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1. What is the laser?

2. Metal vapor laser.

3. Pumping sources and the principle of operation.

4. Operating in the superradiance mode (Amplified spontaneous emission mode).
5. The main properties.

6. Laser active optical systems. Types, principle of operation.

7. Some points of the application.
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N. BaSOV A. Prokhorov H. Townes
1922-2001 1916—2002 1915-2015

In 1951 Charles H. Townes, then at Columbia University in New York City, thought of a way
to generate stimulated emission at microwave frequencies. At the end of 1953, he
demonstrated a working device that focused “excited” (see below Energy levels and
stimulated emissions) ammonia molecules in a resonant microwave cavity, where they
emitted a pure microwave frequency. Townes named the device a maser, for “microwave
amplification by the stimulated emission of radiation.” Aleksandr Mikhaylovich Prokhorov
and Nikolay Gennadiyevich Basov of the P.N. Lebedev Physical Institute in Moscow

independently described the theory of maser operation. For their work all three shared
the 1964 Nobel Prize for Physics.
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T. Maiman
1927-2007

He fired bright pulses from a photographer’s flash lamp to excite chromium atoms in a
crystal of synthetic ruby, a material he chose because he had studied carefully how it
absorbed and emitted light and calculated that it should work as a laser. On May 16,
1960, he produced red pulses from a ruby rod about the size of a fingertip. In December
1960 Ali Javan, William Bennett, Jr., and Donald Herriott at Bell Labs built the first gas

1962 Robert N. Hall and coworkers at the General Electric Research and Development
Center in Schenectady, New York, made the first semiconductor laser.

-

laser, which generated a continuous infrared beam from a mixture of helium and neon. In
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Energy levels and stimulated emissions
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4 . e
Energy levels and stimulated emissions

Spontaneous and Stimulated Processes
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Energy levels and stimulated emissions
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Principle of operation

fully reflective mirror Iaslrlg medium

T YAVAT TAATATAY v.v‘v\v WaTAYA" V‘V‘Y ‘IAV VAYAY

phbviranss s

5. Coherent light, with all waves lined up in phase.

partly reflective mirror

atom in ground state g

excited atom @

stimulated
emission
atomQ




g The aim of the work A

Real-time imaging of fast processes blocked from viewing by the
background radiation:

«Self-propagating high-temperature synthesis (SHS)

*Production of nanoscale structures

sLaser processing of materials

*Welding process

Interaction of energy flows with biological objects

*Remote object imaging

eetc.

Processing (converting) of the optical signals with an adjusted
contrast

Challenge

To find the medium for optical signal converting
- In different spectral ranges

- With low distortions

- With high-time resolution
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/Relevance of the work N

The development of methods and tools for high-speed visualization is an important task, the solution of which
makes it possible to study fast processes [1-4]. b)

Xetmy riography
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Figure 8. Plasma formation and appearance of the plasma mduced by LAL at different time scales. (a) Plasna imagmg of fs-LAL of i
water for different fluences. (Reproduced from [64]) (b) Plasma imaging of ns-LAL of silver for different pressures i waster. (Repro
from [163].) (¢) Schematic of fs- and ns-L AL In contrast 1o 5-LAL, the plasma plume mieracts with the laser beam resulting n {u
plasma excitatson (and plasma sheelding ). The arrows mdicate the direction of energy flow, which for [s-LAL results from the target 5
towards the balk liquid whereas for ns-LAL the lser-plasma interachon leads 10 an energy deposition farther away from the target.
(d) Plasma imaging and shadow imaging to dsplay the cavitation bubble boundary for defferent laser pulse duration & a ume delay ‘ 500 5m 18 ms

infensity maximum of the pulse. The upper image was taken for 2 19 ns Luser pulse. The meddlie image for a 50 ns kser pulse and the

image for a 100 ns laser pulse. For the 19 ns laser pulse, the plasma exceeds the boundary of the cavitation bubble. For the 50 ns pul  Figure 10. Propertses of the cavitation bubble. (1) Strobescopic videography (left column) and x-ray radiography (right column) images of the

