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  2015-11-16 

UNIT CONVERSION TABLE 

U.S. customary units to and from international units of measurement
* 

U.S. Customary Units 
Multiply by  

International Units 
 Divide by

†
 

Length/Area/Volume    

inch (in) 2.54 × 10
–2

 meter (m) 

foot (ft) 3.048 × 10
–1

 meter (m) 

yard (yd) 9.144 × 10
–1

 meter (m) 

mile (mi, international) 1.609 344 × 10
3
 meter (m) 

mile (nmi, nautical, U.S.) 1.852 × 10
3
 meter (m) 

barn (b) 1 × 10
–28

 square meter (m
2
) 

gallon (gal, U.S. liquid) 3.785 412 × 10
–3

 cubic meter (m
3
) 

cubic foot (ft
3
) 2.831 685 × 10

–2
 cubic meter (m

3
) 

Mass/Density    

pound (lb) 4.535 924
 

× 10
–1

 kilogram (kg) 

unified atomic mass unit (amu) 1.660 539 × 10
–27

 kilogram (kg) 

pound-mass per cubic foot (lb ft
–3

) 1.601 846 × 10
1
 kilogram per cubic meter (kg m

–3
) 

pound-force (lbf avoirdupois) 4.448 222  newton (N) 

Energy/Work/Power    

electron volt (eV) 1.602 177 × 10
–19

 joule (J) 

erg 1 × 10
–7

 joule (J) 

kiloton (kt) (TNT equivalent) 4.184 × 10
12

 joule (J) 

British thermal unit (Btu) 

(thermochemical) 
1.054 350 × 10

3
 joule (J) 

foot-pound-force (ft lbf) 1.355 818  joule (J) 

calorie (cal) (thermochemical) 4.184  joule (J) 

Pressure    

atmosphere (atm) 1.013 250 × 10
5
 pascal (Pa) 

pound force per square inch (psi) 6.984 757 × 10
3
 pascal (Pa) 

Temperature    

degree Fahrenheit (
o
F) [T(

o
F) − 32]/1.8 degree Celsius (

o
C) 

degree Fahrenheit (
o
F) [T(

o
F) + 459.67]/1.8 kelvin (K) 

Radiation    

curie (Ci) [activity of radionuclides] 3.7 × 10
10

 per second (s
–1

) [becquerel (Bq)] 

roentgen (R) [air exposure] 2.579 760 × 10
–4

 coulomb per kilogram (C kg
–1

) 

rad [absorbed dose] 1 × 10
–2

 joule per kilogram (J kg
–1

) [gray (Gy)] 

rem [equivalent and effective dose] 1 × 10
–2

 joule per kilogram (J kg
–1

) [sievert (Sv)] 
*
Specific details regarding the implementation of SI units may be viewed at http://www.bipm.org/en/si/.  

†Multiply the U.S. customary unit by the factor to get the international unit. Divide the international unit by the factor to get the 

U.S. customary unit. 

http://www.bipm.org/en/si/
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1. UV or
ionizing radiation fill the
trapping centers
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conduction band

valence band

traps

2. exposure to 
temperature
profile partially empties 
some trapping centers

3. laboratory readout shows 
the distribution of trapped 
charges

(a)



�A�

�

0�/)���92��5��15��.�8	����.���	�
��7	��&�	���	"�	����/����!:#�°°�4�0
1�%	
�	�.	�������	�.��'��&���	��8�������	������	�;.��.�
��&��
������&���	���6������	�	�����	��	�
�	%������/�7	���	����/�.
�	�	-�

	%���!(��)-�$�)*���(-�-$!(�$,� �)$�-� �$(��$."��"�

�
��/-�)-����
	�����%��/�����&���	������'�����.���&���	����.	%������	.
	�������
�	��	.	��
�5���
��%��/�%	7	���	����&�
�����	.
	������	����.5�%	�	�����������&���/������.����	6���
����	�������.���'5���%�	6	���	������	.���/��&���������	����.�
��%���/������.���%	���	�	�����	���&��	.��'�
����&��/	���%	&	���	7	��.-�

�

,-) ��	��������	.
	�
	���	��'�

�,�!-%���-%����**��,-$��*�-� �)�!��,,�,&�-%����-��!3�;%$�%�-%���*��-�!(,��,��)��3�!��-%��-��),�$,�.$+�(�
������%�($�,��C��-$!("��(�-%����,��!3�	6&�-%�� �-��))$(.���-�� �)�( ,�!(�-%��(������!3�-��))� �
�%��.�,��&�!(�-%��-��)� �)-%�0&�!(�-%��P�--��)-2-!2�,��)�Q�3��C��(����&��( �!(�-%��-��)���-������
���!� $(.�-!�J��KF�

