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INTRODUCTION

$W�)HUPLODE��DQWLSURWRQV�DUH�FROOHFWHG�IURP�WKH�LQWHUDFWLRQ�RI�D�����*H9�SURWRQ�EHDP�ZLWK
D�VROLG�QLFNHO�WDUJHW���7KH�0DLQ�,QMHFWRU�SURGXFWLRQ�F\FOH�KDV�D�UHSHWLWLRQ�UDWH�RI�����VHFRQGV�
DQG�D�EHDP�SXOVH�OHQJWK�RI�����µV���7KH�HIILFLHQF\�RI�FROOHFWLQJ�DQWLSURWRQV�IURP�WKH�WDUJHW
ULVHV�DV�WKH�VL]H�RI�WKH�SURWRQ�EHDP�VSRW�RQ�WKH�WDUJHW�LV�UHGXFHG���+RZHYHU�DW�WKH�VDPH�WLPH
WKH�SHDN�HQHUJ\�GHSRVLWLRQ�RQ�WDUJHW�ULVHV���8QGHU�0DLQ�,QMHFWRU�FRQGLWLRQV����[������SURWRQV
LQ�D�����µV�SXOVH���WKH�VSRW�VL]H�ZLOO�KDYH�WR�EH�LQFUHDVHG�WR�DW�OHDVW������PP�WR�NHHS�SHDN
HQHUJ\�GHSRVLWLRQ�QHDU�FXUUHQW�OHYHOV���7R�EULQJ�WKH�GHQVLW\�RI�HQHUJ\�GHSRVLWLRQ�ZLWK�D�����
PP�VSRW�VL]H�GRZQ�WR�FXUUHQWO\�H[LVWLQJ�OHYHOV��D�V\VWHP�WR�VZHHS�WKH�EHDP�VSRW�RQ�WKH
WDUJHW�>5HI���@�KDV�EHHQ�GHYHORSHG���6HYHUDO�XSJUDGHV�KDYH�EHHQ�SURSRVHG�IRU�WKH�0DLQ
,QMHFWRU�DV�SDUW�RI�WKH�7HY���SURMHFW�>5HI���@���7KHVH�XSJUDGHV��H�J����VOLS�VWDFNLQJ���ZLOO�UHVXOW
LQ�LQFUHDVHV�LQ�SURWRQ�LQWHQVLW\�RI�IDFWRUV�RI���WR���DERYH�WKH�LQLWLDO�LQWHQVLW\�RI���[�����
SURWRQV�SHU�SXOVH�RQ�WDUJHW�LQ�WKH�DQWLSURWRQ�SURGXFWLRQ�SURFHVV���8QGHU�WKHVH�FRQGLWLRQV
VZHHSLQJ�EHFRPHV�LQFUHDVLQJO\�LPSRUWDQW��DQG�ODUJHU�VZHHS�UDGLL�DUH�UHTXLUHG�WR�UHVWRUH�WKH
DQWLSURWRQ�\LHOG�WR�WKH�OHYHO�DFKLHYDEOH�DW�ORZ�LQWHQVLW\�

)LJXUH���VKRZV�D�OD\RXW�RI�WKH�XSJUDGHG�WDUJHW�VWDWLRQ���7KH�XSVWUHDP�VZHHS�PDJQHWV�ZLOO�EH
LQVWDOOHG�DW�WKH�HQG�RI�WKH�$3��EHDPOLQH�WXQQHO��DIWHU�TXDGUXSROH�PDJQHW�34�%����7KH�$3�
EHDPOLQH�WUDQVSRUWV�DQG�IRFXVHV�WKH�����*H9�SURWRQV�IURP�WKH�0DLQ�,QMHFWRU�RQWR�WKH
WDUJHW���$�SDLU�RI�XSVWUHDP�VZHHS�PDJQHWV�ZLOO�VZHHS�WKH�����*H9�SURWRQ�EHDP���7KLV
ORFDWLRQ�LV�WKH�IRFDO�SRLQW�RI�WKH�SURWRQ�OLWKLXP�OHQV��ZKLFK�PD\�EH�QHFHVVDU\�WR�IRFXV�WKH
����*H9�SURWRQ�EHDP�RQ�WDUJHW���$QWLSURWRQV�FUHDWHG�LQ�WKH�WDUJHW�DUH�FROOHFWHG�E\�D�OLWKLXP
OHQV��DQG�GHIOHFWHG�E\�WKH�SXOVHG�PDJQHW�LQWR�WKH�$3��EHDP�OLQH�IRU�LQMHFWLRQ�LQWR�WKH
'HEXQFKHU���$�VLQJOH�GRZQVWUHDP�VZHHS�PDJQHW�SODFHG�LQ�D�GRXEOH�PRGXOH�EHWZHHQ�WKH
FROOHFWLRQ�OHQV�DQG�WKH�SXOVHG�PDJQHW��QHDU�WKH�IRFDO�SRLQW�RI�WKH�FROOHFWLRQ�OHQV��ZLOO�UHGLUHFW
WKH���*H9�DQWLSURWRQV�H[LWLQJ�WKH�FROOHFWLRQ�OHQV�SDUDOOHO�WR�WKH�$3��EHDPOLQH�
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Figure 1.  Major components in the target vault of the upgraded target station.  Not shown
are the pretarget SEM and the beam dump.
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HIGH INTENSITY TARGETRY

