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Abstract

The search for new crystalline host materials for the usage in lasers emitting in the eye-safe spectral range
of 1.5-1.6 pm is an important task. The aim of this work was to study the growth technique, spectroscopic
properties and laser characteristics of new active media — crystals Er*",Yb*":Ca,RE,(BO,), (RE=Y, Gd).

Calcium-yttrium Er**,Yb*:Ca,Y (BO,), (CYB) and calcium-gadolinium Er**,Yb*":Ca,Gd,(BO,), (CGB)
oxoborate crystals co-doped with erbium and ytterbium ions were investigated. Polarized absorption and
emission cross-section spectra were determined. The lifetimes of “I |, and *I,, energy levels of Er’* ions
were measured and ytterbium-erbium energy transfer efficiencies were estimated. The calculation of the
gain cross-section spectra was performed. By using of Er*",Yb*":Ca RE,(BO,), (RE=Y, Gd) crystals the laser
performance was realized, for the first time to the best of our knowledge. The laser characteristics were
studied in a quasi-CW (QCW) laser operation.

The wide band with a peak at the wavelength of 976 nm is observed in the absorption spectra of both
crystals. This peak coincides with the emission wavelength of the pump laser diodes for Yb-doped active
media. The maximum value of absorption cross-section was 1.7 x 102° ¢cm? for polarization E// b for both
crystals. The lifetimes of the upper laser level I , , of Er’*ions were 580 + 30 psand 550 + 30 ps for Er,Yb:CYB
and Er,Yb:CGB crystals, respectively. The energy transfer efficiencies from ytterbium to erbium ions for an
Er,Yb:CYB and Er,Yb:CGB crystals were 94 % and 96 %, respectively. According to gain spectrum of
the Er,Yb:CYB crystal the gain band peak is centered at the wavelength of 1530 nm. The maximum QCW
output power was 0.5 W with slope efficiency of 13 % regarding to absorbed pump power for an Er,Yb: CYB
crystal. The laser beam parameter M? did not exceed <1.5.

Based on the obtained results, it can be concluded that these crystals are promising active media for lasers
emitting in the spectral range of 1.5-1.6 um for the usage in laser rangefinder and laser-induced breakdown
spectroscopy systems, and LIDARs.
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Kpucramiaet Er,Yb:Ca RE,(BO,), (RE=Y, Gd) — HOoBbIE
cpeabl AJIsl JIa3ePoB, U3JYYAKIIMX B CIIEKTPAJIbHOM
auanasone 1,5 Mmxkm

K.H. I'op6auensi', P.B. [leitnexa', B.J. Kuceian!, A.C. fIciokeBnu’, A.H. lllexoBuor?,
M.B. Kocmbina?, H.B. Kyxaemos!

[lenmp onmuyeckux Mamepuaiog u mexHoI02u,

benopycckuii nayuonanbHulil mexHu4ecKull ynugepcumen,

np-m Hesasucumocmu, 65, 2. Munck 220013, berapyco
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ITorck HOBBIX KPUCTAITMYCCKUX MATPHIL ISl IPUMEHEHUS B J1a3epax, M3TydalolInX B YCIOBHO Oe3omac-
HOM JIJTSI TJ1a3 CIIEKTPaIbHOM Auara3oHe 1,5—1,6 MKk, sSBIsIeTcsT akTyanbHOH 3amadeit. Llensto manHo# pabo-
ThI SIBJSUIOCH U3YYCHHE TEXHOJIOTMU POCTA, CIEKTPOCKONIUYECKUX CBOMCTB M T'€HEPALMOHHBIX XapaKTePUCTUK
HOBBIX aKTUBHBIX cpesl — kpuctamwios Er’*,Yb*:Ca,RE (BO,), (RE=Y, Gd).

