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o =J» Whereis TL/OSL used today?

Diagnostic imaging (computed radiography)

Personal/environmental
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(=)= TL/OSL detectors

LiF TLDs
®

Al,O5:C TLDs and OSLDs
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(5 Basic scheme

(a) excitation (b) storage

X-rays, y-rays, e-beam,
protons, etc.

— —

TLD/OSLD TLD/OSLD

(c) stimulation

heating or
illumination

\1/
—

TLD/OSLD
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(= Outline

Fundamentals
Measurement techniques
Main characteristics
Advantages/disadvantages
Materials R&D and trends
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How to explain the TL/OSL?

E- Vs "=~§2‘._, :
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BE Energy levels in a crystal

A thermalization
Energy R

(M)

(L) i X-rays

Adapted from Rodnyi, P.A., 1997. (K)
Physical processes in inorganic
scintillators. CRC Press, Boca Raton. Page 7
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lattice

Defects in the crystalline

F

(]

Impurity (instead of Al**):
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5 Defects in the crystalline lattice

Conduction band

v

Electron traps

Hole traps
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5 Defects in the crystalline lattice

Conduction band

_._

Electron traps

Hole traps

-~ W—
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== Thermal/optical stimulation

Conduction band

I

Electron traps

Hole traps

-~ W—
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(5 Recombination

- luminescence
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RS Thermal/optical stimulation

Conduction band

T

L

Thermal stimulus Optical stimulus

p=se T p=c(A)p(A)

» o = photoionization cross-section (cm?)

» E = Activation ener
gy « ¢ = photon flux (fétons cm2 s?)

* s = Frequency factor
k y « 1 =wavelength

* k = Boltzmann constant

» T = Temperature E (eV) ~ 1240

A(nm)
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RS Other processes

(@) R |

5 phosphorescence

TL

\——___I

PMT
e
WhOoOrIo

I
| . -
: I .
: | tempefature
. | T
RT : |
= m e m = = s " " E E " E " "R E E " E E =" mm = =mfs =" " =" " E =" = m ‘ 4
L & G &
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BE Radiophotoluminescence

\VAVAVAV .4

y

crossing
point

NN

excitation

photoluminescence

15



How to measure TL/OSL?
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(5 TL readout

I Optical filters

(optional)
ITL

|-1 Heater
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(A5 TL readout

Proportional to

TL intensity (arb. units)
w

2—- energy deposited in
- the crystal
X |
O v | ! | ! | T 1
100 200 300 400

Temperature (°C)
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«== Time-temperature profiles (TTP)

TL signal

annealing

PH

RT

time
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=]

—
— |
—
~
—
o
t:l

B,
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(5 OSL readout

Light source

(e.g. LEDs /. I Optical filters

525nm)

(e.g. Hoya U-340)
Optical filters IOSL

(e.g. Schott GG-495)
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(5 OSL readout

400‘ ! I ! I ! I ! I ! I
%)
= 300+ -
]
=
©
> 200+ -
-
£ Proportional to the
.= 100 . -
7 energy deposited by
O radiation

0

0 100 200 300 400 500 600
Stimulation time (s)

Page 22



PAUL SCHERRER INSTITUT

(== OSL dependence with stimulation intensity

|, (arb. units)
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RS POSL

400 — . . . .
| @
Light source g 3007 constant |
g
2 200 .
)
/\_Optical filters gloo_ |
5
Optical filters IOS'— ) I
9 0 100 200 300 400 500 600

Time (S)

em r—r—— L —— T ]
| | (a) Laser
c 4 kHz

500 ch%
gm»ﬁ?’ i# — 300113—?»;5—;" :a'rt‘;r
§ _’J | OL — 15us —" -
=300 1o b diOHE OB
g 0 & 35ms om0l G
L 3 i
200 T ; M - POSL
100 - ! ()
; Laser pulse
il ON
n L i e
0.0 0.1 0.2 03 04 0.5 PMT gate
Time (s}
OFF o
Fig. 2. Time-resolved OSL from «-Al,O,:C following ir- - -
radiation at room temperature with a dose of 0.04 Gy >
wS]'.'N"Y. A single laser pLIISE (150 mw‘ IO{] ms Wlde) was Figure 1. (a) Schematic of the timing diagram to synchronise the POSL measurement with the laser pulses. (b) Detail indicating
Usea to eXCite ‘he OSL The measurement tcmperalure was the actal laser pulse and the PMT gate, with the pulse width T,, the *dead time’ T,, and the “acquisition time” T;.
25°C. — . .
Akselrod & McKeeever. A radiation dosimetry method using pulsed

optically stimulated luminescence. Radiat. Prot. Dosim. 81, 167-176
(1999) Page 24
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(=J» Example of Al,O;:C OSL system