�

kTEnse
dt
dn −−=

�
0,"!1�

�3�-%�����,-�*�$,�,���$--� �-!���-%����*�)�!3$*���23&�-%��(������!3�-��))� ��%��.�,�$,�.$+�(���F�

�

I. Materials Research
II. Experimental and 

theoretical investigations
on thermal history extraction

III. Materials Testing
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• nanophosphors
• thin films for particle 
micromachining
• encapsulated particles

• effect of pressure
• extreme 
heating/cooling rates 
using microheaters
• UV

This research

Concept implementation

(1) Agent-defeat 
explosion

nanoparticles

thermoluminescence
curves thermal history
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(2) Lab analysis of thermoluminescence

(3) Multi-parametric analysis
and extraction of thermal history
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(b) N2 atmosphere soak time study
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(a) RL of air atm sintered CaF2
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(b) RL of nitrogen atm sintered CaF2
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Y2O3:Tb 1100°C anneal
Y2O3:Tb 900°C anneal
Y2O3:Tb 600°C anneal 
Y2O3:Tb 300°C anneal
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Y2O3-Tb 1100C 10sec
Y2O3-Tb 1100C 10min 
Y2O3-Tb 1100C 1hr 
Y2O3-Tb 1100C 2hr 
Y2O3-Tb 1100C 4hr 
Y2O3-Tb 1100C 8hr
Y2O3-Tb 1100C 12hr
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,�(,$-$+$-�&�,$.(�*�,-��$*$-�&��!�)%!*!.�&��33��-�!3�.��$(�,$7�&��( ��33��-�!3��*�!%!*"�5�3!���,%$))$(.&�-%��
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	�,-$(.�3!��4.��( �	$�;�,�$(�!(�*�,$+�&��,�����$,�)�!���*��(!-�,�(,$-$+���(!�.%�-��%($C���-!� �-��-�-%��
�H)��-� � �!(��(-��-$!(,� !3� -%�,��  !)�(-,L� 6$� ��((!-� ���  �-��-� � �,$(.� -%$,� $(,-����(-"� /G�� ;����
�;����!3�-%�,�� ��;���#,���3!���)��3!��$(.�-%���(�*�,$,&���-�)�!��� � ������,��-%���%����-��$7�-$!(�
�  ,�+����*$--*��!+��%�� �-!�-%��)*�((� ���4�$��.$(."0�

(a) Control 

 
Element App Intensity Weight% Weight% Atomic%  

  Conc. Corrn.   Sigma    

C K 1388.43 1.9140 44.03 3.49 55.44  

F K 983.98 1.0671 55.97 3.49 44.56  

Mg K 0.00 1.2117 0.00 0.00 0.00  

Ti K 0.00 0.7093 0.00 0.00 0.00  

       

Totals   100.00    

 

(b) “Test 1” 
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Element App Intensity Weight% Weight% Atomic%  

  Conc. Corrn.   Sigma    

C K 1467.88 2.0031 65.58 7.64 75.09  

F K 375.03 0.9752 34.42 7.64 24.91  

Mg K 0.00 1.2012 0.00 0.00 0.00  

Ti K 0.00 0.6858 0.00 0.00 0.00  

       

Totals   100.00    
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�%!�#�-�,-,�-!!#�)*������,%!�#�-����*!��-� ��-�-%������%!�#�	�������$*$-�"���-�$*,�!3�-%��,%!�#�-����
-�,-$(.��(+$�!(��(-��( �!)���-$!(�*�)�!�� ���,����� $,��,,� ��*,�;%����J<�&�<�K"��(2,$-��-��)���-����
���,�����(-,�,�))*$� �������;����!�-�$(� ��,$(.���������%��$��*��C�$*$��$���;$-%��))*$��-$!(,�
/���0�)�!.���&�;%$�%��,�,�-%��,%!�#�;�+��+�*!�$-���,��(�$()�-"�	%��+�*!�$-��$,� �-���$(� ����
#(!;*� .��!3�-%�� $,-�(���-��+�*� ��( �-$���!3����$+�*�!3�-%��,%!�#�3�!(-��,����,��� ����$(-��(�*�
)��,,����,�(,!�,"�

��-!-�*�!3����,%!�#�-�,-,�;�����!( ��-� ��-�-%������%!�#�	�������$*$-�"�	�,-$(.�)�����-��,�����
 �-�$*� ���*!;�$(�	��*���:"�	;!�-��)���-���,�;����$(+�,-$.�-� �3!�����%���-��$�*L���*!;�-��)���-����
!3�R@���8��( �%$.%�-��)���-����!3�R����8"�	��)���-���,�;�����%!,�(�,��%�-%�-�3!�����%���-��$�*��,� �
�-�*��,-�!(��%��-$(.�;!�* �3�**�;$-%$(�-%����(.��!3��))*$��-$!(�3!�����%���-��$�*��,� �-���$(� ����
)��-�,-�	6����+���! �*$(."��

