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| Fokageleiilualo)sl My research activities — passive dosimetry of ionizing radiation

Ionizing radiation is all around us Need for dosimetric measurements:

» DPersonal dosimetry

»  Environmental monitoring
» Medical applications

» Industrial applications

» Nuclear physics experiments
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| Folageleiilualo) sl Stimulated luminescence phenomena: 2-stage processes

» Thermally Stimulated Luminescence (TSL, TL) — still most popular

» Optically stimulated Luminescence (OSL) — becomes more widely applied measurement technique

Simplified model
1st stage — absorption of radiation energy 2nd stage — stimulation associated with light emission
Conduction | Conduction
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| e Ranelehiluale)o@ Stimulated luminescence phenomena

lonizing radiation (any kind) lonizing radiation (any kind) lonizing radiation (any kind)

a, Ba Y ‘ a, Ba Y a, Ba Y \\\

Emision during exposure
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Thermoluminescent (TL) dosimetry is well developed

Introduction
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Optically Stimulated Luminescence (OSL) becomes very popular
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Basic data on LMP compound

Orthophosphate of ABPO, formula
A (Li*: 0.58 A), B (Mg?+: 0.72 A)

Exemplary LMP crystals placed on stainless-steel cups

Crystallographic system  Orthorhombic
Space group Pnma
Unit cel parameters a=10.147-101%m
b =5.909-10m
c=4.692-101%m
Unit cel volume  281.32:103% m3

Molar mass 126.225 g/mol

Density 2.98 g/cm3

Effective atomic numer 11.5

3D crystal structure of LiMgPO.prepared by Diamond 4.1 software (Zog)
using the data from Crystallographic Open Database (COD 1530053) Zonnos 114
View towards the <h k1> =<1,1,1> plane 7. . 82
Ze BeO 7.2
Olivine-type structure stable over a broad temperature range , ’ 4

eff tissue

W. Gieszczyk, B. Marczewska, M. Ktosowski, A. Mrozik, P. Bilski, A. Sas-Bieniarz, P. Goj, P. Stoch. Materials 12 (2019), 2861



(Y EXS s CI R\ (44 TeJs il New material developed and optimized in IF] PAN in Krakow

-

Samples preparation techniques (powders)

Solid-state reaction betwen:

lithium hydroxide (LiOH)
hexahydrate magnesium nitrate (Mg(NO,),-6H,0O)
ammonium dihydrogen phosphate (NH,H,PPO,)

AT
2LiOH + 2Mg(NO3),- 6H,0 + 2NH,H,P0,—2LiMgP0, + 2NH; + 4NO, + 16H,0 + 0,

followed by several annealing cycles at the temperatures ranging from 200 to 750 °C

We are probably the first research group that developed
and optimized this material in the form of melt-grown crystals
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Materials & MEthOdS Thermal setup elements: ] bIrCrucibIe n (, Ir Crucible

Samples preparation techniques (crystals)

Inductive furnace made by Cyberstar (France)

Middle-frequency generator of 20 kW power

Achievable temperatures above 2000 °C

Two methods of crystal growth in one device (micro-pulling-down, uPD and Czochralski)
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Materials & Methods Thermal setup elements: _'blr Crucible

Samples preparation techniques (crystals) i
" > Micro-pulling-down, uPD ‘ Czochralski

{

»

Needs crucible b Needs crucible

- [ -4

No contact with the crucible o No contact with the crucible

Growth direction: ¥ A Growth direction: T

Pulling rate up to several > Typical pulling rate of

mm/min mm/h

Small amount of starting ‘ ! Huge amount of starting
material (~ 1 g) ; material (typically >50 g)

T

No need for rotation > > Rotation needed \

AN L I MRS 2 P W T T N PN

. Rod-sh tal Bulk tal
Inductive furnace made by Cyberstar (France) od-shape crystais il ey

Middle-frequency generator of 20 kW power
Achievable temperatures above 2000 °C
Two methods of crystal growth in one device (micro-pulling-down, uPD and Czochralski)




Our LiF crystals obtained by Czochralski method
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Materials & Methods
Samples preparation techniques (crystals)
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Materials & Methods
Oucible

Samples preparation techniques (crystals)