LANDAUER. OSLRS0

Courtesy: Landauer Inc. 25
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Courtesy:

B5 Example of BeO OSL system

Stefan Schischke

26
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Courtesy:

(== Automated TL/OSL readers

Photomultiplier
Irradiator tube

DTU Nutech

Blue LEDs
Emission filter @

=Y

N A

Detection

/ filter
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(== Automated TL/OSL readers

Courtesy: Freiberg Instruments

ﬂ-'n|203 :C

counts [1]
30000
25000
20000
15000
10000

5000
1]
200

wavelength [nn)

sample courtesy R. de Witt
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5 Important characteristics

TL curve (thermal stability)

OSL stimulation spectrum (optical stability)

Emission spectrum (recombination/luminescence centers)
Luminescence lifetime (CW-OSL vs. POSL)

Mathematical models
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= Detrapping process

Conduction band

I

Electron traps

Hole traps

-~ W—

- 31
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(F= TL curves

« thermal stability of trapped

charges
4 -
(a) dosimetric traps
| ——MgB,0.:Ce,Li
31 ----LiF:Mg,T
2_

shallow traps
deep traps

TL intensity (10° cps)

50 100 150 200 250 300
temperature (°C)
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ty (arb. units)
o
@

OSL intensi

RRRRRRRRRRRRRRRRRRRR

RS OSL stimulation spectrum

1.0A —— Mg,SiO,:Th,Co - optical stability of the trapped
‘ —— Mg,SiO,:Th charges

0.8- LIAIO,:Tb

0.4-

0.2

0.0

500 550 600 650 700
stimulation wavelength (nm)
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(13 Recombination process

- luminescence
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(A5 Luminescence

Note that relationship between
energy levels determines:

» Width of the emission band
» Stokes-shift

e ' : : -
Cro_ss'ng  Relationship between radiative
s point and non-radiative processes
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TTTTTTT

OSL (arb. units)

8-
Al ,0,.C
6 ./-."-'\_
; !
4- S
L ]
¥ LY
> ;
3 ol
& n
O 4 I ' I 1 |
250 300 350 400 450 500

Wavelenath (nm)
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(== TL and OSL emission spectrum

7S (Mg,SiO4:Tb,Co)
- - — = 235 (Mg,Si04:Tb)
...... 28S (LIAIO,:Tb)
—— - 348 (CaSiO4.Tb)

OSL intensity

5DDi
>
0
o
E 1TFD
= S
5
T
300 400 500 600 700 800

Wavelength (nm)

Mittani, J.C., Proki¢, M., Yukihara, E.G., 2008. Optically stimulated luminescence and
thermoluminescence of terbium-activated silicates and aluminates. Radiat. Meas. 43, 323-326.
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BS MgB,O-:Ce,Lli

a low purity reagents b high purity reagents
700 700
600 600
= £
£ <
£ 500 5 500
cC C
o .y
2 2
© 400 T 400
= =
300 300
100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C)

Yukihara, E.G., Milliken, E.D., Doull, B.A., 2014. Thermally stimulated and recombination processes in MgB,0,
investigated by systematic lanthanide doping. J. Lumin. 154, 251-259.
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[({=J=» Systematic characterization of TL emission

e Detection window

» Underlying recombination
processes

Wavelength (nm)
Wavelength (nm)

Wavelength (nm)

100 200 300 400 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C) Temperature (°C)
d e 700 = -
- -
600 b 3
E E E
=3 £ - - =
£ £ 500 £
2 P + : P
: £ i 4
[3 [
> > 3
8 & 400 f -2 g
= = N =
- B
300 -
. 5 " i " i
100 200 300 400 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C) Temperature (°C)
g h i