	;!��!**��-$!(���-%! ,�;����$(+�,-$.�-� L�������*$(.B;�,%2 !;(���-%! ��( ��!**��-$!(����� %�,$!(�
-!����!!*� �%��-�,$(#"�	%������*$(.B;�,%� !;(�/%�(��3!�-%���3���� �-!��,�;�,%� !;(0�$(+!*+�,�
����*$(.�)!,--�,-�.�,�-%�!�.%�;�-���$(��!**��-$!(����#����*!(.�;$-%�;�,%$(.��!**��-� ���-��$�*� !;(�
-%��,$ �,�!3��� ��)�-�(#"�	%��,��!( ���-%! ���)*!�,����!!*� �/ ���$��0�%��-�,$(#�-!���-�%�)��-$�*�,��-�
�( �!3�-%��,%!�#�-������3!���-%��� $,)��,��$(���*��.�� ��)�-�(#"�	%��;�,%� !;(���-%! �$(+!*+�,�
�H-�( � �/R�:�%0��H)!,����-!�;�-����( ��-%�(!*&�;%����,�-%��%��-�,$(#� !�,�(!-"�

�������$+� �,��)*�,�3�!�����R���!(-%,�3!**!;$(.�-%��-�,-��-���"�4�-��$�*�!�-�$(� �-%�!�.%�-%��
;�,%� !;(���-%! �;�,�3$��!�,�$(�(�-���&��,,��� �-!����-%����,�*-�!3���,$ ��*���-��$�*�*�3-����
8$�;$)�,� ��$(.�,%!�#�-�����*��($(.�)�!�� ���,"��!�+$,$�*��	6���-��$�*�;�,�)��,�(-�!(�-%��%��-�,$(#,&�
%!;�+����$(,$(.�-%��%��-�,$(#,�;$-%��-%�(!*�$(-!����!**��-$!(�+$�*��**!;� �3!��,�33$�$�(-���-��$�*�-!����
!�-�$(� �3!��	6����,�����(-"��

	6����,�����(-,��( ��(�*�,$,�;�,��!( ��-� ��-�������!� $(.�-!��,-��*$,%� �)�!�� ���,�J��&���K"�	6�
�! �*,�3!��	6�2����;����!�-�$(� ���� ��!(+!*�-$!(�$(-!�3$+���,-�!� ���	6�)��#,��,$(.�	6�3$-�J<�K"�
��)��,�(-�-$+���H)��$��(-�*�	6����+�,�3!���**���-��$�*,��( �,%!-,�-�,-� ���(����3!�( �$(��$."��@�"�

	��)���-�������!(,-���-$!(�3!**!;� �)��+$!�,���-%! ,�J��K&��,$(.����!(,-�(-�%��-$(.�)�!3$*��;$-%���
-$���,��*��!3����,"��(�-%���+�(-�!3�$(,�33$�$�(-� �)*�-$!(�!3�-%��	6����+������(.��!3��))*$���$*$-��;�,�
�,-��*$,%� ��,$(.���S�2�?�S���,$ ��*�	6������3!��-%��	6���-��$�*,"��(�-%����,��!3�������)%�,$��*�
$(-��)��-�-$!(�!3�-%��*!;�-��)���-����	6�)��#,�;�,��,� "�	%��-��)���-�������!(,-���-$!(���,�*-,�����
3!�( �$(�	��*���:"�
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CaSO4:Ce,Tb  
no multilayer 

multilayer 

a. 
no multilayer 

multilayer 

b. 

no multilayer 
multilayer 

c. 

multilayer 

no multilayer 

d. 
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BTLC1 0sec laser 0J
BTLC2 0.25s 0.984J
BTLC4 0.5sec 3.463J
BTLC2 0.6sec 4.213J
BTLC3 0.667sec 5.387J
BTLC1 1sec 8.844J
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Appendix A:
Energy Distribution Determination
E.G. Yukihara, A.C. Coleman
Physics Department, Oklahoma State University, 145 Physical Sciences II, Stillwater, OK, 74078, USA

� Summary

This notebook is used to obtain a TL model for a given input curve, expressed as a superposition of 1st order TL curves, also know as
Randall Wilkins Glow Curves (RW) under the assumption of a single frequency factor (in Log10). The user can choose the region of interest
and the number of TL peaks to be used in the fitting procedure. The superposition of TL curves is output as a list of activation energies and
weights (initial trap occupation). Two routines are implemented for fitting: Non-Negative Least Squares or Tikhonov. Cells with a light blue
background provide information and comments, and cells in �light gray� require user input. The notebook ends with a �Figures� section
which  allows  the  user  to  view  the  results  graphically  and  save  the  figures  if  desired.  

