
3URSDJDWLRQ�YHORFLW\�RI�UHODWLYLVWLF�HOHFWURQ�EHDP�LQ�JDV�
%��.��)URORY��DQG�6��,��.UDVKHQLQQLNRY�

8QLYHUVLW\�RI�&DOLIRUQLD�DW�6DQ�'LHJR��/D�-ROOD��&$��86$�
�
,��,QWURGXFWLRQ��7KH�SURSDJDWLRQ�YHORFLW\�RI�LQWHQVH�HOHFWURQ�EHDP�LQ�LQVXODWRU�LV�GHWHUPLQHG�
E\�WKH�YHORFLW\�RI�WKH�EHDP�LQGXFHG�LRQL]DWLRQ�ZDYH��ZKLFK�FUHDWHV�HQRXJK�HOHFWURQV�DQG�LRQV�
WR�QHXWUDOL]H�EHDP�FKDUJH�DQG�FXUUHQW��,I�WKH�EHDP�GHQVLW\�LV�ODUJHU�WKDQ�WKH�HOHFWURQ�GHQVLW\�
WKDW�FRXOG�EH�SURYLGHG�E\�LRQL]DWLRQ��RQO\�D�IUDFWLRQ�RI�WKH�EHDP�GHQVLW\�ZRXOG�EH�DOORZHG�WR�
SURSDJDWH�� 6XFK� FRQGLWLRQ� H[SHULPHQWDOO\� DFKLHYHG� LQ� H[SHULPHQWV� RQ� ODXQFKLQJ� D� GHQVH�
HOHFWURQ� EHDP� LQWR� JDV� MHWV� >���@�� 0RUHRYHU� IRU� KLJK� EHDP� GHQVLW\� WKH� LRQL]DWLRQ� RI� WKH�
LQVXODWRU� LV� PDLQO\� GXH� WR� WKH� HOHFWULF� ILHOG� LRQL]DWLRQ� >���@�� +RZHYHU�� WKH� G\QDPLFV� RI�
VHFRQGDU\�HOHFWURQV� LQ� VROLG� LQVXODWRUV�DQG�JDV� MHWV� LV�YHU\�GLIIHUHQW�GXH� WR�GLIIHUHQW�QHXWUDO�
GHQVLW\� DQG�� WKHUHIRUH�� FROOLVLRQDOLW\� RI� VHFRQGDU\� HOHFWURQV�� ,Q� VROLGV� ZH� FDQ� XVH� GULIW�
DSSUR[LPDWLRQ�>�@�ZKLOH�LQ�JDV�MHWV�FROOLVLRQOHVV�EDOOLVWLF�PRGHO�>�@�RI�VHFRQGDU\�HOHFWURQV�KDV�
WR� EH� XVHG� WR� GHVFULEH� WKH� G\QDPLFV� RI� WKH� LRQL]DWLRQ� ZDYH� SURSDJDWLRQ�� ,Q� WKLV� ZRUN� ZH�
JHQHUDOL]H�WKH�UHVXOWV�RI�>�@�RQ�EHDP�SURSDJDWLRQ�WKURXJK�JDV�MHWV�WR�WKH�UHODWLYLVWLF�HQHUJLHV���
�
,,�� (TXDWLRQV� DQG� QXPHULFDO� VROXWLRQV�� /RZ� GHQVLW\� RI� WKH� JDV� DOORZV� XV� WR� QHJOHFW�
FROOLVLRQDO�LRQL]DWLRQ�DQG�DVVXPH�WKDW�VHFRQGDU\�HOHFWURQV�DUH�FROOLVLRQOHVV��:H�VWDUW�ZLWK�WKH�
VWHDG\�VWDWH��9�'�UHODWLYLVWLF�HOHFWURQ�NLQHWLF�HTXDWLRQ�IRU�WKH�VHFRQGDU\�HOHFWURQ�GLVWULEXWLRQ�
IXQFWLRQ� f(x,p) �LQ�WKH�LRQL]DWLRQ�IURQW�IUDPH�
v(p)∂f(x,p) /∂x + e(∂ϕ /∂x)∂f(x,p) /∂p = S(x,p) ��� ( ) ( )������ SS�[��[�QQ�S�[�6 −δ⋅ν−= �� ����
ZKHUH� H� WKH� HOHPHQWDU\� FKDUJH� DQG� S� LV� WKH� HOHFWURQ� PRPHQWXP�� ϕ � LV� WKH� HOHFWURVWDWLF�
SRWHQWLDO��6�[�S��LV�WKH�LRQL]DWLRQ�VRXUFH��ZKHUH�ZH�DVVXPH�WKDW�WKH�QHZERUQ�HOHFWURQV�DUH�DW�
UHVW� LQ� WKH� ODERUDWRU\� �JDV�� IUDPH� DQG�� WKHUHIRUH�� KDYH� PRPHQWXP� �YY�SS �� −=≡ � LQ� WKH�
PRYLQJ�IUDPH�� �[����ν �LV�WKH�ILHOG�LRQL]DWLRQ�UDWH��Q 	 �DQG�Q 
 �DUH�JDV�DQG�LRQ�GHQVLWLHV��7KH�WRWDO�
HQHUJ\�RI�HOHFWURQ�LV� ξ(x,p) = (p2 + m2c2)1/ 2c − eϕ(x) �DQG�E\�FKDQJLQJ�WKH�YDULDEOHV�VHW�IURP�
�[��S��WR��[�� ξ ��ZH�HOLPLQDWH�WKH�ILHOG�WHUP�LQ�(T�����DQG�ILQG� ∫ ξξ−=ξ