‘Wavelength (nm)

Wavelength (nm)
‘Wavelength (nm)

100 200 300 400 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C) Temperature (°C)
j k |
700
w2 Yukihara, E.G., Milliken, E.D., Doull, B.A,, 2014.
P E= - | Thermally stimulated and recombination
: i ¢ 1= | processesin MgB,0; investigated by
” - - I . .| systematic lanthanide doping. J. Lumin. 154,
100 200 300 400 100 200 300 400 .-100 : 200 300 400 2 5 1 - 2 5 9'
Temperature (°C) Temperature (°C) Temperature (°C)
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BE Luminescence lifetime

350 T T T T T T T T T T
300 275 ] t

2s0]) N, (t) =N, (0)e ™

2004 I _

e
o O,
. °

U
?

PMT signal (counts/channel)
i
W
a1
N
I+
o
»
3
0)]

o

" 100 150 200 250 300
Time (ms)

o
o)
o

Yukihara, E.G., McKeever, S.W.S., 2006. Spectroscopy and optically stimulated luminescence of
Al,O3:C using time-resolved measurements. J. Appl. Phys. 100 (8), 083512.
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Luminescence lifetime and POSL

1000_- ' stimulation
| off
8001
S5 600-
o) _
8
— 400-
N _
O
2001
O | ! ] ! ]
0.0 0.1 0.2 0.3

Time (S)
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= Thermal quenching

1.0=

E 0.8 =

€ crossing 06~
Jpoint -

0.4 =

em
abs 0,2 =

0.0

Y v I r I ' 1
Ro R R 50 100 150 200 250
temperatura (*C)
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= Thermal quenching

800 - M0,1°C/s

1 [ /\0,2°Cls
600 [ \osecrs
: [ Vaeecrs

TL (103 contagens / °C)
rD

s

|

' 1 ' ] ' 1 ' I
50 100 150 200 250 300
temperatura (°C)

Yukihara, E.G., 2001. Desvendando a cor e a termoluminescéncia do topazio. Ph. D. Thesis,
Universidade de Sao Paulo. "
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= Thermal quenching

4
n(T)
— Without
by 3 L /quenching 4 1.00
2
=
w
= 4 075
> %[ =N
[0 4 0.50
=
|—_' T F  with quenching
4 0.25
0 0.00
300 400 500 600

Temperature [K]

Akselrod, M.S., Agersnap Larsen, N., Whitley, V.H. and McKeever, S.W.S., 1998. Thermal
quenching of F-center luminescence in Al,O4:C. J. Appl. Phys. 84, 3364-3373.
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(5 TL models

Conduction band

T
_lL Probability (per unit time) of electron escaping

Electron trap

e » E = Activation energy

* s = Frequency factor
» k = Boltzmann constant

* T = Temperature

Recombination center

Hole traps

- 45
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TTTTTTTT

BE First-order TL model (RW)
T(t)=T,+pt
dm dn T, =temperature att =0
|, oc E = E =np S = heating ratedT
IB:_
dt
dn  dndT dn ST ehey,
— — -_n n=n,exp|——|e "d@g
dt dardat ar’ ™ p_ /)’j |
S E s (T EY,
13 (T) oc n,—exp| —— |exp| —— | exp| —— |d&
)i KT - B kKO |
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(T)

First-order TL model (RW)

P(T)=s exp(-E/KT)
10 _ n(T)/n,

0.8-
0.6-
0.4-

0.2- TL

0.0 —— —~
300 350 400 450
Temperature (K)
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(F={J» First-order TL model (RW)

n, =2
008 N 0049 E=08eV
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| 1 ! ! Il
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Bos, A.J.J., 2001. High sensitivity thermoluminescence dosimetry. Nucl. Instr. Meth. Phys. Res. B 184, 3-28.
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(== First-order TL model (RW)

* Recombination is

a ®  instantaneous
< *TL peak is asymmetric
: CeTL peak position is not
: : ~ dependence on trap