Output Files
Edist.xls - Activation energy distribution (values and weights), used as input for �Temperature Determination� notebook.
TLcurves.xls - Data structure (list) with: Readout Temperature, Experimental TL data, Fitted TL curve, Fit Residuals, Individual Compo-
nents.
Depletion.xls - Residual TL area for a temperature T, and time Τ. Format is column of T and column of residual TL area.

� Version

This notebook is version 1.1 and is written in Mathematica v. 10.1 (November 15th, 2015)

� Initialization

Make sure the input file is located in the notebook directory. Execute the cell  below to change the working directory to the notebook
directory and define constants.

Clear�"Global`�"�;
SetDirectory�NotebookDirectory���;
kb � 8.617 � 10�5;�� Boltzman constant in Ev	K �

kelvin � 273.15; �� used for �C � Kelvin conversion �


Least Squares Routines & TL Models

� Non-Negative Least Squares

NNLS[A,B] 

Takes as input matrices A and B. Solves the least square problem:
K� V�1 K x � K� V�1 y � Ax � B
with the constraint that solution vales must be positive. K is the planning matrix 
comprised of columns of TL curves. Each column corresponds to a different activation 
energy. The output is a list of g(E) with dimensions of Length[En], where En is a list of 
activation energies.

Source: C. L. Lawson and R. J. Hanson. (1974) Solving Least Squares Problems. New Jersey: 
Prentice-Hall, p. 161.

NNLS��, f�� :� Module
�m � Dimensions����1��, n � Dimensions����2��, �, �, w, z, t, q, qtmp, fraction, Α, x�,

�� Step 1 �

� � ��;



��;
� � Table�i, �i, n��;
x � Table�0, �i, n��;
t � Transpose��;

�� Step 2 �

w1 � t.f;
w2 � t.;
Label�1�;

�� w�t.�f�.x
; �

w � w1 � w2.x;

�� Step 3 �

w� � w�����;
w�max � Max�w��;
If�Length��� �� 0 w�max � 0, Goto�3��;

�� Step 4 �

t � ���Position�w�, w�max���1������1��;

�� Step 5 �

� � Append��, t�;
� � DeleteCases��, t�;

�� Step 6 �

Label�2�;
EPt � t�����;
�� z�LinearSolve�EPt.Transpose�EPt�,EPt.f�; �
� Replaced with LeastSquares function below �


z � LeastSquares�EPt.Transpose�EPt�, EPt.f�;

�� Step 7 �

If�Min�z� � 0, x � Table�0, �i, n��;
Do�x�����i���� � z��i��, �i, Length�z���;
Goto�1��;

�� Step 8 �

fraction � TableIfz��i�� � 0,

x�����i����
x�����i���� � z��i�� , Infinity, �i, Length����;

Α � Min�fraction�;
qtmp � Position�fraction, Α���1����1��;
q � ���qtmp��;

�� Step 9 �

�� Α�Min�fraction�; �� moved to the previous step�


�� Step 10 �

Do�x�����i���� � x�����i���� � Α �z��i�� � x�����i����
, �i, Length�����;

�� Step 11 �

�temp � �;

�temp � �;
Do�If�x�����i���� � 0, �temp � Append��temp, ���i���;

�temp � DeleteCases��temp, ���i����, �i, Length�����;
� � �temp;
� � �temp;

Goto�2�;
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�� Step 12 �

Label�3�;
x

� Tikhonov Regularization Routines

Tikhonov[K,f,A,B,tolerance,method]

Takes as input the matrices K, A, B as defined in NNLS Module. f corresponds to the 
intensities of the background removed TL control curve. This module solves the problem:
K� V�1 K � Α2 S� S x � K� V�1 y  � (A+ΑS�S)x = B
where choice of S results in a constraint of minimizing amplitude (Method = 1) or a 
smoothing of the amplitudes (Method = 2) of x. Tolerance specifies how much the relative 
error can be increased from the minimum value possible. A tolerance of 0.1 (10%) is very 
reasonable. The routine will calculate the minimum relative error and then will increase it 
in 10% in order to find the corresponding Α value.
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Tikhonov�K�, f�, A�, B�, tolerance�, method�� :�
Module�n, Α, Α1, Α2, Chi, Chi1, Chi2, ChiMin, x, relativeError�,

n � Dimensions�B���1��;

If�method �� 2, S � Table�If�Abs�j � i� � 1, j � i, 0�, �i, 1, n�, �j, 1, n��;
S��1, 1�� � �1;
S��n, n�� � 1;, S � IdentityMatrix�n��;

x � NNLS�A, B�;

ChiMin � Norm�f � K.x�2;
relativeError � �1 � tolerance
 ChiMin  Norm�f�2 ;

Print"Σmin � ", ChiMin  Norm�f�2 ;
Print�"Σrelative set to ", relativeError�;