B kadecTBe McciietyeMbIX 00pasioB HCMOMb30BAUCh KPUCTAILTBI Kalblui-urTpresoro Er'', Yb*":Ca, Y (BO,),
(CYB) un xanpumit-ranonunuesoro Er'*,Yb*:Ca,Gd,(BO,), (CGB) okcobopaToB, COAKTUBUPOBAHHBIX HOHAMH
apbus u utTepOus. B pe3ynbpraTe ompeneneHbl CIeKTPHI MOEPEYHBIX CEUCHUH MOTTIOMICHUS U CTUMYJIMPOBAH-
HOTO MCIYCKaHHs B TIOJIAPU30BAaHHOM cBeTe. Onpe/iesieHbl BpeMEeHa KU3HI SHepreTudeckux yposneit ‘I, u*l .
MOHa 3pOusl, a TaKXKe MPOBe/IeHA OlleHKa Y((EKTUBHOCTH MIEPEHOCA YHEPTUU OT HOHOB UTTEOPUsI K HOHAM dpOusL.
BrImosnseH pacyet CeKTpOB MOMIEPEYHBIX CEUCHUH YCHIICHHS. BriepBhIe ¢ UCTIONB30BAaHUEM KPHUCTAIUIOB PEa30-
BaHa JIa3epHasl TeHeparysl, U3y9IeHbI TCHEPAITUOHHBIC XapaKTePHUCTUKHU B KBA3HHETIPEPHIBHOM PEKUME TCHEPAITHH.

B cniekrpax moromnieHus st 000MX KPUCTAIIOB HAOIIOIAeTCs TI0JI0Ca ¢ MMMKOM Ha JUTHHE BOJHBI 976 HM,
YTO COINIACYeTCs C UTMHOM BOJHBI UCITYyCKAHUS JIA3CPHBIX THOJ0B, IPUMEHSIEMBIX JIJIsI HAKAUKH AKTUBHBIX dJIC-
MEHTOB ¢ MoHaMu Yb*'. Haubosbiiiee 3HauCHHE MOMEPEUHOIO CCUCHHS TTONIONMICHHS ISl 000MX KPUCTAJIOB
cocraBuiio 1,7 x 1072° cm? st monsipusanuu £ // b Ha qurae BoHb 976 HM. BpeMst KU3HU BEPXHETO JTa3€PHO-
ro yposns ‘I . - cocraBuno 580+30 mxc u 550+ 30 mMkc qns xpucramios Er,Yb:CYB u Er,Yb:CGB cootset-
CTBEHHO. DPPEKTUBHOCTD MEPEHOCA SJHEPTUN OT MOHOB UTTEPOUS K MOHAM dpOus coctaBmia 94 % s xpu-
crama Er,Yb:CYB u 96 % mist Er,Yb:CGB. Pacuet cniekrpa ycunenus ans kpuctamia Er,Yb:CYB, nokazan
YTO MaKCUMYM I10JIOCHI YCUJIEHUSI HAaXOAUTCs Ha AjuHe BosHbI 1530 HM. MakcuMalibHOE 3HAaY€HUE BBIXOJHOM
MOIIHOCTH B KBa3WHETIPEPHIBHOM pPeKUMe TeHepanuu coctasmio 0,5 Bt npu quddepennuansaoit 3G dexTus-
HOCTH 10 TIOTJIONIEHHOW MOIIHOCTH Hakadku 13 % mns kpucramna Er,Yb:CYB, napamerp pacnpocrpaneHus
JazepHoro my4ka M? ve mpesbimai 1,5.

Ha ocHOBe moy4eHHBIX pe3yJbTaToB, MOXHO CHIENATh BBIBOJ, YTO JIAHHBIC KPUCTAJLUTBI SBIISTFOTCS TICPCIICK-
TUBHBIMH aKTUBHBIMH CPEAaMH IS JIa3ePOB, M3IYyYaIOIMX B CIIEKTpaIbHOM Auanas3one 1,5—1,6 MkM, i npume-
HCHHS B COCTaBE CHCTEM JIA3EPHOHN MATbHOMETPHUH, JIA3ePHO-MCKPOBOM SIMUCCHOHHOHN CIICKTPOMETPHU U TUIAPOB.

KaroueBsble cioBa: >pouii, HTTepOUii, KPUCTAILTBI OOPATOB, CIIEKTPOCKOITHS, JIa3epHasi TeHepaITusl.
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Introduction

The laser radiation in the spectral range of 1.5—
1.6 um is attractive for application in rangefinders
and LIBS (Laser Induced Breakdown Spectroscopy)
systems [1] due to its eye-safety. This radiation
is strongly absorbed in an eye's cornea and can
not damage the sensitive retina. Also due to high
transparency of the atmosphere 1.5—1.6 pm radiation
is of great interest for application in LIDAR (Light
Identification Detection and Ranging) systems [2].
Nowadays there are many laser sources emitting in
this range, lasers based on Er** and Yb* co-doped
materials are ones of the most widespread. The main
requirements to erbium, ytterbium co-doped materials
for achieving efficient laser operation in the spectral
range 1.5-1.6 um are the following [3]:

— efficient absorption of pump power by Yb**
ions and further efficient energy transfer from
ytterbium to erbium ions;

—fast non-radiative relaxation from ‘I
energy level to ‘I, energy level of Er3+ ions for
minimization of losses deal with back energy transfer
from erbium to ytterbium ions and upconversion
transitions from the ‘I | , energy level to upper ones.