250 300 350 4co 50 500 OCCU pa n Cv
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RS Second-order TL model (GG)
dm| |dn| n°p
L (t) o |=—| == =
() dt| |dt|] N
cc n’s E NS (7 E *
7 (1) =——exp| —— |exp|1l+——| exp| - dT’
TL()Nﬁ p(ij p{+ﬂo p( Tj }
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=]

Second-order TL model (GG)

0.20 4 n =8 0,03
E=08eV
[ N\ E=08ev
015+ [ [l E=10 egr .
.-;" .!' Ii 007 - II| h \ ,l"ﬁ‘\" 1.1e
P | | | i 1 I-'l \ I ™, E = I 2 eV
IE I! |! | ;I Lo \ ;II \
= 0107 in, =4 | T
£ ] | '.'
| = i |
= =4 |I lI |
ﬁ 0.05 I||'
/ /f
1 / /Ké, /\ \\
0,00 4—r—v e S — 0.00 =
250 300 as0 400 450 500 550 250 300 400 450 500 550
. 0.03 5 .
oo siN=10"s"m’ B=0.01Ks
stN—m“’s”m (\P 0.1Ks"
|
[ L SN =107 8w | |\ B=10Ks"
o II |I | o i | |: { |I e 4
¢ 0024 Py [N s =10"s'm oz [ ) B=10Ks
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B g4 | { '| v Y 0.01 RV \ ~,|
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1 .| |'I I.'
= I| ! \ \ \
| .’ \ 1. /
. / / / )/\ \\ \ \ . / / /\ \\ |
' “ag0 450 500 550 250 350 400 420 500 550
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Bos, A.J.J., 2001. High sensitivity thermoluminescence dosimetry. Nucl. Instr. Meth. Phys. Res. B 184, 3-28

T
280

Temperature (K)
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RS Second-order TL model (GG)

=" . ] eRecombination is delayed
w | *TL peak is more
(P i | symmetrical than 1% order
s - n /\ =02 | *TL peak position depends
D on trap occupancy

temperatura (°C)
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(A5 TL models

1st order | RW (t) oc Np
2
2nd order | GG © (t) oc
b
GOK I GOK (t) oc

b—
| GOK n, o E/KT 1+(b_1)(%j 1
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(13 First-order OSL model

— p=0(A)p(4)

» o = photoioinization cross-section
e ¢ = photon flux (cm=2 s?)

» A1 =wavelength

\VAVAVAY S 2
luminescence

Y

-~ W—

54



RRRRRRRRRRRRRRRRRRRR

BE First-order OSL model

N(t) = concentration of trapped electrons

Ny =initial concentration of trapped electrons

@ =—Np P=0c(A)p(A)

dt

L n - — pdt

n

Inn—1In nO :—pt n:noe—pt :noe—a¢t
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dt
n=n,e "

BE First-order OSL model

dn

Lo o at =Np = (noe_g¢t XG¢)

—odt
| os. o€ Nyoge
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«(Z )= First-order OSL model

=
?

O
i

o
i

o
*

|, (arb. units)

O
>

O
o

o
N
AN
o
o0

10
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First-order OSL model

type of defect and wavelength

58



PAUL SCHERRER INSTITUT

BE First-order OSL model

Dose dependence

o¢ constant (same illumination intensity)
—6¢t
| o5 o€ Nyoge

0.8

* |, Increases linearly with dose

* A increases linearly with dose

| o, (arb. units)

* OSL curve shape does not depend on dose

o 2 4 6 8 10
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[({=}= First-order OSL model

Dependence with stimulation

N, constant (same dose)

|, (arb. units)

1.0 —odt

- | osL ¢ Nyo@e
0.8- _ :

_ * |, Increases with ¢
0'6'_ e OSL decays faster with increase in ¢
0.4- A does not depend on ¢

' op=0.5s"
0.2

N~ op=0.05s™

OO T '\lT 'I T -1 y 1

0 2 4 6 3 10
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BE First-order OSL model

Dependence with stimulation

N, constant (same dose)

A= T | o, dt oc Tnoa¢e‘“¢‘dt = nOG¢T e 7dt
0 0 0

[ —] 00

Accnog ———| =ny(-=0+1)
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1st order

2nd order

GOK

N
lga (t) oc

Other OSL models

IRW

ost () ec np

n
lga (1) oc

P
N

n
lgar (t) o i P

o T

P 1+(b—1)(

N b-1
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OSL intensity (arb. units)

Other OSL models

=
e

L

first-order model

- - - - second-order model
------ b=1.3
S b=17

o o o
PO &

O
N
|

O
o
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O

TL intensity (arb. units)

PAUL SCHERRER INSTITUT

=]

Word of caution about b # 1!