Δ � ApplyPlus, relativeError2 Flatten�f2�;

Α1 � Sum�A��i, i��, �i, n��
100 n

;

NNLStime1 � Timing�x � NNLS�A � Α1 S, B�;���1��;
Chi1 � Norm�f � K.x�2;
Α2 � 2 Α1;
NNLStime2 � Timing�x � NNLS�A � Α2 S, B�;���1��;
Chi2 � Norm�f � K.x�2;

NNLStime � �NNLStime1 � NNLStime2
 	 2;
Print �"NNLS Iteration Time � ", NNLStime�;
Print�"Estimated calculation time � ", 1.7 � 6 NNLStime�;

Print�"Initiating iterations..."�;
WhileAbs�Chi2 � Δ� � 0.001 Δ,

Α � Α2 � Chi2 � Δ
Chi2�Chi1

Α2�Α1

;

If Α � 0, Α � Α2
2
;

Α1 � Α2;
Α2 � Α;
x � NNLS�A � Α S, B�;
Chi1 � Chi2;

Chi2 � Norm�f � K.x�2;;
Print�"Χ2min � ", ChiMin�;
Print�"Χ2 reached � ", Chi2�;
x

� TL Curve and Heating Profile

RW[En,Logs,kT]
Computes a TL curve of 1st order kinetics assuming a 1K/s heating rate. Takes as input trap 
parameters of En (activation energy), Log10 frequency factor Logs, and readout temperature 




4   E-dist determination.nb



in terms of energy kT. The exponential integral in the RW model 
e�E�Θ dΘ is approximated by 
ExpIntegralEi[E/Θ].

f[En,logs,T,Τ]
Computes the depletion factor (between 0. and 1.0) resulting from a constant heating 
profile of max temperature T (Kelvin) for a time period Τ(sec). First-order kinetics are 
assumed. 

Η[T,Τ] and TL[T,Τ]
Takes as input a max temperature T, and a duration Τ. The function Η[] generates a 
depletion factor between 0.0 and 1.0, and the function TL[] applies the factor to solution 
TL curves.

RW�En�, logs�, kT�� :� Chop10logs Exp� En
kT

� 10logs $�
En

kT

kT

kb
�
En ExpIntegralEi� En

kT


kb
, 10�8

f�En�, logs�, T�, Τ�� :� ChopExp�10logs Exp� En

kb T
 Τ, 10�6

Η�T�, Τ�� :� f�En, s, T, Τ�
TL�T�, Τ�� :� K.�n0 Η�T, Τ�


File Input

Assumes file is type "*.xlsx" and is located in the same folder as notebook.
Input file will have 4 columns: readout temperature, TL from exposed sample, TL from 
reference dose, TL from background.

filename � "CSO Control pos 26";
��Input filename without filetype,assumes .xlsx file�


data � Import�filename �� ".xlsx"���1��; �� imports 1st page of .xlsx file �

T � Transpose�data���1��; �� Readout Temperature �

x � �T � kelvin
 kb; �� Readout Temperature in eV �

npoints � Length�T�; �� number of data points �

expTL � Transpose�data���2��; �� As � Received TL curve �

expRTL � Transpose�data���3��; �� Regenerated TL curve �

expBG � Transpose�data���4��; �� Background, no irrd �

y � �expTL � expBG
 	 Max�expTL � expBG�; �� Background subtracted and normalized

As�Received TL curve for analysis �


Deconvolution

� Activation Energy Space

User selects
- Log10[s] value (ex. s=1014 s�1 becomes s=14)
- Range of data to be fit. Routine adds padding (�) to range. If fit is poor increase or 
decrease padding and range as needed (See Figures Section)
- Number of equally spaced TL peaks in region of interest.

s � 14; �� frequency factor to be used in fitting �

nE � 30; �� number of TL peaks to be used in fitting �

�T1, T2� � �50, 600�; �� minimum and maximum peak temperatures �


The function �[T] returns an activation energy the corresponding to a trap with a Log10 frequency factor s, and a peak position T.�
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%�T�� :� Quiet% 	. NSolve% Exp %
kb �T � kelvin
  � 10s kb �T � 273.15
2, %��1��

�En1, En2� � �%�T1 � 50�, %�T2 � 20��;
�� Range of temperatures for the peaks to be fitted �

En � RangeEn1, En2,

En2 � En1
nE � 1 �� range of energies �
;

� Deconvolution Routine

User Selects
- Fitting method 
- Uncertainty estimation

method � 0; �� enter 0 for NNLS or 1 for Tikhonov method �

TikMethod � 2;
�� enter 1 to minimize n0 intensity, 2 to smooth n0�


Enter typical background (dark counts) that were subtracted from the curves (to estimate uncertainties associated with Poisson 
distribution):

�

BG � Mean�Take�expBG, 50�� 	 Max�expTL � expBG�;
�� takes mean of inital 50 data points from background and normalizes �


First calculate the Planning matrix, K, and its transpose K�.  Next calculate Vinv ( V�1 ) a diagonal matrix of the weights wi � 1Σi
2) 

where the uncertainties are estimated to be Poisson from y and background.  Finally calculate the matrices A and B for input for the 
least squares routines. 

