
([SHULPHQW�WLWOH�

PDJQHWLF�RUGHULQJ�RI�D�FREDOW�QDQRGRWV�QHWZRUN

([SHULPHQW

QXPEHU�

%HDPOLQH� 'DWH�RI�H[SHULPHQW�

IURP���������� WR����������

'DWH�RI�UHSRUW�

��������

6KLIWV� /RFDO�FRQWDFW�V��

3��%HQFRN

5HFHLYHG�DW�(65)�

1DPHV�DQG�DIILOLDWLRQV�RI�DSSOLFDQWV��
�LQGLFDWHV�H[SHULPHQWDOLVWV��

6��5RXVVHW��9��5HSDLQ��6��5RKDUW�

*URXSH�GH�3K\VLTXH�GHV�6ROLGHV����SO�GH�-XVVLHX��������3DULV�FHGH[�����)UDQFH�

7��&UHQ

,QVWLWXW�GH�3K\VLTXH�GHV�1DQRVWUXFWXUHV��(3)/��&+������/DXVDQQH��6ZLW]HUODQG�

3��%HQFRN�

(65)��%3����������*UHQREOH��)UDQFH�

3��2KUHVVHU�

/85(��8QLYHUVLWp�3DULV�6XG�������2UVD\��)UDQFH�

)��6FKHXUHU

,3&06�����UXH�GX�/RHVV�������6WUDVERXUJ��)UDQFH�

�DOO�H[SHULPHQWDOLVWV�

5HSRUW�

7KH� DLP� RI� WKLV� SURMHFW� ZDV� WR� DQDO\VH� E\� UHVRQDQW� VRIW�;� UD\� GLIIUDFWLRQ� WKH� PDJQHWLF� RUGHU� LQ� D

PDJQHWLF� GRW� ODWWLFH� RI� VHYHUDO� QDQRPHWHUV� SHULRGLFLW\�� $� PDJQHWLF� VTXDUH� GRW� ODWWLFH� ZLWK� SHUSHQGLFXODU

PDJQHWLF� DQLVRWURS\�PD\� VKRZ� DQWLIHUURPDJQHWLF� FRXSOLQJ�� GXH� WR� WKH� GLSRODU� FRXSOLQJ� EHWZHHQ� DGMDFHQW

GRWV��$Q�DQWLIHUURPDJQHWLF�RUGHU�ZLOO� SURGXFH� D�GRXEOLQJ�RI� WKH� UHDO� VSDFH�SHULRGLFLW\�� JLYLQJ� ULVH� WR� KDOI�

LQWHJHU�RUGHU�SHDNV�LQ�WKH�UHFLSURFDO�ODWWLFH�

7KH�ILUVW�TXHVWLRQ�FRQFHUQHG�WKH�SRVVLELOLW\�RI�REVHUYLQJ�FODVVLFDO�GLIIUDFWLRQ�HIIHFWV�RI�WKH�UHJXODU�GRW

DUUDQJHPHQW�LQ�WKLV�SHULRGLFLW\�UDQJH��,W�KDV�LQGHHG�EHHQ�VKRZQ�E\�*UD]LQJ�,QFLGHQFH�6PDOO�$QJOH�6FDWWHULQJ

WKDW� VXFK� D� UHJXODU� DUUDQJHPHQW� RI� GRWV� OHDGV� WR� D� VXSHU� FU\VWDOORJUDSKLF� FHOO�� JLYLQJ� ULVH� WR� GLIIUDFWLRQ