Melted
material

Micro-Pulling-Down method:

» High-temperature growth (even above 2000 °C for selected materials) 132
» Needs a dedicated crucible made of noble metal 4
» Fast and cheap method for crystal growth for the needs of laboratory research

= = h = -
© E— | - = R,
= E = = Micro-channel Meniscus
= =~ = =« |
= E o = = i
— ¥ = =T L - .
= E = = Growing crystal
= o 5 = = L Pulling
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LiMgPO, LiAlO, LiF ,05:Cr




\ EXOS IR MY [54:sJs LY Challenges for MPD crystal growth

Crucible

45 mm

Bottom side +0. 500
of the crucible
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Precise set of the relatively small thermal setup elements Growing crystal
» Lack of permanent fastening of thermal setup elements
» Not possible to run the process without a live view
» Melted material must flow through the micro channel in a controlled manner
» Stable contact of the seed with the melted material is needed Seed
» Adequate temperature gradient needed for stable growth

The crucible cleaning problems




\Y VS EICRC MY (54 Js LY Devices applied for the measurements of TL(T), OSL(t), TL(A), CL(\)

TL/OSL measurements 2D-TL measurements Spectral measurements CL measurements

Time [s]
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Materials & Methods

Overview of crystal growth experiments

: : Dopant Crucible Hot zone Protective Pulling
Matrix Dopant | Doping strategy : . '
concentration | material material atmosphere rate
Tb

B
Ten No doping
. or
u . .
Single doping Ir
LiMgPO, Er or 0.1 - 10 mol% Mo ilr %2 Af;; (r)n(ﬁ/_nir?
Y Double doping C 23 2

or
Gd Triple doping
Sm

Yb I 1 crystal/day with MPD I

1 crystal/day with MPD method
1 crystal/week with Czochralski method

More than 100 different LMP crystals investigated within this work




RELJUELY TL emission of LMP crystals
Short-wavelength emission is better for TL measurements
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Undoped LMP crystal: Two broad emission bands: 354 and 630 nm — the emission of F* and F centers

In Tm-doped crystal all transitions characteristic for Tm ions visible and the emission is strongly shifted towards higher temperatures

W. Gieszczyk, B. Marczewska, M. Ktosowski, A. Mrozik, P. Bilski, A. Sas-Bieniarz, P. Goj, P. Stoch. Materials 12 (2019), 2861



RELJUELY TL emission of LMP crystals

Short-wavelength emission is better for TL measurements

12
10 460 544 615 ——Im [——#1 Tm
7 —Tb ——#2| Tb,Tm
Eul| 1.0{——#3 Th,Er
|——#4 by
_ 0.8 - —#5 Tb,Eu
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Undoped LMP crystal: Two broad emission bands: 354 and 630 nm — the emission of F* and F centers

In Tm-doped crystal all transitions characteristic for Tm ions visible and the emission is strongly shifted towards higher temperatures
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RELJUELY TL emission of LMP crystals

Short-wavelength emission is better for TL measurements
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Undoped LMP crystal: Two broad emission bands: 354 and 630 nm — the emission of F* and F centers

In Tm-doped crystal all transitions characteristic for Tm ions visible and the emission is strongly shifted towards higher temperatures
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ik Luminescence emission vs. growth parameters

5 Sensitivity to ionizing radiation 1.00 Stability in time
. e Graphite crucible, A T ®  Graphit ible, A
LIVgPO, (LMP) compound B T
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2 0.9 90 i
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D. Kulig, W. Gieszczyk, P. Bilski, B. Marczewska, M. Klosowski. Radiat. Meas. 90 (2016) 303 — 307




Results

Powders vs. crystals

Advantages of using crystals:

Do we really need Crystals? » It is easier to operate with crystals ...
|LiMgPO,:Tb(0.2 mol%),Tm(0.6 mol%)
1.2 powder
? |- - - crystal
N 1.0
g ]
5 0.8-
L.
@ 0.6
c
2 I
n 04
—
|_ g
0.2
00 T T T T T T T T !
0 100 200 300 400 500

Temperature [ °C]