Nowadays REAL(BO,), oxoborate crystals are the
leading E™*,Yb*" co-doped crystalline laser materials,
because they possess necessary —spectroscopic
properties required for efficient laser operation at near
1.5 um [4-7]. However crystals with sizes not more
than 20 x 10 x 10 mm? can be grown only by top seed
solution growth technique (TSSG) that is characterized
with a long-term (about a month) growth period [8].

In the contrast to Er,Yb:REAL(BO,), crystals,
homogeneous and free of impurity phases and
scattering centers Er,Yb:Ca,RE (BO,), ones with
dimensions up to @20 x 80 mm? can be grown by the
well managed Czochralski method. To date several
articles devoted to the crystal growth and spectroscopy
investigation of Er,Yb:Ca,RE (BO,), crystals were
published. Moreover, polarized absorption and
emission cross-section spectra, energy transfer
efficiency as well as laser performance was not
reported. In this paper we demonstrate laser related
spectroscopy and, for the first time to our knowledge,
laser operation of Er,Yb:Ca,RE,(BO,), crystals.

‘1

Experimental details

Crystal growth

CaCO, (99.99 %), RE,0,(99.99 %) (RE=Y, Gd),
Er,0,(99.99 %), Yb,0,(99.99 %) and B,0, (99.95 %)

compounds were used as reagents for solid state
synthesis of the charge. The stoichiometric mixture
of the initial reagents was placed into a platinum
crucible. The mixture was heated at the rate of
50 °C/h to 110 °C, 230 °C, 450 °C and 750 °C and
kept for 10 h at each temperature. The compound
formation was carried out according to reaction:

3CaCoO, +0.88RE,O, + 0.02Er,0,+0.1Yb,0, +
+2B203 - Ca3RE1.76YbO42ErO.O4(BO3)4+ 3C02T

The obtained material was finely ground. The
charge was placed in Ir crucible for crystal growth.
Er,Yb co-doped Ca,RE,(BO,), crystals were grown
by the Czochralski method using an automated and
equipped with a weight control system «Kristall 3M»
puller. The growth process was carried out in inert
(argon) atmosphere. The pulling and rotation rates
were 1.5 mm/h and 20 rpm, respectively. The axial
temperature gradient at the crystal-melt interface
was 50 °C/cm. The crystals were grown along the
crystallographic axis [001]. No impurity phases and
gas bubble inclusions were detected [9]. Boules of
Er,Yb:Ca,Re,(BO,), (Re=Y, Gd) crystals of high
optical quality were produced with 20 mm in the
diameter and 80 mm in the length (Figure 1).

b
Figure 1 — The Er,Yb:Ca,Y,(BO,), (¢) and
Er,Yb:Ca,Gd,(BO,), (b) crystals
Spectroscopic technique
Two polished cubes cut from
Er(2 at.%),Yb(10 at.%):Ca,Y (BO,), and

Er(2 at.%),Yb(10 at.%):Ca,Gd,(BO,), crystals with
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dimensions of 5x5x5mm?® oriented along the a,
b and c crystallographic axes were used to record
polarized absorption spectra. The room-temperature
polarized absorption spectra were recorded with
Varian Cary 5000 UV-Vis-NIR spectrophotometer
in the wavelength ranges from 850 to 1100 nm and
1400-1650 nm.

Lifetime measurements were performed using
optical parametric oscillator based on the
B-Ba,B,O, crystal and pumped by the third
harmonic of a Q-switched Nd:YAG laser. The
luminescence radiation was detected at 1.5 um
using a monochromator, fast InGaAs photodiode
and 500 MHz digital oscilloscope. To prevent
reabsorption caused by significant overlap of the
absorption and emission bands, measurements of
Yb*" luminescence kinetics were performed using
with a fine powder of the crystals immersed in
glycerin [11].