�

K � Table�RW�En��j��, s, x��i���, �i, npoints�, �j, 1, nE��; ��Dimensions npoints � nE �

Kt � Transpose�K�; �� Dimensions nE � npoints �

Vinv � DiagonalMatrix 1

y � BG; �� Dimensions npoints � npoints �


A � Kt.Vinv.K; ��Square matrix of nE�nE�

B � Kt.Vinv.y;��list Dimension nE�


Calculates E - Dist as a list n0 of length nE.�

If�method � 0, n0 � NNLS�A, B�, n0 � Tikhonov�K, y, A, B, 0.001, TikMethod��;

Export

Execute code below to export data sets. User Selects:
- Depletion timescale (in Log10) 

timescale � 0.1 ;

Export�"Output � " �� filename �� " � Edist.xls", Transpose��En, n0���
Export�"Output � " �� filename �� " � TLcurves.xls",
Transpose�Flatten���T�, �y�, �K.n0�, �y � K.n0�,

Table�K.Table�n0��i�� KroneckerDelta�i, j�, �i, Length�n0���, �j, Length�n0����, 1���
Export�"Output � " �� filename �� " � depletion.xls",
Table��x, Total�TL�x, timescale�� 	 Total�TL�300, timescale���, �x, 300, 1000, 1���

Output � CSO Control pos 26 � Edist.xls

Output � CSO Control pos 26 � TLcurves.xls

Output � CSO Control pos 26 � depletion.xls
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Figures
�� Activation Energies and Contribution �

pEdist � ListLinePlot�En, n0�&, Filling � Axis, PlotRange � Full,

AxesLabel � �"Energy �eV
", "Initial Trap Population �n0
"�;

�� TL model and composite curves with exp. TL �

pSoln � ShowListLinePlot�K.n0, PlotStyle � �Red��,

ListPloty, PlotStyle � �Black�, AxesLabel � "T ��C
", "TL Intensity �arb. units
",
Flatten�Table�ListLinePlot�K.Table�n0��i�� KroneckerDelta�i, j�, �i, Length�n0���,

PlotRange � Full�, �j, Length�n0����
;

�� Residuals �y � ymodel
 �

pResid � ListPlot�T, 100 �y � K.n0
 	 y�&,

PlotRange � Full, AxesLabel � "T��C
", "Residuals �)
" 		 Quiet;

�� Residual area for given timescale �

pDeplt � ListLinePlotTable��x, Total�TL�x, timescale�� 	 Total�TL�300, timescale���,

�x, 300, 1000, 1��, AxesLabel � "*��C
", "Residual Area �)
";

�� Graphics Container of all figures described above �

GraphicsGrid���pEdist, pSoln�, �pResid, pDeplt��, ImageSize � Full�

File export of each individual figure. Execute cells of desired figures. Default export is *jpeg format.�

Export�"Output � " �� filename �� " � edist.jpg", pEdist, ImageResolution � 600�;
Export�"Output � " �� filename �� " � solnTLcurves.jpg", pSoln, ImageResolution � 600�;
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Export�"Output � " �� filename �� " � residuals.jpg", pResid, ImageResolution � 600�;
Export�"Output � " �� filename �� " � depletion.jpg", pDeplt, ImageResolution � 600�;
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Appendix B:
Temperature Determination
E.G. Yukihara, A.C. Coleman
Physics Department, Oklahoma State University, 145 Physical Sciences II, Stillwater, OK, 74078, USA

� Summary

This notebook is used to obtain a temperature (�Tbest�) that best explains a TL curve obtained from a heated sample. The algorithm loads an
experimental TL curve and a TL model (Output from �E-Dist Determination�  Notebook) obtained from a control sample.  The model
simulates various heated curves for a range of temperatures and heating times chosen by the user.  The simulated curves are compared to the
experimental TL curve to determine the heating profile that best matches the sample TL curve. Cells with a light blue background provide
information and comments on a section, and cells in �light gray� require user input. The notebook ends with a �Figures� section which
allows  the  user  to  view  the  results  graphically  and  save  the  figures  if  desired.  

Output  Files
Tbest.xls  -  Output  file  contains  a  value  for  Tbest  (�C)  and  shift  �T(�C/K)  for  a  user  chosen  timescale  Τ.
bestfit.csv - Output file contains readout temperature and 3 simulated TL curves for temperatures (Tbest, Tbest-10�C, Tbest+10�C).
profile.xls - Output file contains the calculated values for Η[T,Τ], for a range of temperatures T, and a single timescale Τ, chosen by the user. 