plasma boundary coincides with the cavitation bubble boundary. For the 100 ns pulse, the cavitation bubble boundary exceeds the §  GVilation bubble evolution induced by LAL on a silver target immersed n water as a funchion of delay after kaser iradiation indicating the
boundary. (Rz’[l:odu'.td from [66].) . - formation of a rim (white arrows) and the depression of the hgquid (red arrow). After the first (delay tme of 203 ps) and second rebound
= (delay tme of 309 ps) asymmetne shape devations from the initial quasi-hemispherically cavitation bubble are observed (Repranted with
permission from [209], Copyright 2017 Elsevier). (b) Colloid extinction rep 2 the mass ¢ after 150 laser shots and bubble
volumes produced by LAL of a flat (night y-axis) and wire (left y-axis) sifver target depended on the applied Laser fluence. (Reprinted with
permission from (210], Copynight 2017 Wiley VCH Verlag GmbH & Co. KGaA, Wemheim). (¢) Appearance of salellite nuicrobubbles
around the cavitation bubble after smgle-laser pukse (2 ps) & of a gold Loget (Reprmnted with permussion from [39), Copyright 2018
The Royal Socsety of Chemistry). (d) Fornmbion of persistent micro-bubbles milliseconds after LAL of a gold target in water (Reprodoced
from [78] with permission from the PCCP Owner Societies).
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/I—Iigh-speed Imaging
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Laser illumination method Requirements:
' - Low Beam Divergence;
,W - High radiation intensity at the object;
'Bop . . . .
. - Small filter transmission width (nm units);
Kovepy Advantages:
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Introduction

Necessary pressure of work substance

Y

Evaporation of metal halides Evaporation of metals

Power of pump pulses Power of pump pulses

Molecule dissociation Atom excitation m

(Cu—-510,6 and 578,2 nm)

E, eVt Copper ~1450
- Lead ~950
3 4p t_‘ N 2F,o3"2 )
e Strontium ~800
2] Radiation Manganese ~1350
S Approximate
. = 3d°4s? . 231'2 temp.eratu re of
% o active zone
L
4s°S,, 15




The design of self-heated metal vapor laser

E, aB

Population of the lower metastable
level due to the high gas temperature
along the axis
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Limitations:

1. Metal is located in the discharge
zone.

2. The concentration of metal
atoms can’t be changed without
active zone temperature variation.
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Low pump power, low active zone temperature,
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The design of the active element with inductor

dispenser

~

Cramrge: ) (5

dvantage: imitations:
This design allow need to use the
to separate the pump source for
functions of the heating and
production and maintaining the
. excitation of active media
vapors between temperature
\different sourcesj K )
The design of the active element and the pilot plant: Other methods to get metal vapors [1]:
1 — discharge channel, 2 — quartz vacuum tube, _
3 — windows, 4 — heat insulator (ZrO2), 5 and " Self-heating
6 — cathode electrodes of the left and right = Thermal heating of metal
sections, 7 - anode electrode, 8 - dispenser of vapor
of the working substance (copper), 9 — inductor, " Explosion of metal wires

G — control pulse generator, PS — power supply. = Pplucked the metal atoms from the

walls of the GDT

|= 1. V.M. Batenin, V. V. Buchanov, A. M. Boichenko and etc. High-brightness Metal Vapour Lasers. Vol. 1,
pp 22-62. 2017. ISBN 9781482250046 17



Experimental testing of induction heater

Experimental results with power consumed by induction heater of 1 kW

Theoretical T,°C Heating time, s
Efficiency

=16% 1085
2 =1,5% <400 >300
L e 3 =73% 1085 45
Heated samples From left to right: / \
1) a twisted horizontal spiral of _ =
copper bus in a ceramic body; You can \{vatch the graph.lte =
2) a copper rod standing upright in sample heating video by scanning
a ceramic body; the QR code. Or you can copy the
3) graphite sample with a copper link on the appendix slide.
rod inside.

Sample 2 Sample 3 18



/I—Iigh-speed imaging N

Active optical systems
Requirements:
_ . - selectivity, homogeneity, high G;
*-----_-_-__-;z‘___------_______-;\ _____________ Advantages:
) - Amplifier simultaneously highlights the object, filters and

enhances the image;

Herounnk 7 % '- ' .
NHTANNE _' - no Ilght effect.
Cucresma ynpanieins 1

1. Within a single pulse, amplified spontaneous emission (ASE)
forms the input signal of the BA and forms the background on the
enhanced image.

2. The input signal includes technical noise (“parasitic” reflections
from the optical elements of the circuit) and a useful signal,
background radiation, and a useful signal.

3. BA operates in single-pass mode.

4. The field of view is determined by the GDT parameters, the
gain profile, and the optical design.

*Brightness amplifier (BA) — the term used in the works of the
group G.G. Petrash.