��
� 
G[��
[�Y���
[�6��[�I ��

ZKHUH�[ 	 �FRUUHVSRQGV�WR�WKH�SRVLWLRQ�RI�WKH�EHDP�KHDG��7R�ILQG�WKH�HOHFWURQ�GHQVLW\�ZH�QHHG�
WR�LQWHJUDWH� ��[�I ξ �RYHU�WKH�PRPHQWXP�VSDFH��8VLQJ�WKH�HQHUJ\�FRQVHUYDWLRQ� ξ(x,p) = ξ(x’,p’)�
ZH�FDQ�H[SUHVV� WKH�HOHFWURQ�PRPHQWXP�S�DV� p = p x,ξ(x’,p’)( )��7KDW�DOORZV�XV� WR�FKDQJH� WKH�
LQWHJUDWLRQ�YDULDEOH�IURP�S�WR�S¶�WR�XVH�WKH� δ �IXQFWLRQ�LQ�6�

ne(x) = − S(x’,ξ) /v(x’,ξ)( )(∂p /∂p’)dp’0
∞∫x

x0∫ dx’�� � � � � ����
)URP�∂ξ /∂p = v(x,ξ) �ZH�KDYH�∂p /∂p’= v(x’,ξ) /v(x,ξ) ��8VLQJ� v = −c / 1+ (mc /p)2 �ZH�ILQG�

v(x,ξ)
p’=pf

= −c 1− 1− (vf /c)2( )−1/2
+ e ϕ(x’) − ϕ(x)( )/mc2 

 
 

 
 
 

−2

��� � ����
:H�FDQ�XVH�(T�������WR�ILQG�LRQ�GHQVLW\��= ���E\�UHSODFLQJ�P�ZLWK�LRQ�PDVV�P 
 ��7KH�SRWHQWLDO�
WHUP� LQ�(T����� EHFRPHV� �P 
 �P�� WLPHV� VPDOOHU� DQG� FDQ� EH� QHJOHFWHG��7KHUHIRUH�� IRU� LRQV�ZH�
KDYH� 
��� Y��[�Y � −=ξ

=
��DQG�(T�����\LHOGV�WKH�LQWHJUDO�HTXDWLRQ�ZKLFK�KDV�WKH�VROXWLRQ�

ni(x) = n0 1− G(x)( )�� � G(x) = exp − νEI(x’)dx’x
x0∫ /vf( )�� � � ����

1RZ�ZH�FDQ�XVH�(T�������WR�ZULWH�WKH�ILQDO�H[SUHVVLRQ�IRU�HOHFWURQ�GHQVLW\��
ne(x) = −n0 vf /v(x,x’)( )(dG /dx)dx’x