The energy transfer efficiency was measured
by estimation of the °F_ level lifetime shortening in
Er,Yb-codoped crystals and Yb-single doped crystal
according to the formula (1) [12]:

n=k/t" =t1/t-1/1,), (1)

Where k is the energy transfer rate; t is the ytterbium

F,, level lifetime in Er,Yb-codoped crystal; t, is
the ytterbium °F_  level lifetime in Yb single- doped
crystal.

The stimulated emission-cross section spectra
in the spectral range 1450—1650 nm were calculated
by the integral reciprocity method (2) [13] using
the calculated absorption cross-section spectra and

radiative lifetime of ‘I energy level of Er’" ions
presented in [14]:
" ()= 3exp(—he/(kTL)) & (0, ()

smn't, ey, [ c", (M)exp(—he; (KTA))dA
¥

where t_, is the radiative lifetime of an active
center (Er’"); c is the speed of light in vacuum; o and
v denote light polarization; /# and k are the Planck’s
and Boltzman’s constants, respectively; 7 is a host
crystal temperature; n is the refractive index of the
crystal and 6, is the ground state absorption cross-
section.

The gain cross-section spectra g(A) were
calculated for different inversion parameters B by
using the following equation (3):

gl =po,*) - (1-P)s, ), 3)

where B=N /N, is the ratio of the population of
excited Er** ions manifold to the total erbium ions
concentration.

Setup for laser experiments

Thelaserperformance ofthe Er,Yb:Ca,Re (BO,),
(Re=Y,Gd) crystals was investigated in Z-shaped
cavity (Figure 2). The 2-mm-thick antireflection
coated for both pump and lasing wavelengths a-cut
Er(2 at.%),Yb(10 at.%):Ca,Re,(BO,), crystal was
wrapped in indium foil for good thermal contact and
mounted between two copper slabs with the hole
in the center to permit passing of pump and laser
beams. The temperature of an active element was
kept at 20 °C. As a pump source a 976 nm fiber-
coupled laser diode (0@ 105 pum, NA =0.22) was used.
To minimize thermal effects inside the crystal the
quasi-continuous wave (QCW) mode of laser diode
operation with a duty cycle of 10 % was chosen.After
passing lens system the pump beam was focused into
~ 100 um spot (1/e* intensity) inside the crystal.
The cavity-mode diameter at the active element was
close to the pump beam waist. Three output couplers
(OC’s) with different transmittances were used
during laser experiments. The experimental setup is

shown in Figure 2.
Qutput coupler

Laser diode@976nm
Q= 105um NA 0.22 Focusing system ;.

L e
N\

Figure 2 — Experimental setup for laser experiments

Result and discussion
Spectroscopy

The room-temperature polarized absorption
cross-section spectra of the Er,Yb:CaY,(BO,),
(CYB) and Er,Yb:Ca,Gd,(BO,), (CGB) crystals
in the spectral range of 850—1100 nm are shown in
Figures 3a and 3b, respectively. The peak absorption
cross-sections around 976 nm (the wavelength is close
to emission wavelengths of commercial InGaAs laser
diodes) corresponding to the transitions of °F, —°F_,
of Yb* ions and I, —I, 2 of Er** ions, for both
crystals is around 1.7x102°cm? for polarization
E//'b. Thus, the pump beam polarization corresponded

to the b axis of the crystal will be preferable.

17



Ipubopul u memoowvl usmepenui
2019.—T.10, Ne 1. - C. 14-22
K.N. Gorbachenya et al.

Devices and Methods of Measurements
2019, vol. 10, no. 1, pp. 14-22
K.N. Gorbachenya et al.

The broad and smooth absorption band
corresponding to transition of *I . —* .  of Er”
ions is observed in the spectral range of 1400-
1650 nm. The maximum absorption cross-section
for Er,Yb:CYB crystal in the spectral region of
1400-1650 nm does not exceed 0.6 x 102° cm? at the

wavelength of 1530 nm (Figure 4).