Undoped LiMgPO, powder
—— Undoped LiMgPO, crystal
—— LIMgPO, pattem (00-032-0574) » High-temperature growth changes the distribution of
In general, we observed: T TL-related structure defects what is manifested in the
» Powders a little bit more sensitive to radiation E changes of the shape of the measured glow-curves
» Crystals exhibit lower fading s J H » The effect is repeatable
» Similar dose-response characteristics 3 ‘
> p ° -';‘E.JAJAL/JMM:UM | LI May strongly influence the fading properties
#2 | I Y _A_.JM-—:MJ.;L
B ]l 1T Ll NIRRT
20 30 40 50 60 70
2-theta [deg]

D. Kulig, W. Gieszczyk, B. Marczewska, P. Bilski, M. Ktosowski, A.L.M.C. Malthez. Radiat. Meas. 106 (2017) 94 — 99




REENIEN  Trapping parameters evaluation

L 625
9 O Measured data
Free Chaljge Carriers can be trapped . Fitted 1% order components by dECOHVOIUtiOH 600—- by T.-T method S
by trapping centers related to the defect sites 12— Cumustive curve o g etop
Each trapping center is characterized by ; = 550
several different trapping parameters 5 8- 525
. : g o | = ] -
likee.g. I, T,, E (in TL); 1, o (in OSL) ? EE 500
. ° © 1 & 475
Knowing the values of trapping parameters S @l {  Corresponds to different trapping centers
. . . s 4 450 P ppng
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e.g. the response to increasing radiation dose & _— g D
or stability of luminescence in time 0l ™ D N o —————————————
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Dose [Gy] (k,T.) [eV]

method
W. Gieszczyk, D. Kulig, P. Bilski, B. Marczewska, M. Ktosowski. Radiat. Meas. 106 (2017) 100 — 106



Results

Exemplary results (OSL):
» The undoped LMP crystal
» CW-and LM-OSL curves analyzed

» Both TL and OSL emission does not follow
the first order kinetics directly, but can be
easily expressed as a linear combination of
several first order components.

» We can expect:
» Stability for increasing dose
» No retrapping
» High fading because of low E

Trapping parameters evaluation

CW-OSL signal [arb. u.]

Decay constant [1/s]

10° 4 o Measured data
] Fitted components
Cumulative curves
105 . 0.03
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LM-OSL signal [x 10* arb. u.]

Time of peak maximum [s]
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W. Gieszczyk, D. Kulig, P. Bilski, B. Marczewska, M. Ktosowski. Radiat. Meas. 106 (2017) 100 — 106



REMEER  Dose-response characteristics

Perfect linear response

1] . o |A
10 4 Sublinear response il bl . 5
: ] e p2 Linear up to

r— B 1E- ) 4 A 3
o 1 00 ] LiF:Mg,Cu,P (MCP-N) 3 108 1w 24 atleast 1 kGy

= : = 1% e
: E / T ;

e, i ™ >

2 10" . 2 107-
=) = . 3

= E . Supralinear response :

3 - Linear up to - !
= 1 0-2 - 1 © " Linear fits:

& - seévera Gy ~x 1074 —— (slope=1.004, R?=0.998)
< ; 8 : — (slope=1.003, R?=0.998)
O] e o i —— (slope=1.029, R*=0.999)

o 1024 . (slope=1.009, R?=0.999)

: LiF:Mg,Ti (MTS-N) 10° - — (slope=1.013, R =0.9%9)

= : 2 - —— (slope=1.008, R*=0.999)

4 —— (slope=1.003, R*=0.999)
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Important for high-dose measurements (e.g. hadron therapy)

W. Gieszczyk, D. Kulig, P. Bilski, B. Marczewska, M. Ktosowski. Radiat. Meas. 106 (2017) 100 — 106



1,1

REELEEN Response to charged particles | o] aninCaapeli, 26,71
0:9_. % Al 28.96|mm
Samples under study 0,8 al (]
: 0,71 sl |12
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W. Gieszczyk, P. Bilski, M. Ktosowski, T. Nowak, L. Malinowski,. Radiat. Meas. 113 (2018) 14 — 19
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Practically the same shape
of glow-curves regardless
the radiation type

Perfect linear response
regardless the proton
beam energy

RELLLEE Response to charged particles

TL signal [normalized]

TL signal [arb. u.]