2 High single pass gain:  10-100 dB/m
High pulse repetition rate: 5-700 kHz
2 Operates in the VIS-NIR spectrum range (510,6; nm) - Cu
(534,2; 542; nm), (1,29; 1,329; 1,362 um) - Mn

(]

0 Short pulse: 100 — 20 ns
1 High spectral brightness

> /




/Active elements for BA I

o e — - GDT parameters:

il 1. GL-206G: diameter 1.4 cm, length 34 cm; Ppump 1.5 kW, P=5W.
e I 2. 2. GL-201D: diameter 2 cm, length 123 cm; Ppump 3.5 kW, P =40 W

v I | 1} l- -“'

o (T . — s Be Frequency not more than 16 kHz, access to the mode up to 1 h,
o T dependence of the mode on the pump parameters
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System with independent heating (CuBr-AT - laser)

- allows to change the temperature parameters of the active element without changing the excitation parameters

Excitation method (capacitive GDT)

- tehere is no contact with the active medium of the element, which simplifies manufacturing and increases the service life.

Power supplies with a pulsed charge of working capacitor

- long life-time, low weight and size parameters

Power supplies based on tacitrons

i - possibility of increasing the FRR without special means, large specific energy inputs /




/Active optical systems
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The optical signal processing by the active optical
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Camerg 1 High intensity lasers
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Metal halide active medium for high-speed imaging

clectrodes
windows window M W mdm\
= S—— . —N ; tf
“\L- 1 NSNS E————t . *1 -*“'“‘(

\J * ( ( RRRRRARRRRRR
, .‘ NS

\hLaIL{ l( uBrJ¥ / ( / \ HBr discharge channel /Id‘ 'tllﬁ/g heaters /@:ﬂ\ HBr

electrodes heater

Advantages Abilities
) High gain: 10-100dB/m (0.2 cm™) 2 ASE mode
0 High pulse repetition rate: 5-700 kHz 1 High time resolution
1 Visible and near IR range of the spectrum 2 Using modern imaging equipment
(510.6 & nm), (534,2; 542 nm),
(1,29; 1,329; 1,362 um)
2 Laser pulse width: 20 - 100 ns 2 Low distortion
) High spectral brightness 1 High level of signal filtering
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/High-speed BA on copper atom transitions
CuBir,
Typical pumping
A= 510,6 nm,
? @ 25 mm, L =500 mm
Camera Filter Y Amplifier Lens Object P=1200 W

Laser Monitor Scheme

| —— 30kHz
|
g VA
T L T v T & e |
S 100 150 200 250 300 350
D, nukcenn
— 60kHz
150 200 250 300 350

D, nukcens

The results of visualization of a metal mesh in a laser monitor with different PFR excitation

For the development of high-frequency BAs, it is necessary to use special solutions that would make it possible to
create laser monitors on their basis.

P
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/Optimization BA operating mode. Effect of HBr additive

CuBr, traditional GDT

GDT @ 50 mm, L =900 mm
PRF — 30 kHz,

E = 108 mkJ/cm3

(*) Modification of process kinetics due to

HBr:

- work at high PRF;

- increase the effective diameter of the without HBr
beam;

- improve generation characteristics.

With HBr
T= 100 °C (p = 0.15 Topp)

With HBr
T=1109C (p = 0.30 Topp)

Images of a single-pass radiation pulse at various concentrations of HBr

10cb MPT

BBIXOIHBIC OKHA 2504
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y. \ AKTHBHBIH 00BEM
pL

200 +
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3 ‘:7  AROBEOODODNAN () SO 7‘ r ' “"j‘:
ﬁ L{//L%#d r— K . 504
W"““f <“*’/" HBr 01
0 100 200

NCKTPO/IbI

1N}

SApKOCTB, OTH.EJL.

00 400 500 600 700 800
J.IHCTZIHUIUL ITHKCCI1b

Mpodurnb 0gHONPOXOAHOTO U3NYYEHNS NPU PasfMyHOM

The construction provides: KOHLieHTpauun HBr B akTBHOM cpeae

1. Stabilized GDT temperature

2. Independently changing of CuBr n HBr 1 — without HBr;

2, 3 —increasing of HBr 100 °C;
4 — stabilized concentration of HBr 100 °C;
5 — stabilized concentration of HBr 110 °C.

1. WwaHos [.B. Jlaszep Ha napax 6pomumaa meau C BbICOKOM 4acTOTOW crieqoBaHus umnynbcoB. Awucc... K.d.-M.H. Tomck. — 2007.
(MOA CO PAH).

2. Gubarev F.A,, Trigub M.V., Klenovsky M.S., Lin L, Evtushenko G.S. Radial distribution of radiation in a CuBr vapor brightness amplifier
i used in laser monitors // Applied Physics B - Lasers and Optics. 2016. V. 122. Iss. 1. Article number 2. P. 1-7. /




@ptimization BA operating mode

CuBr, typical GDT

PT @ 50 mm, L =900 mm
PRF - 30 kHz,

E = 108 mkJ/cm?

