTBa Ha
npeAsioKeHHeTo ca: 1). JBeTe reHepanuy — Ha ciabara JMHUs, TeHepUpaHa B Kpaullata Ha CIEeKTpalHaTa KpHBa Ha
yCcWJBaHe, U Ha CWJIHATA JIMHUS — OKOJIO MaKCMMyMa Ha CIIEKTPalHO YCWJIBAaHE Ha cpejiaTa, ce MPOU3BEXKAAT C
MpUOTU3NUTETHO elHaKkBa (M3XOJHA) eHeprus Oe3 3aryba Ha BB30YXKJala CSHEpPrusi 3a H3PaBHIBAHETO UM, H
€IHOBPEMCHHO; 2). JIBETE ICHEPALMH C€ MPOU3BEKAAT M TEHEPUPAT €CTECTBEHO B KOAKCHAIHH CHOIOBE, H3IOJI3BANKH
menus Jla3epeH obeM Ha cpemara. Hue mpencraBsme 000OIICHO MOJENMpPaHE W JICTAMICH TCOPETHYCH aHAIN3 Ha
JICHCTBUE HA TO3U HOB JIa3ep, C H3MOJI3BAHETO HA YHCIICHO 00CHXKIaHEe Ha POIAMUHOBO 0ArpwIIO B €TAHOI, BH30YKIaHO
ot ['aycoB cHom ot Nd:YAG nazep (0.53 um) u yCHemHo cMe TECTBAJIM HOBOTO PEIICHHE C HETOBUTE NPEIUMCTBA.
Karo mpunoxeHre, HW3MON3BalKK JBYBBIHOBaTa Ja3epHa cBeTIMHA KaTo WHCTpyMeHT B JIAC, Hue moka3Bame
npuchcTBrETO Ha Nd**-HoHU 1 M3MepHXMe KOHIEHTPALMATA MM B U3ydaBaH MaTepHall.
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