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» Optical refrigeration ot solids
» Growth of fluoride crystals
» Refrigeration measurements

» Effects of the impurities

- J

Alberto Sottile Effetti delle impurezze sul raffreddamento ottico di fluoruri drogati con terre rare



Optical refrigeration Crystas

- : Cooling Impurities
Principle of operation : .

©000

A solid reduces its temperature when pumped with a laser

4 )

%ﬁ ’ » Proposed in 1929

laser M!# » Accepted as valid in 1946
i ﬂf‘ » First observation in 1995
\_ J

Fluorescence (heat)

ol

Absorption band Emission band
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Optical refrigeration Crystas

Cooling  Impurities

Transitions between two broad levels
O00O0

4 )

Ideal cooling etficiency:

P cool . A — )\f
P gps )\f

> Ne =

Requirement: all the
absorbed photons are
emitted again as

A Af
S
fluorescence photons

<
The emission subtracts thermal S )
energy from the object

-
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Optical refrigeration Theory  Crystals

] ) Cooli | ities
Constraints to the ideal model Mg Pt

0000

Two restrictions affect the efficiency

4 )

Background absorption (BA): 1
incident photon is absorbed and —

an 1.nc1 ent p Qon 1S absorbed an Tabs g ab/a()\)

excites the cooling process

External guantum efficiency (EQE): ,
; ? no. of escaping photons

an absorbed photon causes a cooling 7. = no. of absorbed photons

emission that escapes the material
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Optical refrigeration Crystas

Cooling Impurities

Cooling efficiency model !
0000

- ab - _1 i
Af

— 1

004

4 )
| » The cooling efficiency is
> 002+ .
g characterized by these
5 o two parameters
g om » The EQE must be higher
than 97%!
~0.04/ \ J

960 980 1000 1020 1040 1060

Wavelength (nm)
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Optical refrigeration

Vibration-less coolers with extended capabilities

Crystals

Cooling  Impurities

0000

101 E | ' | ' | ' | ' | ' | ' | ' | ' | ' | ' | ' | ' ( \
viechanical » Insensitivity to
cryocoolers
electromagnetic fields
10° |
S » TECs are less efficient
£ for differences larger
g | than 60 degrees
» TECs do not work
under 190 K
107 LL— 1 - J

40 60 80 100 120 140 160 180 200 220 240 260 280
Refrigeration temperature (K)
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Rare earth trivalent 1ons

Doping elements for optical applications

Crystals

Cooling  Impurities
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From Cerium (58) to Lutetium (71)
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» 4f electrons interact and

» 4f screened by outer orbitals

\

generate complex structures

J
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Rare earth trivalent 1ons Crystals

: : . Cooling Impurities
Doping elements for optical applications e
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From Cerium (58) to Lutetium (71)
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Rare earth trivalent 1ons Crystals

) ] : i Coolin Impurities
Ytterbium trivalent ion levels inside a host 5 P

0000

e

The simplest level structure among the rare earth ions

E (10° cm™) A (nm) - N
2
F;
Al B [ » Large overlap between
absorption and emission
» No higher excited states
5 — 2000 .
» Large separation
between the manifolds
i L ’F,, \_ y,

Yb T [Xe]4f"
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Iluoride erystals Theory

Yttrium Lithium Fluoride (YLF) as rare earth host

Cooling  Impurities

Formula: LiYF,

-
4

4
-

High performances as
solid-state laser medium

Low phonon energy
Wide transparency window
High thermal conductivity

Yttrium can effectively be

replaced by rare earth ions |
Tetragonal structure Téa‘
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Crystal growth

Theory

Cooling  Impurities

The Czochralski method -
O00O0O0
shaft walls
4 )
» Simultaneous pulling and
rotation of the crystal
crystal
» Powders are brought to an seed
undercooled phase o ®
» Produces single crystals
» Melt temperature affects the
diameter during the growth ? O
(N J heater crucible
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C I'yS tal g rOWth Theory  Crystals

: : Cooli | it
The Czochralski furnace at NMLA laboratories OOUNG  HMPUTTHES

00000
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Crystal growth Theory

: : Cooli | it
The Czochralski furnace at NMLA laboratories OOUNG  HMPUTTHES
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| ;A'Ef AR - Vertical pull motor
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Rotation motor
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Crystal growth Theory

Cooling Impurities

Ytterbium-doped growth highlights

ooa@

20
r D |
15| — e
» 99.999% pure materials E ol
» Doping chosen by § d
powder mixture i D
100 150 . 200 250
» Pulled at 0.5 mm /hour g (rowee)
20
» Rotated at 5 RPM =15 _ —_—
E
» Typical growth time of | 5"
300 hours (~12 days) g’
2 0
\§ J
0 20 40 60 80