(*)Amplification features tuning:

- High PRF operating mode,;

- Increasing diameter amplification profile;
- Improving lasing features.

410 420 430 440 450 460 470 480 490 500
T,0C

CuBr concentration.

i By30B. ®u3uka. 2017. T. 60. Ne 11. C. 122-127.
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. Effect of CuBr concentration
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Single pass gain profile versus CuBr
concentration.

1. Evtushenko, G.S., Torgaev S.N., Trigub M.V., Shiyanov, D.V., Evtushenko T.G., Kulagin, A.E. High-speed CuBr brightness amplifier
beam profile // Optics Communications. 2017. V. 383. P. 148-152.
2. Kynarun A.E., Topraes C.H., EBTyweHko I'.C., Tpury6 M.B. KuHeTnka akTMBHOW cpeabl ycunutens SpkocTn Ha napax meam // ssectus
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@ptimization BA operating mode. Effect of CuBr concentration \

B |

Camera Filter Amplifier Lens Object

0 100 200 300 400 500 600 700
ﬂ"CTa"u“ﬂ. MUKCCIb

Single-pass gain profile versus CuBr concentration.

20- a
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% 160 &
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T Oc 450°C 460°C
Dependence of single-pass gain (K) and ASE power (P0) on Metal grid imaging results at different CuBr concentrations

CuBr concentration.

1. Evtushenko, G.S., Torgaev S.N., Trigub M.V., Shiyanov, D.V., Evtushenko T.G., Kulagin, A.E. High-speed CuBr brightness amplifier
beam profile // Optics Communications. 2017. V. 383. P. 148-152.
2. KynaruH A.E., Topraes C.H., EBTyweHko I'.C., Tpury6 M.B. KuHeTrka akTMBHOW cpeabl yeunutens apkocTn Ha napax meau // iasectus

i By30B. ®usmka. 2017. T. 60. Ne 11. C. 122-127. /
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1.

2.

igh-speed BA on copper atom transitions \

CuBr,

Typical GDT

@ 25 mm, L =500 mm
modulator —TGU1-1000/25

60 kHz 70 kHz 80 kHz

I, oTH.€A.

- ; . T T T T T T T T 1
0 50 100 150 200 250 300 350

90 kHz 100 kHz D, nukcenn

|mages Of the test Object at diﬁerent PRF. Pixel intenSity diStributiOI’] at 60 kHZ PRF.

Tpury6 M.B., Wnanos [.B., CyxaHoB B.b., EBTyweHko IN.C. AkTuBHas cpefa Ha napax bpomumga mapraHua C BHYTPEHHUM pPeakTopoM
npu vyacTtoTte criegoBaHus umnynbcoB 4o 100 kl'y // OnTuka atmocdepsbl 1 okeaHa. 2014. T.27. Ne 4. C. 321-325.
Trigub M.V., Evtushenko G.S., Torgaev S.N., Shiyanov D.V., Evtushenko T.G. Copper bromide vapor brightness amplifiers with 100 kHz

i pulse repetition frequency // Optics Communications. 2016. V. 376. P. 81-85.
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High-speed BA on manganese atom transitions
Brixoamme ok ~
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gy S GDT @ 10 mm, L = 300 mm
. N H S PRF — 17 kHz, E = 850 mkJ/cm3
b | @)
W(#@ HBr PRF — 100 kHz, E= 150 mkJ/cm
K TpOII
40 oy 1
4 1-VOR 1 L (] -
. 8 ."‘\—"I' 2-Cun:°net ' 600: x I\"n
5 o] Emam O3 e ? z 0]
e (N | & gl
& L i\ 2l = :
& M T = 2 300
< 1 T -3 Py
= & 1.20 &1 .
2 s/ TM; r!‘{ey:.,aj.»—""'
0 > 5'0 24 1 60 L 1’é0 Y 26640 0840 660 680 700 720 740
Time.ns MnCl, containers lemperature, G
- 40 A 140
a. 1-Voltage ‘ 1-Voltage |
2 4 2- Current 84 0 2 - Current {
- X — 3 - Radiation o) Ry | B 3 - Radiation
5 4 E=86mJ. || 4-power 120 %'4 | E=743mJ : ‘* 4 - Power 1
T >
o =)
& x|
g 8]
3. S |
Cah =4
2 S
.8
u T — -40 s - : ;_40
9 80 100 1% iy 0 50 100 150 200
Time.ns Time,ns
1.Tpury6 M.B., WusHoe O.B., CyxaHos B.B., MNMetyxos T.0., EBTyweHko .C. Ycunutene ApkoCTU Ha nepexogax aTomMa MapraHua ¢ 4acToToM
cnepoBaHmsa nvnynbcoB 4o 100 kI'y // NMucbma B XKT®. 2018. T. 44. Bein. 24. C. 135-142.
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/\/IS-NIR BA for laser monitors \
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CuBr, typical GDT
GDT @ 16 mm, L =200 mm
PRF — 100 kHz, E = 104 mkJ/cm3

Wﬂ(wuluﬂ ﬂb

camera: MegaSpeed MS103

0 200

MnCI2, typical GDT

GDT @ 10 mm, L = 300 mm

PRF — 17 kHz, E = 850 mkJ/cm?
PRF — 100 kHz, E= 150 mkJ/cm?