1.1

1.0
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—— 13.9 MeV protons
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RELLLEE Response to charged particles — influence of ionization density

For a-particles the response is also perfectly linear

10° o Stope: 3.09 MeV alpha particles
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Relative TL efficiency
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Even the LMP crystal of lowest efficiency shows a higher response

to alpha particles than the reference LiF:Mg,Ti sample

W. Gieszczyk, P. Bilski, M. Ktosowski, T. Nowak, L. Malinowski,. Radiat. Meas. 113 (2018) 14 — 19



Probable explanation

4 MeV *He in H,0

§ 9y Radial Dose Distribution

Several models of RDD exist
Predicted dose within track core ~ 10 Gy
No experimental verification

YV V VYV

400 a0 1200

Number of ionizations

Lack of detectors of appropriate spatial resolution
LiF detectors response saturates typically at around 10° Gy, but ...

8g_I'‘‘l.'I‘:tl'I'I'I1'|_I_I'I'I1TI'I'|_I_I'I'I'I1TI'| UL T |||||I'I'| T |||||IT| T |||||I'I'| T |||||I!
107 == Fe 1204 MeV/u 7
6! ' !
107 [~ ]
E s
4 - -
10 7 7
13 E
10
N 5
10 [ n
a !
2F E
10 ]
4F — Chatterjee and Schaefer (1976) N 5
10 [ ..., Buttsand Katz (1967) RO 7]
B —— Kiefer and Straaten (1986) ;.
(08 E -=- GeiBetal. (1998) TR
vl v vned ol | ul ul ol 50

0?10t 10" 10t 10t 100 10t 100 10

Radial distance, r [nm]

W. Gieszczyk, P. Bilski, M. Ktosowski, T. Nowak, L. Malinowski,. Radiat. Meas. 113 (2018) 14 — 19



... a high-temperature structure of LiF:Mg,Cu,P> (MCP) glow-curve has been discovered

= MCP-N (LiF Mg,Cu.P) 500000
- Co - 68 ;kz‘y MCP-N (LiF:Mg,Cu,P)
—_— . y
-------- 5 kGy 100000 ----- 1 kGy Co60
— 254 B 50 kGy ) - 5 kGy CoB0
= -~~~ 500 kGy S — 20 kGy CoB0
© 20 g 300000+ 2E+7 /cm” a-part
x \ -
) 5
5 ‘ l 2 200000 4
e N _1
= 10 . =
100000 A
5 g
g .
0 T T ' T e ' 0 T — =
100 200 300 400 500 600 100 300 400

Temperature [ °C]

LiF main peak response is far saturated at this dose level

Around 20% of the entire energy of alpha particle
while for the LMP no saturation observed at least to 10 kGy!!!

is deposited with local doses > 50kGy

P. Olko, P. Bilski, W. Gieszczyk, L. Grzanka, B. Obryk. Radiat. Meas. 46 (2011) 1349 - 1352



RELLLEE Response to charged particles

Around 20% of the entire energy of alpha particle 4 MeV “He in H,0 )

is deposited with local doses > 50kGy :

Peak amplitude [arb. u.]

Response saturated =
efficiency decreased

10%
1o°§
104é
107

1 0_3—5

LiF:Mg,Cu,P (MCP-N)

I}

Peak amplitude [arb. u.]

LiF:Mg,Ti (MTS-N)

10’ 102 103
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Linear fits:

—— (slope=1.004, R?=0.998)
—— (slope=1.003, R?=0.998)
—— (slope=1.029, R?=0.999)
——— (slope=1.009, R?*=0.999)
—— (slope=1.013, R?=0.999)
—— (slope=1.008, R*=0.999)
—— (slope=1.003, R*=0.999)

RS | R | LR |
10’ 10° 10°

Dose [Gy]