Rarely seen in nature (why?)

Implies TL peak shift to lower temperatures with dose
b may vary even during TL readout (fitting with fixed b is meaningless)
Superposition principle is not valid (fitting of multiple peaks is meaningless)

300 400
Temperature (°C)

C

TL intensity (normalized)

1.2

1.0 —
0.8 -
0.6
0.4

0.2 1

0.0

—O.éGy
—1Gy ]
—2Gy A
—50Gy
10Gy |
—20Gy A
50Gy |
——100 Gy
——200 Gy |
——300 Gy -
——400 Gy
——500 Gy |

100

I
200

T T T
300 400
Temperature (°C)

T
500

Doull, B.A,, Oliveira, L.C.,, Wang, D.Y., Milliken, E.D., Yukihara, E.G., 2014. Thermoluminescent properties of
lithium borate, magnesium borate and calcium sulfate developed for temperature sensing. J. Lumin. 146,

408-417.
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(A5 Other models

(a) {b) ()

X v Y y

(d) (e)

S. W. S. McKeever, L. Bgtter-Jensen, N. Agersnap Larsen, G. A. T. Duller. Temperature Dependence of OSL
Decay Curves: Experimental and Theoretical Aspects. Radiat. Meas. 27, 161-170 (1997).
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n.(t) |
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: L~ hv
l]—o o 0o o (¥ ;
n, (t), N, ﬁ?}
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dt o
%: nS(t)!N3
am _ dt
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dnét(t) ~nse T +[N,-nOAN.0

dnét(t) =1, (t)o,¢+ [N, —n, (t) AN, (1)

o [N, -y @], ©
%Lm(t)ﬁhnc(t)n E

n, (t) = T+n (t)Sle_ﬁ +,(t)o,¢

N, = @®]A + [N, —n, ]A, +[N, —n, ()]A, + m(t) A,
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= Effect of shallow traps and deep traps on OSL

20 —MDT

OSL (arb. units)
iy =
o ol
] ]
] ]

o
Ul
|

|

0.0 ' | ' I ' | ' | ' | :
0 50 100 150 200 250 300
Time (S)
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= Effect of shallow traps and deep traps on OSL

20 — MDT
' —— MDT + shallow traps

OSL (arb. units)
iy =
o ol
] ]
] ]

o
Ul
|

|

0.0 ' | ' I ' | ' | ' | : |
0 50 100 150 200 250 300
Time (S)
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= Effect of shallow traps and deep traps on OSL

20 — MDT |
' —— MDT + shallow traps
MDT + deep traps
1.5-

OSL (arb. units)
|_\
T

o
ol
|

0.0

' ' I : | ' | ' T
0 50 100 150 200 250 300
Time (S)
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== Advantages/disadvantages

TL OsL

* Relatively slow (~¥seconds) e Fast readout (~1 s)

e Wide availability of materials * Only Al,05:C and BeO

e Possibly light insensitive  Sensitive to light

* Intrinsic neutron sensitivity (Li, B) e Neutron insensitive / need converters

e Easy to select stable signal * Shallow traps leads to fading

Page 71
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(= Trends

new TL/OSL materials

TL temperature sensing

agent-defeat test

)2 .
WN

e particles

0.5 i 1.5

TL

) M. Pellerin, E. Glais, T. Lecuyer, J.
2D d05|mEtry Xu, J. Seqguin, S. Tanabe, C.
Chanéac, B. Viana, C. Richard, J.
Lumin. 202 (2018) 83-88.

Temperature (°C)

J. J. Talghader, M. L. Mah, E. G.
Yukihara, A. C. Coleman, Microsystems
& Nanoengineering 2 (2016) 16037.

(1]
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We discussed... e~ - — —=

... fundamentals of the
TL/OSL process

... main TL/OSL
characteristics

... advantages and
disadvantages

... trends
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