Length (mm)
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Crystal growth Theory

Cooling  Impurities

Two growths prepared for experiments

OO0 00O

» Same doping level

» Li- Yo095Yboos5- Fa
or 5% at. Yb:YLF

» Sample 77 -
powders of 2006

» Sample 134 -
powders of 2012

\_ ) | axis

h axis

C axis
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Absorption spectra Theory

, Coolin Impurities
Overall absorption spectrum : :

00000

Measured with a Varian Cary 500 integrated spectrophotometer

' T T T T ! T T T T '
| | |

4}

2000

Wavelength (nm)
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Absorption spectra Theory

] ) Coolin Impurities
Ytterbium absorption bands e
O0O00C

Measured with a Varian Cary 500 integrated spectrophotometer

— e Enc

77 134

~900 90 100 1050 1100
Wavelength (nm)
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Fluorescence spectra Theory

Cooling Impurities

Experimental setup |
O OOC

i

polarizer chopper f =7.5cm
\ A cooled mount
\ - sample
monochromator v : :
detector

i B f =10cm

control

input .
P lock-in

amplifier

pump laser
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Fluorescence spectra Theory

Cooling Impurities

Ytterbium emission bands |
O O OQ

i

Pumped with a 940 nm laser diode - A= 995 nm

H
5 ;.
7, | I . S . T S S Il
: | — = Euc
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] I |
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C 00 lin g S etup Theory Crystals

Impurities

Laser pump and temperature detection layout -
00O

thermal

BaF, window Celtuisiel

BK7 AR-coated
\ I e

1030 nm

viewport

940 nm
980 nm
1050 nm
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C 00 lin g S etup Theory Crystals

Cooling  Impurities

Vacuum chamber design
00O

(" )

» Pressures down to
103 Pa (10° mbar)

» Four windows to
pump and observe
the sample at the
same time
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C()Oling 1711e asurements Theory  Crystals

Impurities

Estimation of the cooling efficiency of the samples -
000

Data collected with the thermal camera - E I ¢

Sample no. 77 % |
5% Yb:YLF § 937 nm
Source P;, (mW) AT (K) ﬁ  es0mm
937 nm 42 +2 42+0.2 | & — iovaam |
980nm || 85+2 3.0+02 | §  tosemm |
1024nm || 13010 | —3.24£0.3 | § R f
1056 nm || 800+20 | —0.7 +£0.1 | i
_40 | 20 | 40 | 60 80 ‘1(‘)0‘ | ‘120‘ 140

Time (min)
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C OOling 1711e asurements Theory  Crystals

Impurities

Estimation of the cooling efficiency of the samples
00O

0.047 ‘
0.02 f A
| » Same spectral features
0.00 . 5
s but different cooling
2 002 efficiencies
en
= :
:g) ~0.04, » Same value of BA
-0.06| » Different EQEs
i g J
—0.087
940 960 980 1000 1020 1040 1060
Wavelength (nm)
1, Sample | Doping|| a; (10~*cm™) Mo
@
e = Toxt [1 n _;] <T> ~1 77 5 % 42402 0.999 + 0.001
o(A) f 134 | 5% 40402 0.988 + 0.001
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Eftects of impurities

Visible emission in the cooling samples

Theory Crystals

Cooling Impurities

O00O0O

Pumped with a 940 nm laser diode

| |
[ !

1 O e ﬂ ------------ s

Y1 | A B N Y R S J5 I S
Z,

> — 77
A k ; i :

§ 0.02 : : SRS NR— e {84
=) i ; I :

001} ST YT L (T R SR

535 540 545 550 555
Wavelength (nm)

7560

Different intensities
between the two
crystals

Ytterbium cannot
cause these emissions

I[dentify the elements

v
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Eftects of impurities Theory  Crystals

Cooling

Green ray - spectral analysis

©00C

Erb1um YLF
0.10,
3 008 Sample no. 77 - Pumped at 940 nm
< I
=0
g 004 0.010-------------{--ﬂ---------} ------------ - —T
£ 002 ' ' | ' X
* . 2 — Er:YLF
535 0.008 i
Wavelength (nm) &
< 0.006]
Holmlum YLF g |
= 0.004
0.10, _
2008 ‘
& 006l .« Il 0.002}
z ] |
Z 004
8 L f L ) L : ) L ] L : ] L ) L : L L ) 1 e —
= 002 535 540 545 550 555 560
5 3 3 Wavelength (nm)

Wavelength (nm)
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Eftects of impurities