10°

Linear response =
efficiency not decreased

P. Olko, P. Bilski, W. Gieszczyk, L. Grzanka, B. Obryk. Radiat. Meas. 46 (2011) 1349 - 1352




REUEEN  Response to thermal neutrons

. 1.1
Results for differently doped LMP crystals =300 MoV aphas LMP- Tm.B (1)
- 1091——2.27 MeV betas
» 29Pu/Be source moderated with 10 cm polyethylene; 0.9 [—— 0.66 MeV gammas
. 1/—— 55.0 MeV protons
» Neutron fluence rate: 1.42-10* n/h-cm? (evaluated T 084|200 MeV protons
with 6LiF:Mg,Ti calibrated at PTB Geesthacht Neutron Facility); = 074 } 13{9 MelV prCtJtonS
. . = i || r— ermal neutrons
» Gamma-ray background: 5.9 uGy/h (measured with "LiF:Mg,Cu,P); 5§ ©67
» Gamma dose subtracted from the total response of LMP crystals; E e
. . . o 04 = \\s\\“‘wk W
» Irradiation time: 5d 18h 10 m (corresponds to the v s N s
1 3 o
fluence of 1.96-10° n/cm?) = - e =
» Data corrected for the fading factor evaluated for the Co-60 gl = @ SN
gamma rays for the same irradiation time .y |
> v 1 Y ! I . I * I ' I ¥ 1 L
» Samples were shielded from a daylight during the irradiation 0 5 100 150 200 250 300 350 400
and transportation Temparature [ °C]
Sample ID Raw material Dopants concentration (%mol) Sensitivity® Response to thermal Relative TL efﬁciencyb
Tb B Eu Er Tm Y vs. LiF:Mg, neutrons [mGyem?/n]” | 55 MeV p 20 MeV p 13.9MeVp  3.09MeV a
#1 LiMgPO, - 10 - - 08 - 278 3.8210° 0.33 + 0.03 0.65 = 0.02 0.18 + 0.04 0.20 = 0.03
#2 02 10 - - 06 - 056 3.5210° 0.44 + 0.08 0.69 = 0.03 0.30 + 0.02 0.23 = 0.02
#3 04 10 - 04 - - 005 4.19107° 0.42 + 0.05 0.71 = 0.05 0.26 + 0.05 0.13 = 0.03
#4 02 10 - - - 06 005 51110 0.34 + 0.03 0.64 = 0.04 0.16 + 0.03 0.14 = 0.02
#5 04 10 04 - - - < 0.01 - 0.56 + 0.04 0.69 = 0.04 0.46 + 0.04 0.45 = 0.05
Reference LiF:MgTi, MISN - - - - - - 10 3.5010 0.95 + 0.05 1.05 = 0.05 0.82 + 0.02 0.08 % 0.01

W. Gieszczyk, P. Bilski, M. Ktosowski, T. Nowak, L. Malinowski,. Radiat. Meas. 113 (2018) 14 — 19



REEDIEN  Response to thermal neutrons
Response to thermal

The response of LMP to thermal neutrons is similar to the response of LiF neutrons [mGyem®/n]®

3.82:10©
In both cases, the only element active to neutrons is Li 3 52.10 ©

| LiF__ LiMgPO, |

Molar ratio 1:1 1:6 3.50107% L

LMP

» The content of Li in LiF is much higher than in LiMgPO,

» The main product of the interaction of neutrons with Li is alpha particle Li(n,o)°’H

» Response of LMP to alpha particles is higher than the response of LiF

» These two effects compensate each other resulting in a similar efficiency to thermal neutrons

W. Gieszczyk, P. Bilski, M. Ktosowski, T. Nowak, L. Malinowski,. Radiat. Meas. 113 (2018) 14 — 19



R N Sprout One Process: Quarantine
REELVEN  Novel applications Inhibition X
Gnlc;n glallo, <: v :;}

Multiple Uses

3«%‘5 /ﬂ\

. . . g . Insect Pathogen
» High-dose dosimetry, kGy range (food preservation, sterilization) Disinfestation sheltife Extension Reduction
K&»
\ Y) O ‘:‘ 2) . ' 2

» Dosimetry of charged particles (hadron therapy)

» Dosimetry of neutrons (monitoring of areas around particle accelerators)

» Real-time measurements of therapeutic proton beam (prof. B. Marczewska)

» 2D/3D OSL dosimetric system based on LMP foils (dr. M. Sadel)




Novel applications Real-time measurements of therapeutic proton beam

(National Science Center, OPUS program — P.M. prof. Barbara Marczewska)
Concept:

» Small detector (crystal) placed at the end of optical fiber

» The optical fiber can be even several dozen meters long

» The optical fiber connects the crystal to the apparatus for stimulation and signal registration
» Different modes of measurements are possible

» Simultaneous or sequential registration of RL and OSL signal
» Constant or pulsed stimulation

Radiation
—  PMT 1
\ Detector: | |
computer —J » Sample of the volume of 1-3mm? (spatial resolution)
/ Detector » LiMgPO, crystals
laser > 1n-vivo, in-situ, in real-time

A. Sas-Bieniarz, B. Marczewska , P. Bilski, W. Gieszczyk, M. Ktosowski. Radiat. Meas. 136 (2020), 106408



Novel applications Real-time measurements of therapeutic proton beam
(National Science Center, OPUS program — P.M. prof. Barbara Marczewska) |

\ — )
N ’ - -

0- T

15m RL signal Soeap
optical
iber : :
detector | dichroic | notch  |shortpassjbandpass PMT beidied
(crystal) fo— — — — — — — — ~ mirror filter filter filter
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2000 2000 A
i
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Measurements of time-structure of proton beam from AIC-144 cyclotron Dose-rate effect on the LMP RL emission measured over a broad

range of dose-rates (performed with Cs-137 and Co-60 sources)

A. Sas-Bieniarz, B. Marczewska , P. Bilski, W. Gieszczyk, M. Ktosowski. Radiat. Meas. 136 (2020), 106408



Novel applications

2D OSL dosimetric system based on LiMgPO, silicone foils

(Foundation for Polish Science, Homing Program — P.M. dr. Michal Sadel)

Prototype foils preparation

-——

Silicone
2D LMP foils

. :
I

LMP powd‘k‘ I

v'Thickness: ~0.5 mm
v'Foils size: up to 25 mm
v'Waterproof
v'Hyperelastic

v'No denisity changes

Optical imaging system

LED source (470 nm)
Filters set
High-sensitive CCD camera

Fast 2D/3D data acquisition



Novel applications 2D OSL dosimetric system based on LiMgPO, silicone foils
(Foundation for Polish Science, Homing Program — P.M. dr. Michal Sadel)

Verification of a real 3D eye-ball clinical
treatment plan

Eyeball phantom construction; :
o ZI.O LM E f I ! 10 x PMMA plate (40 x 2D OSL foils) Exper’mental setup
olls Brass Spherical S . P . Brass P—
R T roton beam; rass
collimator p collimator

* Protons: 60 MeV

* Range: 29 mm

* Modulation: 10 mm

Measured (40 LMP) Calculated (TPS) Proton depth-dose Proton treatment plan (TPS)

Depth line profiles Dose tevel (%)
Measured Longitudinal cross-section Calculated Longitudinal cross-section 1
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5 5 o R g 10
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g o0 E o0 ~ s ]
> > T i [
7 061 | | =
T o : e I 0
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Conclusions

~
New high-sensitive luminescent material has been developed an< 'y rp'g ensitivity comparable or higher than LiF
Since 2014, more than 100 different compositions of LiMgPOy: (in'TL) and Al,O; (in OSL)
TL, OSL, RL, CL emissions have been studied for differently doped crys )
Y, Sm, Eu, Gd, Tb, Er, Tm, Yb were investigated as possible dopants infl ffici FEMP ™
LMP crystal growth parameters optimized
Investigations performed within this work (crystals better than powders)
Growth conditions have been optimized and their influence on crystal s y J
Comparison between powders and crystals was performed showing a s h
Trapping parameters have been evaluated for selected LMP crystals Tb dopant is best for OSL measurements
Basic luminescence and dosimetric properties were studied: Tm dopant is best for TL and RL measurements
Sensitivity to ionizing radiation against LiF detectors J
Dose-response characteristics N\
Response to charged particles Eu-doped crystal showed highest relative
Response to thermal neutrons efficiency for alpha-particles — best for HCP
measurements
Novel applications presented <
Applications to real-time measurements and 2D dose distribution asses All investigated compositions showed linear
response up to at least 1 kGy
General comment Y,

The obtained results clearly indicate that the LMP compound may be considered
as promising material for dosimetric application
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