� Version

This notebook is version 6, and is written in Mathematica v.10.1 (November 15th, 2015)

� Initialization

Make sure the input file is located in the notebook directory. Execute the cell  below to change the working directory to the notebook
directory and define constants.

Clear�"Global`�"�
SetDirectory�NotebookDirectory���;
kb � 8.617 � 10�5; �� Boltzman in Ev	Kelvin �

kelvin � 273.15; �� �C to Kelvin conversion �


TL and Pre-heating Model

RW[En,Logs,kT]
Computes a TL curve of 1st order kinetics assuming a 1K/s heating rate. Takes as input trap 
parameters of En (activation energy), Log10 frequency factor Logs, and readout temperature 
in terms of energy kT. The exponential integral in the RW model 
e�E�Θ dΘ is approximated by 
ExpIntegralEi[E/Θ].

f[En,logs,T,Τ]
Computes the depletion factor (between 0. and 1.0) resulting from a constant heating 
profile of max temperature T (Kelvin) for a time period Τ(sec). First-order kinetics are 
assumed. 

Η[T,Τ] and TL[T,Τ]
Takes as input a max temperature T, and a duration Τ. The function Η[] generates a 
depletion factor between 0.0 and 1.0, and the function TL[] applies the factor to solution 
TL curves.



RW�En�, logs�, kT�� :� Chop10logs Exp� En
kT

� 10logs $�
En

kT

kT

kb
�
En ExpIntegralEi� En

kT


kb
, 10�8

f�En�, logs�, T�, Τ�� :� ChopExp�10logs Exp� En

kb T
 Τ, 10�6

Η�T�, Τ�� :� f�En, s, T, Τ�
TL�T�, Τ�� :� K.�n0 Η�T, Τ�


File Input

� Data Set

Assumes file is type "*.xlsx" and is located in the same folder as notebook. Input file 
will have 4 columns: readout temperature, TL from exposed sample, TL from reference dose, 
TL from background.

filename � "CSO Shot 12 pos 12";��Input filename without filetype,assumes .xlsx file�


data � Import�filename �� ".xlsx"���1��;�� imports 1st page of .xlsx file �

T � Transpose�data���1��; �� Readout Temperature �

x � �T � kelvin
 kb;�� Readout Temperature in eV �

npoints � Length�T�;�� number of data points �

expTL � Transpose�data���2��;�� As � Received TL curve �

expRTL � Transpose�data���3��;�� Regenerated TL curve �

expBG � Transpose�data���4��;�� Background, no irrd �

y � expTL � expBG;�� Background subtracted

As�Received TL curve for analysis �

� TL Model

Assumes file is type "*.xls" and is located in the same folder as notebook. Input file will 
have 2 columns: Activation Energy and Initial Trap Population (Weighting).

modelfilename � "Output � CSO Control pos 26 � Edist";
s � 14; �� frequency factor to be used in fitting �


modeldata � Import�modelfilename �� ".xls"���1��; ��2 column data structure �

En � Transpose�modeldata���1��; �� Ev values �

nE � Length�En�; �� + of Ev values �

n0 � Transpose�modeldata���2��;�� initial trap population �

RWc � Table�RW�En��j��, s, x��i���, �i, npoints�, �j, 1, nE��; �� Constructs TL model �

K � RWc;�� variable name change �


Thermal Reconstruction

Set of simulated TL curves are constructed for comparison to Exp. TL curves using a 
FOM of Η[T,Τ]= npoints � y � ymodel . User must evaluate each subsection.
 
Solution Matrix: Calculates a 3D solution space, 1/Η[T,Τ], for a range of temperatures and 
timescales
Solution Profile: Calculates a 2D solution space, 1/Η[T,Τ0], for a range of temperatures 
and a single timescale Τ0.

User chooses 
- Range of exposed temperatures in �C
- Heating durations in Log10[sec]
- TL curve shift, accounts for exper. shift of TL curve. Interpret as ��Tmax.
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- timescale Τ0, in Log10[sec]

matrixx � Range�300, 900, 10�; �� temperature in �C, min, max, step �

matrixy � Range��3, 2, 0.2�; �� log10 of duration Τ in s, min, max, step �

,Tmax � 20; �� Allowed tolerance in shift for TL curves �

Τ0 � 0.1; �� Estimated timescale of event �


� Solution Matrix (range Τ)

� Create a multidimensional list of simulated TL curves over the range of temperatures and timescales.

nx � Length�matrixx�; �� + of temperatures �

ny � Length�matrixy�; �� + of durations �

ymodel � ParallelTableTLmatrixx��i��, 10matrixy��j��, �i, nx�, �j, ny�;
�� list of simulated TL curves �

� Normalize simulated and sample TL curves. 

ymax � Table�Max�ymodel��i, j���, �i, nx�, �j, ny��; �� max of each simulated TL curve �

Do�ymax��i, j�� � If�ymax��i, j�� � 0, ymax��i, j��, 1�, �i, nx�, �j, ny��
ymodel � ymodel 	 ymax;
yexp � y

Max�y� ;

� Use built in EuclideanDistance[ ] equation to calculate y � ymodel  for allowing for a shift of ��T

matrix �
TableMinTable 1

npoints
�EuclideanDistance�ymodel��i, j��, RotateRight�yexp, ,T��
,

�,T, �,Tmax, ,Tmax�, �i, nx�, �j, ny�;

� Solution Line Profile (fixed Τ)

Construct range of heating temperatures with 1�C step resolution.�

Simulate TL curves for each heating temperature for a hold time of Τ0.�

T0 � Range�First�matrixx�, Last�matrixx�, 1�;
n � Length�T0�;
ymodel � Table�TL�T0��i��, Τ0�, �i, n��;

Normalize simulated curves �

ymax � Table�Max�ymodel��i���, �i, n��;
Do�ymax��i�� � If�ymax��i�� � 0, ymax��i��, 1�, �i, n��
ymodel � ymodel 	 ymax;

Construct a 2D profile for 1/Η[T,Τ0]�

Obtain the min value for 1/Η[T,Τ0], this is Tbest. This position also corresponds to the minimum shift �T of the sample curve.�
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profile � TableMinTable
1

npoints
�Norm�ymodel��i�� � RotateRight�yexp, ,T��
, �,T, �,Tmax, ,Tmax�, �i, n�;

ibest � Position�profile, Min�profile����1, 1��;
Tbest � T0��ibest��;
,T � Position

Table 1

npoints
�Norm�ymodel��ibest�� � RotateRight�yexp, ,T��
, �,T, �,Tmax, ,Tmax�,

MinTable 1

npoints
�Norm�ymodel��ibest�� � RotateRight�yexp, ,T��
,

�,T, �,Tmax, ,Tmax���1, 1�� � ,Tmax � 1;

Export Results

Execute code below to export result data sets.

User Selects
- solution range, default is Tbest � 10�C

sol � ��Tbest, Τ0�, �Tbest � 10, Τ0�, �Tbest � 10, Τ0��;

plotdata � FlattenRotateRight yexp

Max�yexp� , ,T, Table�TL�sol��j, 1��, sol��j, 2��� 	

Max�TL�sol��1, 1��, sol��1, 2����, �j, Length�sol���, 1;
Export�"Output � " �� filename �� " � bestfit.csv", Transpose�Prepend�plotdata, T���;
Export�"Output � " �� filename �� " � profile.xls", Transpose��T0, 1 	 profile���;
Export�"Output � " �� filename �� " � Tbest.xls", �Tbest, ,T��;
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Figures
�� 3D solution space�

map � Flatten�Table��matrixx��i��, matrixy��j��, 1 	 matrix��i, j���, �i, nx�, �j, ny��, 1�;

�� 3D solution space as a contour plot �

contour � ListContourPlot�map, Mesh � None,

InterpolationOrder � 3, ColorFunction � "BlueGreenYellow",
FrameLabel � �"T �K
", "log10Τ �s
"�, PlotRange � All�;

�� 3D solution space as a 3D figure �

surface �

ListPlot3D�map, Mesh � None, InterpolationOrder � 3, ColorFunction � "BlueGreenYellow",
PlotRange � All, AxesLabel � �"T �K
", "log10Τ �s
"��;

�� 2D soultion space �

profilegraph � ListLinePlot�Transpose��T0, 1 	 profile��,

PlotRange � All, AxesLabel � �"T �K
", "Η �arb. units
"�,
PlotLabel � "T � " �� ToString�Tbest� �� " K, ,T � " �� ToString�,T� �� " K"�;

�� �

plotData � ListLinePlot�plotdata, AxesLabel � �"point", "TL �normalized
"�,

PlotStyle � ��Black, Dashed�, Black, Red, Green�, PlotRange � All�;

�� Graphics Container of all figures described above �

GraphicsGrid���contour, surface�, �profilegraph, plotData��, ImageSize � Full�
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File export of each individual figure. Execute cells of desired figures. Default export is *jpeg format.�

Export�"Output � " �� filename �� " � contour.jpg", contour, ImageResolution � 600�;
Export�"Output � " �� filename �� " � 3Dplot.jpg", surface, ImageResolution � 600�;
Export�"Output � " �� filename �� " � profilegraph.jpg",

profilegraph, ImageResolution � 600�;
Export�"Output � " �� filename �� " � plotData.jpg", plotData, ImageResolution � 600�;
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