Camera: MegaSpeed MS103,
SWIR NPO «ORION»

1. Evtushenko G.S., Trigub M.V., Gubarev F.A., Evtushenko T.G., Torgaev S.N., Shiyanov D.V. Laser monitor for non-destructive testing of
materials and processes shielded by intensive background lighting, Review of Scientific Instruments. — 2014. — Vol. 85. — Iss. 3.

i —Ne 033111. — Pp. 1-5.
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/SHS visualization using the laser illumination method

Filter ObjLCllVC

Object “\G

%\‘# B amera |
Laser “ﬂ

Field of view — 5 mm.

Shooting speed — 1400 frames/sec.
Camera — MotionPro X3
Frame-by-frame imaging

Radiation power— 2.5 W

ol

Ni + 25%Al+ 0.2%CaCO,

™~




/SHS Imaging with the CuBr active element

Filter Obj;ctive

Object Objective 1 Objective 2

» ! !

1 T
e i i
a ; !

Brightness amplifier

Camera

Field of view — 1.5 mm
Shooting speed — 2400 frames/sec.
Camera — Fastec HiSpec 1

TiOs + 55%Al (65%FeTiO3 + 35%Al)
+ 35% kaoline %




/SHS Imaging with the laser monitor A

Field of view — 1.5 mm
Shooting speed — 2400

frames/sec.
Camera — Fastec HiSpec 1

T=1700 - 3000 K

(65%FeTiO3 + 35%Al) 809%Ni + 20%Al
+ 35% kaoline

TiOs + 55%Al «Sayan mixture»

D /
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IS-NIR BA applications

1.1

]
o &

Bl 173,

In collaboration with our colleagues from
Institute of Electrophysics

beam

GDT @ 2 cm

F=21.4kHz

Material

Nd:Y203, 50us, self-radiation

L=38cm
Texp=3; 50 us
Frame-by-frame

Power laser:
Ytterbium fiber laser
LS-07-H, pulse mode,
400 um, 1J

YSZ
Fe203

Nd:Y203
Al203

™~

S:

C

/




/\/IS-NIR BA applications for illumination method realization

1200
," 5
1.1 " 4 1000
= 800 / Y —
. 2 40| . 2 &
. J =
= L), g 200 M) ' 1
B OJ- : 3T "'U
=2 0 250 500 750 1000 1250 1500
t, us
Nd:Y203, reflected, 3 us
F shooting = 11000 frames/sec.
Without illumination
Nd:Y203, reflected, 3us Nd:Y203, reflected, 50us
F shooting = 11000 frames/sec. F shooting = 11000 frames/sec.

- /




/\/IS-NIR BA applications for Iser 7monitor realizations \

L

Nd:Y203, 3 ys, 500 mm
F shooting = 11000 frames/sec.

Nd:Y203, reflected, 3 ps, 250 mm
F shooting = 11000 frames/sec.

It is used for the visualization of
optical inhomogeneities and “big”
particles. It allows the depth filtration
of an optical signal.




A

ctive methods Versus Passive methods

The use of both methods allows to get new information about fundamental problems!

- /
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Imaging in the laser monitor
I Iy

Nd:Y203, reflected, 2 ps, 250 mm
kF shooting = 25000 framessec.
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BA application in imaging methods
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Bistatic Laser Monitor — Independent source plus BA
Mirror M i{rxwr

. Generator f
— s\ Mirror

Object S

. Camera

l ITor

. Filter Y Amplifier
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Bistatic Laser Monitor — Independent source plus BA

Object:
conductors (Ni) + (Al)
Frame rate: 15000 fps

Process:

In collaboration with our colleagues from Burning of Ni+Al

TSC, Tomsk
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Visualization of a spark discharge in
an atmosphere of various buffer
gases.

Current pulse duration 50us.

The frame is formed by 1 or 2
pulses of CuBr laser radiation




Schlieren method

Nd:Y203, reflected, 3us
F shooting = 2100 frames/sec.
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