"t 16/ —Ella
—Ellb

—Ellc

-20

20 2

Oabs@I76(E/D)=1.72x10"cm
0,8

0,4

Absorption cross-section (x 10

0,0

T T T
850 950 1000 1050

Wavelength (nm)

T
900 1100

a

—Ella
—ElIb
—Elle

20 2

| Gabs@976(E/D)=1.75x10"cm

0,4

Absorption cross-section (x 10-20 cmz)

0,0
850

T T T y
900 950 1000 1050 1100
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b

Figure 3 — Polarized absorption cross-section spectra
of Er,Yb:CYB (a) and Er,Yb:CGB (b) crystals at room
temperature

0,6

?)
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—Ella
—Ellb
—Elle

0,5

-20

0,4

0,3

0,2

0,1

Absorption cross-section (x 10

0,0

T T T T
1400 1450 1500 1550 1600 1650

Wavelength (nm)

Figure 4 — Polarized absorption cross-section spectra of
Er,Yb:Ca,Y,(BO,), crystal in the spectral region of 1400
1650 nm

The decay curvesof 1.5 pmemission (*,, —*I .,
transition of Er*" ions) were single exponential

(Figure 5) for both crystals, and the luminescence
decay times of the *I ,, energy level of Er’" were
measured to be about 580430 ps and 550 +30 ps for
Er,Yb:CYB and Er,Yb:CGB crystals, respectively.
Taking into account, that radiative lifetimes
calculated from the Judd—Offelt analysis is 2.41 ms
for Er,Yb:CYB crystal and 1.98 ms for Er,Yb:CGB
crystal [13] the luminescence quantum yields of
the “I ,, energy level was estimated to be 24 %
and 28 % for Er,Yb:CYB and Er,Yb:CGB crystals,
respectively. Comparatively low luminescence
quantum yields are explained by the high phonon
energy of the oxoborate crystals, which result in a
high non-radiative “I ,,—"I ,, transition probability.
However, it should be mentioned, that obtained
values is near three times higher to those obtained
for Er,Yb:REAL(BO,), crystals (10 %) [5].

1

0,36788 -
S 0,13534
=]
g
& 0,04979 -
2
2 0,01832
]
£
0,00674 -
0,00248 -
- - . - i
0,0005 0,0010 0,0015 0,0020 0,0025
Time (s)
a
0,0067 -
= 00025
=]
g
&
£ 10,0009 4
z
s
g
£ 10,0003
0,0001 -
: r . . !
0,0005 00010 00015 00020  0,0025
Time (s)
Figure 5 — Kinetics of luminescence decay of

Er,Yb:CYB (@) and Er,Yb:CGB (b) crystals

The lifetime of the *I,, , level of Er’* ions was
estimated in CYB and CGB crystals doped only Er**
ions, because in Er-Yb co-doped crystals the process
of back energy transfer from erbium to ytterbium
distorts the measured lifetime of the level ‘I ..
In erbium media, nonradiative relaxation to the *I
level is the dominant process of emptying the ‘I
level. Therefore, the time of emptying the “I

13/2

1172

- level
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corresponds to the time of filling the *I ,, level.
Consequently, the task of estimating the lifetime of
the *I, , level of the Er*" ion in Er:CYB and Er:CGB
crystals was to determine the I, energy level rising
time. The lifetime of the *I, , energy level in Er:CYB
and Er:CGB crystals did not exceed 120 ns (Figure 6)
(for comparison, in phosphate glass with Er** ions
it is 1-3 ps [15, 16]). The short lifetime of *I, ,
energy level enables fast non-radiative relaxation
from ‘I, energy level to ‘I . energy level of Er’*
that leads to minimization of losses dealt with back
energy transfer from erbium to ytterbium ions and
up-conversion transitions from to ‘I energy level

to upper ones.

11/2

1,0

0,8

0,6

0,4

Intensity (arb. un.)

0,2

0,0

T T T T T T
80 100 120 140 160 180 200

Time (ns)

4‘0 6‘0
Figure 6 — The rising part of luminescence kinetics curve

from “I ., energy level of Er’* in the region of about 1.5 um

The dependences of obtained lifetimes of
°F,, energy level on different weight content of
Yb(1 at.%):CYB and Yb(1 at.%):CGB crystalline
powders in glycerin suspension are presented in
Figure 7. With the decrease in weight content of
crystalline powder in suspension the measured
lifetimes also decreased. After considerable dilution
of the powders and thus elimination of selftrapping
effect the ytterbium lifetimes in Yb:CYB and
Yb:CGB crystals were determined to be 680=+30
and 700+30 us, respectively. The °F,, energy
level lifetimes were measured to be 40+2 pus in
Er(2 at.%),Yb(10 at.%):CYB crystal and 30£2 pus
for Er(2 at.%),Yb(10 at.%):CGB crystal.