x0∫ �� � � � � � ����
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7KH�VWDWLRQDU\�GHQVLW\�RI�WKH�EHDP�HOHFWURQV�LV�D�IXQFWLRQ�RI�WKH�SRWHQWLDO��7KH�IRUP�RI�
WKH�IXQFWLRQ�LV�GHWHUPLQHG�E\�WKH�EHDP�HQHUJ\�GLVWULEXWLRQ�IXQFWLRQ��:H�IROORZ�5HI�������DQG�
XVH�WKH�EHDP�GHQVLW\�SURILOH�nb(ϕ) = n b eϕ /Wb( )p ��ZKHUH�: � �LV�WKH�PD[LPXP�EHDP�HQHUJ\�LQ�
WKH�IURQW�IUDPH�� �Q �LV�WKH�PD[LPXP�EHDP�GHQVLW\��7KLV�SURILOH�HQVXUHV�WKDW�WKH�EHDP�KDV�]HUR�
GHQVLW\� DW� LWV� KHDG�� 6LQFH� WKH� EHDP� GHQVLW\� LV� DQ� H[SOLFLW� IXQFWLRQ� RI� WKH� SRWHQWLDO� ϕ � LW� LV�
FRQYHQLHQW�WR�XVH�WKH�SRWHQWLDO�ϕ �DV�WKH�PDLQ�YDULDEOH�LQVWHDG�RI�WKH�VSDFH�FRRUGLQDWH�[��7KHQ�
WKH�3RLVVRQ¶V�HTXDWLRQ�KDV�WKH�IRUP�
� d(E2 /2) /dϕ = 4πe ni(ϕ) − ne(ϕ) − n b eϕ /Wb( )p{ }�� � � � � ����
8VLQJ� WKH� H[SUHVVLRQ� IRU� GHQVLWLHV� LQ� (T������� DQG� LQWURGXFLQJ� WKH� GLPHQVLRQOHVV� YDULDEOHV�
ψ = eϕ /Wb�� ε = −E /Ea � DQG� GLPHQVLRQOHVV� SDUDPHWHUV� cf = vf /c �� Wc = Wb /mc2��
ηb = n b /n0�ZH�FDQ�UHZULWH�(T�����DV�

( ){ }∫
ψ

ψψ∂∂ψψ−+ψη=ψε � �
����


G�
�*��
��9���3G�����G ��� � � � ����
������ F��@
>����F���Y�_Y_�
��9 α⋅ψ−ψ+−−=≡ψψ �� � � � ����

ZKHUH� α = Wc 1− cf
2 �� P0 ≡ 4πWbn0 /Ea

2 �� Ea = (2 /3) Ia /IH( )5/2
e /ab

2�� ��IH = e4m/(2!2) ��
��ab = !

2 /e2m����IH = e4m/(2!2) ��DQG� Ia�LV�WKH�JDV�LRQL]DWLRQ�SRWHQWLDO��7KH�HIIHFWLYH�IUHTXHQF\�
RI�WKH�ILHOG�LRQL]DWLRQ�>�@�LV� νEI(ε) = ν0 exp(−1/ε) /ε����ν0 = 6me4 /!3��DQG��
G(ψ) = exp −(ξbc /cf ) νEI(ε) /ε( )dψ’

0

ψ
∫

 
 
 

 
 
 
�� ξbc = 4.5Wc mc2 /IH IH /Ia( )5/2�� � ����

� 7KH� DEVHQFH� RI� WKH� (�ILHOG� RXWVLGH� RI� WKH� LRQL]DWLRQ� ZDYH� SURYLGHV� XV� ZLWK� WZR�
ERXQGDU\�FRQGLWLRQV��%&V��IRU�(T������DQG�WR�LQVXUH�WKDW�WKHUH�LV�QR�VSDFH�FKDUJH�EHKLQG�WKH�
IURQW�ZH�LPSRVH�DQ�DGGLWLRQDO�%&�

ε(ψ = 0) = ε(ψ =1) = 0�� � d(ε2 /2) /dψ | ψ=1= 0� � ��������������������������
$OO� WKUHH�%&V�IRU� WKH�ILUVW�RUGHU�GLIIHUHQWLDO�HTXDWLRQ�FDQ�EH�VDWLVILHG�RQO\�E\�DGMXVWLQJ�WZR�
IUHH�SDUDPHWHUV�LQ�WKH�HTXDWLRQ��:H�FKRRVH�WKHVH�WZR�SDUDPHWHUV�WR�EH�F � �DQG�ηb��:H� VROYH�
(T��������QXPHULFDOO\�IRU�D�VHW�JDV�GHQVLWLHV�Q � ��EHDP�HQHUJLHV�: � ��DQG�YDOXHV�RI�VPRRWKQHVV�
SDUDPHWHU�S��%\�FKRRVLQJ�WKH�DSSURSULDWH�LRQL]DWLRQ�SRWHQWLDO�ZH�VLPXODWH�WZR�GLIIHUHQW�JDVHV��
$UJRQ�DQG�+HOLXP��7KH�FDOFXODWHG�YDOXHV�RI�WKH�IURQW�YHORFLW\�F � �DUH�SORWWHG�LQ�)LJXUHV������DV�
D�IXQFWLRQ�RI�JDV�GHQVLW\���

)LUVW��ZH� UHFRYHU� WKH� VLPXODWLRQ� UHVXOWV� IURP� >�@�ZKHUH� LW� ZDV� DOVR� QRWLFHG� WKDW� WKH�
IURQW� LV� VORZHU� IRU�KLJKHU� LRQL]DWLRQ�SRWHQWLDO� DQG� IRU� VPDOOHU� JDV�GHQVLW\� DV� VHHQ� LQ� >��� �@��
6HFRQG��WKH�LRQL]DWLRQ�IURQW�YHORFLW\�YDOXHV�PHDVXUHG�IRU�$UJRQ�DQG�+HOLXP�LQ�>����@�FDQ�EH�
DSSUR[LPDWHO\�UHFRYHUHG�E\�RXU�PRGHO�DVVXPLQJ�WKDW�WKH�EHDP�HQHUJ\�ZDV�a����0H9�DQG�S�a�
�����VHH�)LJXUH��������7KH�EHDP�GHQVLW\�SUHGLFWHG�E\�RXU�PRGHO�LV�DERXW�a�������RI�WKH�JDV�
GHQVLW\��7KH�DJUHHPHQW�ZLWK�H[SHULPHQW�VHHPV�WR�EH�EHWWHU�IRU�$UJRQ�EXW�WKH�QXPEHU�RI�GDWD�
SRLQWV�LV�WRR�VPDOO�WR�PDNH�D�GHILQLWH�FRQFOXVLRQ��,Q�WKH�QH[W�6HFWLRQV�ZH�DQDO\]H�(T��������
DQG� ILQG� DQ� DSSUR[LPDWH� H[SUHVVLRQ� IRU� IURQW� YHORFLW\� LQ� WKH� OLPLWV� RI� VPDOO� DQG� ODUJH�
YHORFLWLHV��
�
,,,��$QDO\VLV��&RQVLGHULQJ�WKH�H[SRQHQWLDO�GHSHQGHQFH�RI� WKH�ILHOG�LRQL]DWLRQ�UDWH�RQ�WKH�(�
ILHOG�DPSOLWXGH��WKH�UHDVRQDEOH�DVVXPSWLRQ�WR�PDNH�LV�WKDW�DOO�LRQL]DWLRQ�KDSSHQV�LQ�D�QDUURZ�
UHJLRQ�QHDU�WKH�PD[LPXP�YDOXH� εI = ε(ψI) �RI�WKH�(�ILHOG��ZKHUH�WKH�(�ILHOG�DPSOLWXGH�FDQ�EH�
DSSUR[LPDWHG�ZLWK�SDUDEROD�

ε(ψ ≈ ψI) ≈ εI + εI
//(ψ − ψI)2 /2�� �S���3�

�� !"# 
+ψη=ε + �� � ���������������
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ZKHUH� WKH�PD[LPXP� YDOXH� RI� WKH� (�ILHOG� LQ� WKH� IURQW�� εI�� LV� HVWLPDWHG� IURP� WKH� 3RLVVRQ¶V�
HTXDWLRQ� ZKHUH� ZH� QHJOHFW� WKH� LQGXFHG� VSDFH� FKDUJH� WHUP� �ZKRVH� LQWHJUDO� FRQWULEXWLRQ� LV�
VPDOO�IRU�ψ < ψI���%\�VXEVWLWXWLQJ�(T������LQWR�GHILQLWLRQ�RI�*�LQ�(T�����ZH�ILQG�
G(ψI) ≈ exp −(1/∆ψI ) −0.5πεI

2 /εI
// 

 
 

 
 
 
��∆ψI ≡ dlnG /dψ ψI

−1 = (cf /ξbc) εI /νEI(εI)( )���������������
1RWH�� GXH� WR� WKH� DVVXPHG� V\PPHWU\� RI� WKH�(�ILHOG� DURXQG� ψI� �VHH�(T������� WKH� LQWHJUDO� LQ�
(T�����ZLOO�GRXEOH�LI�ZH�LQWHJUDWH�RYHU� WKH�ZKROH�LRQL]DWLRQ�UHJLRQ�LQVWHDG�RI� MXVW�KDOI�RI� LW��
L�H�� ��*���* $