VWUXFWXUHV� DW� YHU\� VPDOO� DQJOHV� ZKHQ� XVLQJ� D� KDUG�;�UD\� EHDP� >�@�� +RZHYHU�� GLUHFW� GLIIUDFWLRQ� RI� VXFK� D

QDQRPHWHU�SHULRGLFLW\�ODWWLFH�KDV�QHYHU�EHHQ�WHVWHG�\HW��7KLV�LPSOLHV�WR�XVH�VRIW�;�UD\�EHDPV��EHORZ�WKH�NH9

UDQJH�

7KH� VHFRQG� TXHVWLRQ� FRQFHUQHG� WKH� PDJQHWLF� VXSHUVWUXFWXUH�� 7KH� DERYH� GRW� ODWWLFH� LV

VXSHUSDUDPDJQHWLF�ZLWK�D�EORFNLQJ�WHPSHUDWXUH�DURXQG����.��1RW�PXFK�LV�NQRZQ�H[SHULPHQWDO\�DERXW�VXFK

ODWWLFHV��EXW�DQ�DQWLIHUURPDJQHWLF�RUGHU�PLJKW�EH�H[SHFWHG��SURYLGHG� WKH�GLSRODU�FRXSOLQJ� LV� VWURQJ�HQRXJK�

7KH�DLP�KHUH�ZDV�WR�VHHN�IRU�VXFK�DQ�DQWLIHUURPDJQHWLF�VXSHUVWUXFWXUH�

7KLV�H[SHULPHQW�ZDV�SHUIRUPHG�RQ�WKH�,'���EHDPOLQH�ZLWK�WKH�QHZ�LQ�VLWX�;�UD\�GLIIUDFWRPHWHU�DQG�LV

RQH�RI�WKH�YHU\�ILUVW�H[SHULPHQWV�RQ�WKLV�DSSDUDWXV�

)RU�WKH�H[SHULPHQW�ZH�XVHG�D�YLFLQDO�$X�����������VXUIDFH�ZKLFK�LV�QDQR�VWUXFWXUHG�LQ�WZR�GLUHFWLRQV�

GXH�WR�WKH�FRPELQDWLRQ�RI�WKH�JROG�UHFRQVWUXFWLRQ�DQG�WKH�VWHSV��$V�WKH�LQWHUVHFWLRQ�RI�WKH�JROG�UHFRQVWUXFWLRQ

DQG� WKH� VWHS� HGJH� DFWV� DV� D� IDYRXUHG� QXFOHDWLRQ� FHQWHU� IRU� FREDOW� DGDWRPV�� &R� GHSRVLWLRQ� FDQ� OHDG� WR� WKH

IRUPDWLRQ�RI�D�UHJXODU�DUUD\���QP�[��QP��RI�WZR�PRQROD\HU�&R�QDQR�GRWV�ZLWK�D�KLJK�GHJUHH�RI�RUGHU��ILJ�����

7KH�DUUD\�LV�DFKHYLHG�ZLWK�VHYHUDO�F\FOHV�RI�����0/�&R�GHSRVLWLRQ�DW�����.�IROORZHG�E\�DQQHDOLQJ�DW�����.�

7KH� ILQDO� VDPSOH� LV� FRYHUHG�E\���0/�RI� FREDOW��7KH� DUUD\� GLVSOD\V� D� QDUURZ� VL]H� GLVWULEXWLRQ� >�@� FHQWHUHG



DURXQG� ��� QPð�� 7KH� FOXVWHUV� DUH� QHDUO\� URXQG� DQG� WKH� GLVWDQFH� EHWZHHQ� WZR� GRWV� LV� DV� VPDOO� DV� SRVVLEOH�

SDUWLFXODUO\�LQ�WKH�GLUHFWLRQ�RUWKRJRQDO�WR�WKH�VWHSV������0/�RI��&R�FRUUHVSRQGV�WR�WKH�FRDOHVFHQFH�RI�WKH�GRWV

LQ�WKLV�GLUHFWLRQ��

7KH�VXUIDFH�ZDV�WKHQ�FRYHUHG�E\�VHYHUDO�PRQROD\HUV������0/��RI�$X�WR�SURWHFW�WKH�GRWV�IURP�R[LGDWLRQ�

)LJ�������D��&OHDQ�$X�����������VXUIDFH��E������0/�&R�RQ�$X�����������DW�����.�IROORZHG�E\�DQ�DQQHDOLQJ�DW�URRP�WHPSHUDWXUH�

:H�VKRZ� WKDW� WKH� UHJXODU�&R�GRWV�DUUDQJHPHQW�JLYHV� ULVH� WR� FOHDU�GLIIUDFWLRQ� IHDWXUHV�� SURYLGHG� WKH

HQHUJ\�LV�VHW�FORVH�WR�WKH�DEVRUSWLRQ�HGJH�RI�&R��)LJXUH���VKRZV�IRU�H[DPSOH�D�VFDQ�DORQJ�WKH��K����UHFLSURFDO

GLUHFWLRQ��WDNHQ�SDUDOOHO�WR�WKH�VWHS�HGJHV��IRU�DQ�HQHUJ\�RI�����H9�DW�WKH�&R�/��HGJH��DQG�IRU�DQ�HQHUJ\�RI����

H9��VOLJKWO\�DERYH�WKH�HGJH��7KH�LQFLGHQFH�DQJOH�LV������DQG�WKH�VWHSV�DUH�SDUDOOHO�WR�WKH�LQFLGHQW�EHDP��7KH

GHWHFWRU�ZDV�MXVW�VFDQQHG�ZLWK�RQH�DQJXODU�URWDWLRQ��JLYLQJ�D�VR�FDOOHG�K�VFDQ��2QH�FDQ�VHH�WKDW�WKHUH�LV�QHDUO\

QR� GLIIUDFWHG� LQWHQVLW\� IRU� RII�UHVRQDQFH� HQHUJ\� FRQGLWLRQV�� )URP� WKLV� VFDQ� RQH� FDQ� GHGXFH� D� GRW� ODWWLFH

FRQVWDQW�RI�����QP� LQ� WKLV�GLUHFWLRQ�� 6LPLODUO\�� LQ� WKH� ��� N�� GLUHFWLRQ�� SHUSHQGLFXODU� WR� WKH� VWHS� HGJHV�� RQH

PHDVXUHV�D�VSDFLQJ�RI�����QP��WKH�VDPSOH�ZDV����GHJUHH�URWDWHG�DQG�WKH�GHWHFWRU�ZDV�VFDQQHG�DV�SUHYLRXVO\��

:H�DOVR�FKHFNHG�WKDW�LW�ZDV�SRVVLEOH�WR�PHDVXUH�SHDNV�LQ�RII�QRUPDO�FRQGLWLRQV�IRU�WKH�GHWHFWRU��DOWKRXJK�WKH

LQWHUVHFWLRQ�RI�WKH�UHFLSURFDO�ODWWLFH�URGV�ZLWK�WKH�(ZDOG�VSKHUH�LV�OHVV�IDYRUDEOH�

&RROLQJ� GRZQ� WR� D� WHPSHUDWXUH� HVWLPDWHG� WR� EH� VOLJKWO\� DERYH� ���� .� OHG� WR� QR� HYLGHQFH� RI� DQ\

PDJQHWLF�VXSHUVWUXFWXUH��)URP�HDUOLHU�GLIIUDFWLRQ�H[SHULPHQWV�RQ�GRPDLQ�SDWWHUQV�RQ�)H3G�PXOWLOD\HUV�>�@�ZH

HVWLPDWHG� WKDW� WKH�PDJQHWLF�FRQWUDVW� VKRXOG�EH� VXIILFLHQW� WR�REVHUYH�SRWHQWLDO�PDJQHWLF� VDWHOOLWH�SHDNV��7KH

DEVHQFH� RI� KDOI�RUGHU� SHDNV� PHDQV� SUREDEO\� WKDW� WKH� PDJQHWLF� FRUUHODWLRQ� OHQJWK� LV� WRR� VPDOO� DW� WKLV

WHPSHUDWXUH��2Q�DQRWKHU� KDQG�� LW� LV� QRW� REYLRXV� WKDW� D� ORQJ�UDQJH� DQWLIHUURPDJQHWLF� RUGHU� FDQ� EH� REWDLQHG

VSRQWDQHRXVO\� XSRQ� FRROLQJ�� EXW� IXWXUH� LPSURYHPHQW� RI� WKH� FRROLQJ� VWDJH� VKRXOG� DOORZ� LQYHVWLJDWLQJ� WKLV

TXHVWLRQ�
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 hν = 778 eV (L
3
 edge)

 hν = 780 eV
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