By using formula (1) the energy transfer
efficiency in the Er:Yb:CYB crystal doped with
2 at.% Er** and 10at.% Yb*" was calculated to
be about 94 %. Very close efficiency of 96 % was
obtained for Er:Yb:CGB crystal. These results
suggest that the almost all of absorbed energy can
be efficiently transferred from °F,, energy level of
Yb** ions to the *I,,  energy level of Er*" ions by

11/2
nonradiative resonant energy-transfer process. It also

should be mentioned that energy transfer efficiencies
in Er,Yb:Ca,RE (BO,), crystals are similar to those
in REAL(BO,), oxoborate crystals [4,5] and Er
and Yb co-doped glass and more efficient than in
vanadates and tungstates [17, 18].
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Figure 7—-The °F , energy level lifetimes of
Yb(1 at.%):CYB (@) and Yb(1 at.%):CGB (b) crystalline

powder in glycerin

The stimulated emission cross-section spectra
of Er,Yb:Ca,RE,(BO,), crystals in the spectral
range of 1400-1650 nm are shown in Figure 8.
The highest stimulated emission cross-sections of
both crystals was found to be about 1.65 x 1072 ¢m?
at 1530 nm for polarization E//b. One can also
note the low anisotropy of stimulated emission for
Er,Yb:Ca,RE (BO,), crystals.

Taking into account the similarity of absorption
and emission spectra of both crystals the gain
cross-section spectra g(A) were calculated only for
Er,Yb:CYB crystal for E£//b polarization. The gain
cross-section spectra of Er,Yb:CYB crystal for
different inversion parameters § from 0.1 to 1 in the
spectral range of 1400—1650 nm are shown in Figu-
re 9. In accordance with presented spectra the maxi-
mum of gain band is centered at 1530 nm under $>0.3,
which causes the spectral position of laser emission.
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Figure 8 — The stimulated emission cross-section spectra
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Laser performance of Er,Yb:Ca,RE,(BO,), crystals

Input-output characteristics and laser output
spectrum of QCW Er,Yb:CYB diode-pumped lasers
are plotted in Figure 10 and Figure 11 respectively.
The maximal peak output power of 0.5 W at 1530 nm

with slope efficiency of 13 % was obtained for OC
with transmittance of 1.3 % when absorbed pump
power was 6.8 W. The laser threshold was about
2.5 W of absorbed pump power. The laser radiation
was linearly polarized (E// b).
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Figure 10 — Input-output characteristics of Er,Yb:CYB
laser
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Figure 11 — Laser output spectrum

Input-output characteristics of QCW Er,Yb:CGB
laser are shown in Figure 12. The similar slope
efficiencies with slightly lower output powers and
higher thresholds were obtained in this case. The
weak dependence of the slope efficiency from the
OC’s transmittance evidences low passive losses of
the laser resonator.
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Figure 12 — Input-output characteristics of Er,Yb:CGB
laser
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The maximal peak output power of 0.4 W was
obtained at 1530 nm, slope efficiency was estimated
to be 12 % for 1.3 % OC. It should be mentioned that
the spatial profile of the output beam was TEMO0O
mode with M?< 1.5 during all laser experiments.

Conclusions

Ca,RE(BO,), (RE=Y, Gd) crystals co-doped
with Er and Yb ions were grown by Czochralski
technique. The detailed investigation of the spectral-
luminescent properties of the Er,Yb:Ca,RE (BO,),
(RE=Y, Gd) crystals were performed. Diode-
pumped QCW laser operation of the Er:Yb:CYB
and Er,Yb:CGB crystals was demonstrated, for the
first time to our best knowledge. Maximal peak
output power of 0.5 W with slope efficiency of 13 %
was achieved at 1530 nm by using of Er,Yb:CYB
crystal. The obtained characteristics indicate the
promise of Er, Yb:CYB and Er, Yb:CGB crystals
usage as active media of pulsed-pumped lasers
emitting in the spectral range 1.5-1.6 um for
application in laser rangefinder, LIBS and LIDAR
systems.
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