%
ψ= ��)URP�(T������ZH�ILQG�WKH�H[SUHVVLRQ�IRU� & &'ε �ZKLFK�FDQ�EH�FRPELQHG�ZLWK�

WKH�H[SUHVVLRQ�IRU� & &'ε �IRXQG�E\�GLIIHUHQWLDWLQJ�(T������
εI

// = (P0 /εI ) pηbψ
I
p−1 + I2( )�� � I2 ≡ ∂ 1−1/Vc(ψI,ψ’)( )/∂ψ’{ }

0

ψI

∫ (∂G /∂ψ’)dψ’����������������
,I� WKH� PD[LPXP� SRWHQWLDO� HQHUJ\� JDLQ�: ( � LV� PXFK� ODUJHU� WKDQ� WKH� VXP� RI� HOHFWURQ� LQLWLDO�
NLQHWLF�DQG�UHVW�HQHUJ\��L�H�� �>>α ��ZH�KDYH�IURP�(T������

)* F�
��9�� ≈ψψ �� ++,- �*�F��, ψ∆−−≈ ��� � � � ���������������
&RPELQLQJ� WZR�H[SUHVVLRQV� IRU� +ε �ZH� ILQG� WKH� WKLFNQHVV�RI� WKH� LRQL]DWLRQ� UHJLRQ� .ψ∆ � DQG�
WKHQ�XVH�(T������WR�ILQG�F / �
∆ψI ≈ π /(1+ p)( )(1− GI)εIψI /GI ln2 GI ����cf = π /(1+ p)( )(1− GI )ξbcνEI(εI) /GI ln2 GI ��������
7R�HVWLPDWH�WKH�YDOXHV�RI�ψI��GI�DQG� εI�ZH�DSSO\�(T�����DW�ψ =1�DQG�DW�WKH�SRLQW�RI�VWURQJHVW�
(�ILHOG�ψI��ZKHUH�dε /dψ = 0���

ηb ≈ (1− cf ) 1− G(1)( )�� � ηbψ
I
p ≈ (1− cf ) 1− GI( )�� � ���������������

:H�REWDLQ�WKH�WKLUG�HTXDWLRQ�E\�LQWHJUDWLQJ�(T�����RYHU�ψ �IURP���WR���DQG�DVVXPLQJ���
ψIεI /(1− 2εI)( )(2 /(1+ p)) << ∆ψI <<1− ψI �� ηb ≈ (1− cf ) 1− G(1)( )(1− ψI)(1+ p) �� ���������������
7KH�FRPELQDWLRQ�RI�(T���������DOORZV�XV�WR�ILQG�WKH�SRLQW�RI�VWURQJHVW�(�ILHOG�ψI = p /(1+ p) ��
8VLQJ�G(1) = G2(ψI) �ZH�REWDLQ�

�* 011 −ψ= − �� � ηb = ψ
I
−p

(1− cf ) 1− GI( )�� � � � ���������������
8VLQJ�(T���������ZH�ILQG�WKDW�FRQGLWLRQ�LQ�(T������LV�VDWLVILHG�LI�S�LV�QRW�WRR�ODUJH��,Q�WKH�FDVH�
RI� IXOO� �RU� DOPRVW� IXOO�� LRQL]DWLRQ�� *�������� WKH� EHWWHU� DJUHHPHQW� LV� DFKLHYHG� XVLQJ� WKH�
DSSUR[LPDWLRQ�*���� ���ZKLFK�SURGXFHV�GI

* =1− ψ
I
p ��ηb

* =1− cf ��VHH�)LJXUH������
&RPELQLQJ�(T������������ZH� FDQ� ILQG� WKH� HTXDWLRQ� IRU� εI��%XW� WKLV� HTXDWLRQ� KDV� QR�

VLPSOH�VROXWLRQ�DQG�ZH�FRQVLGHU�LQVWHDG�WZR�GLIIHUHQW�OLPLWV��,Q�WKH�OLPLW�F 2 �����ZH�FDQ�ILQG�
εI�IURP�(T���������QHJOHFWLQJ�F 2 �FRPSDUHG�WR���DQG�WKHQ�VXEVWLWXWH�LW�LQWR�(T�������,Q�WKH�OLPLW�
F 2 �a���ZH�FDQ�ILQG� εI�IURP�(T������DQG�WKHQ�ZH�ILQG�F 2 �IURP�(T����������

cf =1− (1+ p)εI
2 / (1− GI)2ψIP0( )�� � � � � � ��������������

,I� �<<α � LW�FDQ�EH�VKRZQ�WKDW� LI�DFFHOHUDWLRQ�SRWHQWLDO� Wc � LV� WRR�VPDOO�FRPSDUHG� WR�
cf

2�� α << cf
2 /2 �� QR� VROXWLRQ� H[LVWV�� )RU� WKH� LQWHUPHGLDWH� FDVH� cf

2 /2 << α <<1� ZH� UHFRYHU�
(T�������ZKLFK�LV�HTXLYDOHQW� WR�WKH�UHVXOW�REWDLQHG�LQ�>�@��)LQDOO\�� WKH�DSSUR[LPDWH�VROXWLRQV�
JLYHQ� LQ� (T�� ����� DQG� (T������ DUH� VKRZQ� LQ� )LJXUHV� ��� �� �FXUYHV� $ 3 � DQG� $ 4 � UHVSHFWLYHO\��
WRJHWKHU�ZLWK�WKH�FRUUHVSRQGLQJ�QXPHULFDO�VROXWLRQ��
� +HUH�ZH�QHJOHFWHG� FROOLVLRQDO� LRQL]DWLRQ�EXW� LW� EHFRPHV� LPSRUWDQW� DW� VPDOO� GHQVLWLHV�
ZKHQ�WKH�LQGXFHG�(�ILHOG�EHFRPHV�WRR�VPDOO�FRPSDUHG�WR�DWRPLF�ILHOG�Ea��8VLQJ�WKH�HVWLPDWH�
RI�WKH�YHORFLW\�RI�D�SXUH�FROOLVLRQDO�IURQW� cf ~ νeaλDb /c �DQG�XVLQJ�(T������ZH�HVWLPDWH�WKDW�
FROOLVLRQDO�LRQL]DWLRQ�EHFRPH�LPSRUWDQW�LI� n

b
• < Wc

−1 ⋅ 4 ⋅1017cm−3��VHH�DOVR�5HI������$W�ODUJH�
EHDP�GHQVLWLHV� DQG� UHODWLYLVWLF�YHORFLWLHV� WKH� FROOLVLRQDO� LRQL]DWLRQ�EHFRPHV� LPSRUWDQW�ZKHQ�
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νeaλDb /c ~ 1�ZKLFK�UHTXLUHV� n
b

• > Wc ⋅1028cm−3��WKDW��KRZHYHU��LV�PXFK�ODUJHU�WKDQ�GHQVLW\�
RI�ODVHU�JHQHUDWHG�EHDPV�a�� 4�3 FP 5 6 ���

�
,9��&RQFOXVLRQV��7KH�LRQL]DWLRQ�IURQW�LQGXFHG�E\�LQWHQVLYH�HOHFWURQ�EHDP�LQ�JDV�ZDV�VWXGLHG�
LQ��'�DSSUR[LPDWLRQ��:H�JHQHUDOL]HG�WKH�DSSURDFK�GHYHORSHG�LQ�>�@�WR�LQFOXGH�WKH�UHODWLYLVWLF�
EHDP� HQHUJLHV�� :H� IRXQG� WKH� DSSUR[LPDWH� H[SUHVVLRQV� IRU� WKH� IURQW� YHORFLW\� DQG�
FRUUHVSRQGLQJ�EHDP�GHQVLW\�LQ�WKH�OLPLW�RI� ODUJH�DQG�VPDOO�IURQW�YHORFLWLHV��VHH�)LJXUH�������
:H�FDOFXODWHG�WKH�LRQL]DWLRQ�IURQW�YHORFLW\�LQ�D�JDV�IRU�D�ZLGH�UDQJH�RI�EHDP�HQHUJLHV�DQG�JDV�
GHQVLWLHV��7KH�FDOFXODWHG�IURQW�YHORFLW\�LV�LQ�D�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�GDWD�IRU�
+HOLXP�DQG�$UJRQ�IURP�>����@��0RUH�H[SHULPHQWDO�UHVXOWV�DUH�QHHGHG�IRU�FRPSDULVRQ��:H�DUH�
SODQQLQJ�WR�XVH�3,&�FRGH�WR�IXUWKHU�WHVW�DQG�LPSURYH�WKH�PRGHO��
�
$FNQRZOHGJHPHQWV��7KH�ZRUN�ZDV�SHUIRUPHG�XQGHU�DXVSLFHV�RI�WKH�8QLYHUVLW\�RI�1HYDGD��
5HQR�XQGHU�JUDQW�1R����%%�������DW�8&6'��
�
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