Green ray - energy transfer model

Theory Crystals

Cooling

0000

g
» Contaminants are

directly pumped by
the Ytterbium ions

» Erbium and Holmium
have other emission
lines in the NIR region

g

J

E (10°em™)

22

20
18- S
16 — SE

14]-
L

12 —
5],

10 —
g - T

6 —
ST,

41

s
0 f

540

Ho

AW\ 41:7/2

*S32

4
Fopn

oy

/’T 21:“5/2""> A 4I11/2

4113/2

550

4
15/2
Yb Er
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Eftects of impurities Theory  Crystals

: Coolin
Infrared region fluorescence spectra

0.20

0.15

Intensity (a.u.)
o
S

0.05

0.m 1 1 I I I ] ]
720 740 760 780 800 820 840 860
Wavelength (nm)
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Eftects of impurities Theory  Crystals

Cooling

Infrared region fluorescence spectra -
O0O0O0

020"

0.15

Intensity (a.u.)
@)
o

0.05.

0.00 - | ‘ | |
720 740 760 780 800 820 840 860
Wavelength (nm)
Holmlum YLF Thu_ ium YLF
0.04 T 0.16
2y L 1 5 003 =
3 003f--tontod g 3 0.2
LT A . Z 002 2008
o | | 1
= 1 I 1 ) o)
T e e o S 2 001 2004
— : ' : — —
Om l -; -------------------- 0 | O
730 735 740 745 750 755 760 765 770 780 790 800 810 820 830 830 835 840 845 850 855 860 865

Wavelength (nm) Wavelength (nm) Wavelength (nm)
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Eftects of impurities Theory  Crystals

Cooling

Elemental analysis and ratios of the peaks
O00O0

Mass spectrometry Green emission
Sample no. 77 || Sample no. 134
Element Conc. (ppm) Conc. (ppm) o GOLE ovoss: Erﬂ “““ -
Erbium || 0.25 = 0.05 11+02 O O -
Holmium || 0.39 =+ 0.08 0.72 % 0.04 2 b ol YA i [ sl
Thulium 14106 0.7 £0.3 § AN TN
Infrared emission S35 540 545 550 555 560
5 0.15
i ol Peak and amount ratios
g Green | Infrared || Elemental
E 005} Erbium 4.7 4.3 4.4+ 1
0.005 Holmium 2.6 2.3 1.8+04
720 740 760 780 800 820 840 860 Thulium n.a. 1.1 0.5+0.3

Wavelength (nm)
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Eftects of impurities

Elemental analysis and ratios of the peaks

Theory

Crystals

Cooling

0000

Mass spectrometry

Sample no. 77 || Sample no. 134 ;

Element Conc. (ppm) Conc. (ppm) 004
Erbium 0.25 + 0.05 1.1+02 3 003
Holmium 0.39 + 0.08 0.72 £0.04 2
Thulium || 1.4%0.6 0.7 £0.3 £

Infrared emission

(Green emission

—————————

~~~~~~~~~~

____________

_________

__________

-r

— 77

—134

540

560

545 550 555

e I D SRS S SRR ARET SR Wavelength (nm)
o =77
RS || SR 5 USRI | S S e B
i ol : Peak and amount ratios
g Green | Infrared || Elemental
E 005[----1--gbt-----f--- 1% Erbium 4.7 4.3 4.4+ 1

0005 __________________________________ Holmium 2.6 2.3 1.8+0.4

720 740 760 780 800 820 840 860 Thulium n.a. 1.1 0.5+0.3

Wavelength (nm)
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Eftects of impurities Theory  Crystals

Cooling

Er - Ho - Tm energy transter model
O OO .'

E (103 cm"l)
e ~ 22+ 4
» Thulium gains 20.- I Fr
Ny
energy through 18- S T R *Sap
Erbium impurities 1o sE *Fopy
14+ 5 S
. I4 E
» Only direct transfers | 1} | o2 VS
subtract ions from 10+ § L *Fp - » Tip
: o T 4 A 850 HL
the cooling cycle | | A : 4
6 v : : Lizp - A 3F4
. S| E E
» Only direct transfers | 4 - .
540 " 790
reduce the EQE 2
\_ J ! !
0 518 - o 21:7/2 v v I15/2 o 3H6
Ho Yb Er Tm
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Conclusions T

Cooling Impurities

4 )

» Net cooling requires high efficiencies
» Higher purity needed (ppm level)
» Rare earth ions affect refrigeration

- Direct transfers decrease the EQE

- Some elements are worse than others

G J
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Theory Crystals

Cooling Impurities

~

Thank you for your attention

- J
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