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,W�LV�NQRZQ��WKDW�WKH�W\SLFDO�SURILOHV�RI�HOHFWURQ�GHQVLW\�QH�U��LQ�WRNDPDNV�ZLWK�RKPLF�KHDWLQJ�KDYH�D�EHOO�VKDSHG�IRUP�ZLWK�D�PD[LPXP�LQ�WKH�FHQWHU��ZKLOH�K\GURJHQ�SXIILQJ�DQG�UHF\FOLQJ�DUH�XVXDOO\�SURGXFHG�LQ�SODVPD�FROXPQ�SHULSKHU\��7DNLQJ�LQWR�DFFRXQW�WKDW�IUHH�SDWKV�RI�FROG�K\GURJHQ� QHXWUDOV� LRQL]DWLRQ� DQG� WKHLU� FKDUJH�H[FKDQJH� OHQJWK� DUH� XVXDOO\� PXFK� OHVV� WKDQ�SODVPD�PLQRU� UDGLXV��RQH�FDQ�H[SHFW� WKDW�VRXUFH�RI�FKDUJHG�SDUWLFOHV�IOX[� WR�SODVPD�ZLOO�EH�ORFDOL]HG� LQ� SODVPD� SHULSKHU\� ZLWKLQ� PHDQ� VTXDUH� RI� K\GURJHQ� FKDUJH�H[FKDQJH� DQG�LRQL]DWLRQ�IUHH�SDWKV��)RUPDWLRQ�RI�WKH�EHOO�VKDSHG�SURILOH�QH�U��REYLRXVO\�FRQWUDGLFWV�WR�WKHVH�FRPPRQ�FRQFHSWLRQV�
8VXDOO\�RQH� WULHV� WR� UHPRYH� WKLV� FRQWUDGLFWLRQ�E\� DVVXPSWLRQ�RU� DFFXPXODWLRQ�RI� LPSXULWLHV�QHDU�SODVPD�FROXPQ�D[LV�RU�GHYHORSPHQW�RI�QHRFODVVLFDO�:DUH�SLQFK��+RZHYHU LQ�D�QXPEHU�RI�FDVHV� >���@� ZKHQ� WKH� LQIOXHQFH� RI� LPSXULWLHV� FRXOG� EH� QHJOHFWHG�� WKH� YHORFLW\� RI� SODVPD�PRYHPHQW�WR�WKH�SODVPD�FRUH�UHTXLUHG�IRU�WKH�H[SODQDWLRQ�RI�REVHUYHG�SURILOHV�QH�U���VKRXOG�EH�VHYHUDO� WLPHV� KLJKHU� WKDQ� D� SRVVLEOH� YHORFLW\� RI� D� QHRFODVVLFDO� SLQFK�� $V� VRRQ� DV� WKH�SKHQRPHQRQ�LV�REVHUYHG�LQ�FROOLVLRQOHVV�UHJLRQ��ZKHUH�D�FROOLVLRQDOLW\�LV�Q� ���������� >�@� LW�FRXOG�EH�FRQVLGHUHG�DV�DQ�DQRPDORXV�IRUP�RI�SLQFK�HIIHFW�
,Q� WKH�/L� OLPLWHU�H[SHULPHQWV�RQ� WKH�7���0�WRNDPDN �<l ��7��5�D ���������P�� �-S ����d:��WVKRWd����PV�>�@��WKH�SDUDPHWHU�RI�FROOLVLRQDOLW\�ZDV�DSSUR[LPDWHO\���a�����RU�KLJKHU �FORVH�WR�
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³SODWR´� UHJLPHV��� $OVR�� LQ� RXU� H[SHULPHQWV�� =HII� ZDV� HTXDO� WR� ���r����� DQG� WKH LQIOXHQFH� RI�LPSXULWLHV� RQ� WKH� GHQVLW\� SURILOH� FRXOG� EH� QHJOHFWHG�� +RZHYHU�� VLPLODU� ³EHOO´�VKDSHG� QH�U�SURILOH� LV� IRUPHG�ZKHQ QH LV� JURZLQJ� XS�ZKLFK� LV� D�GLUHFW� HYLGHQFH�RI� WKH�SODVPD�SLQFKLQJ�HYHQ� DW� UHODWLYHO\� KLJK� FROOLVLRQ� IUHTXHQF\�� 7KH� HVWLPDWHG� ORZHU� OHYHO� RI� REVHUYHG� SLQFK�YHORFLW\� LV� ���� P�V�� ZKLFK� LV� ���� WLPHV� KLJKHU WKDQ� SRVVLEOH� QHRFODVVLFDO� YDOXH�� � 7KH�LQYHVWLJDWLRQ�RI�WKLV�SKHQRPHQRQ�LV�WKH�PDLQ�JRDO�RI�WKH�SUHVHQW�ZRUN�
���([SHULPHQWDO�
$�PDLQ� GLVWLQFWLYH� IHDWXUH� RI� H[SHULPHQWV� RQ� WKH� L���F WRNDPDN� ZDV� WKH� XVH� RI� OLWKLXP�OLPLWHU� LQVWHDG� RI� FRQYHQWLRQDO� JUDSKLWH� RQH�� ,W� SURYLGHV� DQ� RSHUDWLRQ� ZLWK� VXSSUHVVHG�K\GURJHQ�UHF\FOLQJ�IURP�WKH�YDFXXP�YHVVHO�ZDOOV��0RUHRYHU��WKH�SUHVHQW�GHVLJQ�RI�WKH�OLWKLXP�OLPLWHU�SURYLGHV�TXDVL�VWDWLRQDU\�SODVPD�GLVFKDUJH�PRGH�ZLWK�YHU\�SXUH�K\GURJHQ�SODVPD�>�@��ZKHQ� WKH� OLPLWHU� WHPSHUDWXUH� DQG�PDLQ� SODVPD� SDUDPHWHUV�ZHUH� DOPRVW� FRQVWDQW� GXULQJ� WKH�WLPH�LQWHUYDO�D�IHZ�WLPHV�PRUH�WKDQ�WKH�HQHUJ\�FRQILQHPHQW�WLPH�2(��2QH�RI�WKH�W\SLFDO�VKRW�LV�SUHVHQWHG� LQ�)LJ���� >�@��ZKHUH� WKH�ZDYHIRUPV�RI� WRWDO�FXUUHQW� -S�W��� ORRS�YROWDJH�8S�W��� WRWDO�UDGLDWLRQ� IOX[� IURP� WKH� SODVPD� FHQWHU� ± 05/�W��� PHDQ� HOHFWURQ� GHQVLW\� 1H�W��� OLPLWHU�WHPSHUDWXUH�7OLP�W���SDUDPHWHU�=HII����T����DQG�HOHFWURQ�WHPSHUDWXUH�7H�W���DUH�VKRZQ��7KH�PRVW�LPSRUWDQW� IHDWXUH� RI� VXFK�7���0� UHJLPHV� LV� FRQVWDQF\�RI�SDUDPHWHU�=HII����T����| ���ZKLFK�ZDV� FDOFXODWHG E\� VWDQGDUG�PHWKRG� IURP�PHDVXUHPHQWV��7H���� IURP�6;5�� DQG� ORRS�YROWDJH�9S�W���,I�ZH�DVVXPH�IURP�VDZ�WHHWK�DFWLYLW\��WKDW�T����LV�HTXDO����=����VKRXOG�EH�FORVH�WR���DV�ZHOO��ZKLFK�JLYHV�DQ�HYLGHQFH�RI�TXLWH�FOHDQ�K\GURJHQ�SODVPD�LQ�WKH�SODVPD�FRUH�

)LJ������:DYHIRUPV�RI�SODVPD�PDLQ�SDUDPHWHUV�LQ�WKH�H[SHULPHQWV�ZLWK�OLTXLG�/L�OLPLWHU�

7KH�ORZ�OHYHO�RI�K\GURJHQ�UHF\FOLQJ� LV� D� FRPPRQ�IHDWXUH� RI� DOO� GLVFKDUJHV�ZLWK� /L� OLPLWHUV� DQG� WKH�ILUVW� ZDOO� FRYHUHG� E\�OLWKLXP�� 7KH� PDLQ� UHDVRQ�RI�UHF\FOLQJ�GHFUHDVH�LV�DQ�HIIHFWLYH� DEVRUSWLRQ� RI�K\GURJHQ� LVRWRSHV�'� DQG�+� DW� WKH� ZDOO�� 7KH� ORZ�UHF\FOLQJ� UHTXLUHV� WKH� LQFUHDVH� RI� JDV� SXIILQJ�� ,I� \RX� VZLWFK� RII� JDV� SXIILQJ�� \RX� FDQ� VHH� D�GHQVLW\� FROODSVH� ZLWK� FKDUDFWHULVWLFDOO\� WLPH� FORVH� WR� WKH� SDUWLFOH� FRQILQHPHQW� WLPH� 2S�6RPHWLPHV��ZH�XVHG�WKLV�IHDWXUH�RI�7���0�GLVFKDUJH�IRU�WKH�XSSHU�HVWLPDWLRQ�RI�2S�
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7KH�K\GURJHQ��GHXWHULXP��SXIILQJ�ZDV�LPSOHPHQWHG�LQ�WKH�OLPLWHU�UHJLRQ� 7KH�PDLQ�VRXUFHV�RI�K\GURJHQ�LQIOX[��SXIILQJ��UHF\FOLQJ�DQG�UHOHDVH�IURP�WKH�OLWKLXP�VXUIDFH�GXULQJ�WKH�KHDWLQJ�RI�/L�OLPLWHU��GRWWHG�OLQH��ZHUH�ORFDOL]HG�LQ�OLPLWHU�UHJLRQ��
,W�LV�ZHOO�NQRZQ��WKDW�LQWHQVLWLHV�RI�K\GURJHQ�VSHFWUDO�OLQHV�DUH�SURSRUWLRQDO�WR�WRWDO�K\GURJHQ�LQIOX[� LQWR� WKH� SODVPD��+HQFH� LW� FRXOG� EH�PRQLWRUHG� E\� REVHUYDWLRQ� RI�K\GURJHQ� OLQHV��7KH�LQWHQVLW\�RI�+J OLQH�DV� LQGLFDWRU�RI�WRWDO�LQIOX[�RI�K\GURJHQ�LV�VKRZQ�LQ�)LJ��E��7KH�DEVROXWH�FDOLEUDWLRQ� �LQ� HOHFWURQV��ZDV�PDGH�E\�FRPSDULVRQ�RI�+J LQWHQVLW\�DQG� WKH�GHULYDWLYH�G1H�GW�PHDVXUHG�GXULQJ�WKH�VKXWGRZQ�RI�WKH�JDV�SXIILQJ��)LJ��E���)URP�WKH�HYROXWLRQ�RI�+J HPLVVLRQ�DQG� RI� WKH� WRWDO� QXPEHU� RI� FKDUJHG� SDUWLFOHV�1H�W��� DQ� DYHUDJH�SDUWLFOH� FRQILQHPHQW� WLPH� WSFRXOG�EH�HVWLPDWHG��7KLV�YDOXH�LQFUHDVHV�IURP����WR����PV�GXULQJ�WKH�GLVFKDUJH��)LJ��H��

)LJ�����7KH�HYROXWLRQ�RI�-S�W���+J HPLVVLRQ��WKH�WRWDO�QXPEHU�RI�HOHFWURQV��D�IDFWRU�DQG�DYHUDJH�SDUWLFOH�FRQILQHPHQW�WLPH�WS�
8QIRUWXQDWHO\�� VLQFH� DOO� WKHVH�PHDVXUHPHQWV� DUH� QRW� DEVROXWHO\�FRUUHFW�� VLQFH�ZH�GR�QRW� WDNH� LQWR�DFFRXQW� WKH� OLWKLXP� LQIOX[� WR�SODVPD� FROXPQ� GXULQJ� WKH�GLVFKDUJH��+RZHYHU��WKLV�LQIOX[�LV�TXLWH� VPDOO� DQG� FRQVWDQW� GXULQJ�WKH� GLVFKDUJH�� UHO\LQJ� RQ� WKH�EHKDYLRU� RI� OLWKLXP� HPLVVLRQ�� ,W�GRHV� QRW� DIIHFW� FRQVLGHUDEO\� WKH�PHDVXUHPHQWV� RI� WS LQ� LQLWLDO� DQG�PLGGOH� VWDJHV� RI� WKH� GLVFKDUJH��%XW� LQ� WKH� ILQDO� VWDJH�� ZKHQ�LQWHQVLW\� +J GURSV� GRZQ�� WKH�LQIOXHQFH� RI� OLWKLXP� FRXOG� EH�UHPDUNDEOH�� 7KLV� XQFHUWDLQW\� LV�VKRZQ� LQ� )LJ��H� E\� WKH� GRWWHG�OLQH� 7KH�HQHUJ\�FRQILQHPHQW�WLPH�LQ� TXDVL�VWDWLRQDU\� SKDVH� RI� WKH�GLVFKDUJH�LV�W( a������PV�

�� 0HDVXUHPHQWV�RI�HOHFWURQ�GHQVLW\
7KH�PHDVXUHPHQWV� RI� HOHFWURQ�GHQVLW\�ZHUH� FDUULHG�RXW�ZLWK� WKH�KHOS�RI� ILYH�FKDQQHO� MXPS�IUHH� &RWWRQ�0RXWRQ� LQWHUIHURPHWHU� �SRODULPHWHU�� >�@�� 7KH� LQVWUXPHQW� PHDVXUHV� WKH� SKDVH�GLIIHUHQFH�EHWZHHQ�DQ�RUGLQDU\��(__%��DQG�DQ�H[WUDRUGLQDU\��( A %��ZDYHV�SDVVHG�WKURXJK�WKH�SODVPD�DORQJ�WKH�VDPH�ILYH������FP�����FP�����FP�����FP�DQG�����FP��YHUWLFDO�FKRUGV��:KHQ�VLPXOWDQHRXVO\� SURELQJ� SODVPD� E\� DQ� RUGLQDU\� DQG� DQ� H[WUDRUGLQDU\� ZDYHV�� WKH� SKDVH�GLIIHUHQFH�EHWZHHQ�WKHP�DIWHU�SDVVLQJ�WKURXJK�WKH�SODVPD�LV�GHWHUPLQHG�E\�WKH�H[SUHVVLRQ��IRU�WKH�YHUWLFDO�FHQWUDO�FKDQQHO��>�������@�
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ZKHUH 'KR�H LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�UHIUDFWLYH�LQGLFHV�IRU�WKH�RUGLQDU\�DQG�H[WUDRUGLQDU\�ZDYHV� DQG O LV� WKH�ZDYHOHQJWK�RI� WKH�SURELQJ�ZDYH��+HUH��ZH� WDNH� LQWR� DFFRXQW� WKDW�� IRU� D�WRNDPDN��WKH�SRORLGDO�ILHOG�LV�%SRO d ����%7��DQG�WKH�WRWDO�PDJQHWLF�ILHOG�% LV�UHSODFHG�ZLWK�WKH�WRURLGDO�PDJQHWLF�ILHOG�%7��%\�SURSHUO\�FKRRVLQJ�WKH�ZDYHOHQJWK��WKH�SKDVH�VKLIW�LQ�WKH�SODVPD�FDQ� EH� PDGH� OHVV� WKDQ� �S� ,Q� SDUWLFXODU�� IRU� WKH� 7���0� WRNDPDN�� WKH� SURELQJ� UDGLDWLRQ�ZDYHOHQJWK� PXVW� EH� QR� ORQJHU� WKDQ� ���� PP�� ,Q� RXU� H[SHULPHQWV�� ZH� XVHG� D� PLFURZDYH�RVFLOODWRU�ZLWK�D�ZDYHOHQJWK�FORVH�WR���PP��'HWDLOHG�LQIRUPDWLRQ�RQ�WKH�RSHUDWLQJ�SULQFLSOHV�RI�WKH�SRODUL]DWLRQ�LQWHUIHURPHWHU�DQG�RQ�VFKHPH�RI�PHDVXUHPHQWV�LV�JLYHQ�LQ�>�@�
,Q�PXOWL�FKDQQHO�PHDVXUHPHQWV��WKH�QXPHULFDO�VROXWLRQ�RI�WKH�HTXDWLRQ�IRU�HYROXWLRQ�RI�D�VWDWH�RI�SRODUL]DWLRQ�RI�D�SURELQJ�ZDYH�LQ�SODVPD�KDV�EHHQ�XVHG��LQ�RUGHU�WR�WDNH�LQWR�DFFRXQW�WKH�LQIOXHQFH�RI�)DUDGD\�HIIHFW�RQ�SODVPD�GHQVLW\�PHDVXUHPHQWV�>�@��7KH�PHWKRG�DSSOLHG�IRU�WKH�QXPHULFDO�VROXWLRQ�LV�GHVFULEHG�LQ�>��@�

7KH� SURILOHV� QH�U�� ZHUH� UHFRQVWUXFWHG� XVLQJ� FRQYHQWLRQDO $EHO� LQYHUVLRQ� SURFHGXUH�>��@� ,Q� )LJ�� ��� DQ� H[DPSOH� RI� WLPH� HYROXWLRQ� RI� UHFRQVWUXFWHG� SURILOHV� LV� SUHVHQWHG�� 7KH�SURILOHV�ZHUH�DSSUR[LPDWHG�E\�D�VHW�RI�SDUDERODV��QH�U�� �QH������� U��D��D��7KXV��WKH�SDUDPHWHU�D LV� WKH�SURILOH�SHDNLQJ�IDFWRU��'XULQJ�WKH�SODVPD�VKRW� LW� LQFUHDVHG�IURP�D | ����WR�D�TXDVL�VWDWLRQDU\� YDOXH� D |�������� �)LJ����� 7KLV� SHDNLQJ� RI� GHQVLW\� SURILOH� LV� FOHDU� YLVLEOH� LQ� WKH�)LJ� ��

)LJ�����7LPH�HYROXWLRQ�RI�GHQVLW\�SURILOH�IRU�VKRW��������
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$V�ZH�FDQ�VHH�IURP�WKH�)LJ���G��WKH�YDOXH�RI�D | ����LV�UHDFKHG�LQ WKH�SURFHVV�RI�JDV�SXIILQJ�DQG� LW� LV� UHPDLQHG� DOPRVW� FRQVWDQW�GXULQJ� WKH�TXDVL�VWDWLRQDU\�SKDVH��7KLV� WLPH�HYROXWLRQ� LV�FRQVLVWHQW�ZLWK�WKH�JOREDO�WHQGHQF\�RI�D YDULDWLRQ�YHUVXV�WKH�HOHFWURQ�GHQVLW\��)LJ� ����,W�VHHPV�WR�EH�WKDW�WKLV�GHSHQGHQFH�RI�D YHUVXV�HOHFWURQ�GHQVLW\�LV�XQLYHUVDO��:H�FDQ�VHH�IURP�WKH�)LJ����� WKDW� LW� GRHV� QRW� GHSHQG� RQ� WKH� NLQG� RI� LPSXULW\� �FDUERQ�� OLWKLXP��� ,W� LV� SRVVLEOH� WKDW� WKH�GHSHQGHQFH� LV� UHVXOW� RI� � VRPH� GUDPDWLFDO� HYROXWLRQV�� ZKLFK� WDNHV� SODFH� LQ� SODVPD� FROXPQ�ZKHQ�QH�LV�DSSURDFKLQJ�WR�WKH�*UHHQZDOG�OLPLW�

)LJ�����3DUDEROD�IDFWRU�D YHUVXV�PHDQ�GHQVLW\�LQ�VKRWV�ZLWK�/L� DQG�&�OLPLWHUV�
���'LVFXVVLRQ�
:KDW�SURFHVVHV�DUH�UHVSRQVLEOH�IRU�WKH�IRUPDWLRQ�RI�SHDNHG�QH�U��SURILOH��LI�WKH�PDLQ�VRXUFHV�RI�WKH�LQIOX[�RI�K\GURJHQ�DUH�ORFDOL]HG�LQ�SODVPD�SHULSKHUDO"
7KH� SHQHWUDWLRQ� RI� K\GURJHQ� DWRPV� LQWR� WKH� SODVPD� FRUH�ZDV�PRGHOHG� E\� WKH�6LJPD��FRGH�>��@�� ZKLFK� KDV� EHHQ� FRUUHFWHG� WR� DFWXDO� WS YDOXHV� LQ� WKH� 7���0� �LQ� WKH� RULJLQDO� YHUVLRQ�WS �W(H���,W�ZDV�VKRZQ��WKDW�PRUH�WKDQ�����RI�QHXWUDO�IOX[�VKRXOG�EH�ORFDOL]HG�LQ�WKH�UHJLRQ�U�D!�����1RWH�� WKDW� DOPRVW� WRWDO� OLWKLXP� OLJKW� HPLVVLRQ� �DQG� REYLRXVO\� OLWKLXP� LRQL]DWLRQ�� LV�ORFDOL]HG� LQ� WKH� VDPH� OD\HU�ZLWK� WKLFNQHVV�RI����FP��2QO\����RI� WKH� WRWDO� IOX[�RI�K\GURJHQ�
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	Fig. 1.  Waveforms of plasma main parameters in the experiments with liquid Li limiter.