0HDVXUHPHQWV�RI�\LHOG�ZLWK�EHDP�VSRW�SRVLWLRQ�RQ�WKH�WDUJHW�VKRZ�D�*DXVVLDQ�VKDSHG�\LHOG
FXUYH�<�[���<�\���LQ�ERWK�KRUL]RQWDO�DQG�YHUWLFDO�GLPHQVLRQV��ZLWK��σ x ������PP��DQG�σ y  
�����PP���7KH�VKDSH�RI�WKH�\LHOG�GLVWULEXWLRQ�LV�GHWHUPLQHG�E\�WKH�DFFHSWDQFH�DQG�ODWWLFH
IXQFWLRQV�RI�WKH�'HEXQFKHU�DQG�WKH�$3��EHDP�OLQH��,I�WKH�LQFRPLQJ�SURWRQ�EHDP�LV�DOVR�D
*DXVVLDQ�� 2 / π σ bx

−1 exp −x 2 / 2σ bx
2( )�LQ�ERWK�SODQHV��ZLWK�FKDUDFWHULVWLF�VSRW�VL]H�σ bx �DQG�σ by �

WKHQ�WKH�GHSHQGHQFH�RI�WKH�\LHOG�RQ�VSRW�VL]H��QRUPDOL]HG�WR�WKH�\LHOG�IRU�DQ�LQILQLWHVLPDO
SRLQW�EHDP�LV

�
Y = Y (x)I(x)Y(y)I(y)dxdy∫

ZKLFK�LQWHJUDWHV�WR

�Y =
σ x σ y

σ x
2 + σ bx

2 σ y
2 + σ by

2
� ���

7KLV�FXUYH�LV�SORWWHG�LQ�)LJ����IRU�D�FLUFXODU�EHDP�VSRW���$OVR�VKRZQ�DUH�0$56���FDOFXODWLRQV
RI�HQHUJ\�GHSRVLWLRQ�LQ�D�FRSSHU�WDUJHW�DV�D�IXQFWLRQ�RI�EHDP�VL]H�IRU�1 �[�����SURWRQV
SHU�SXOVH�>�@��$�VPDOO�IUDFWLRQ��W\SLFDOO\�OHVV�WKDQ������RI�WKH�GHSRVLWHG�HQHUJ\�LV�UHOHDVHG�DV
D�VWUHVV�ZDYH�E\�WKH�HODVWLF�SURSHUWLHV�RI�WKH�PHWDO��WKH�UHPDLQGHU�LV�GHSRVLWHG�ORFDOO\�IRU�D
WLPH�PXFK�ORQJHU�WKDQ�D�EHDP�SXOVH���7KH�VSRW�VL]H�XQGHU�FXUUHQW�RSHUDWLQJ�FRQGLWLRQV�LV
DERXW�σ bx �����PP��σ by ������PP���(VWLPDWHV�RI�WKH�SHDN�LQVWDQWDQHRXV�HQHUJ\
GHSRVLWLRQ�IRU�WKH�KLJKHVW�LQWHQVLW\�DFKLHYHG�WR�GDWH�����[������LQGLFDWH�DQ�HQHUJ\
GHSRVLWLRQ�RI�DERXW�����-�J���7KLV�LV�DERYH�WKH�PHOWLQJ�SRLQW�RI�FRSSHU��DERXW�����-�J��
DQG�FORVH�WR�WKH�PHOWLQJ�SRLQW�RI�QLFNHO��DERXW������-�J����/RFDO�GLVLQWHJUDWLRQ�RI�WKH�WDUJHW
KDV�EHHQ�REVHUYHG�ZKHQ�WKH�WDUJHW�URWDWLRQ�PHFKDQLVP�IDLOHG���7KH�GDPDJH�ZDV�FDXVHG�E\
WKH�FRPELQDWLRQ�RI�WKH�LQWHJUDWHG�UDGLDWLRQ�GRVDJH�WR�WKH�DIIHFWHG�VSRW��DQG�WKH�UHSHWLWLYH
WKHUPDO�DQG�PHFKDQLFDO�VWUHVVHV���:KHQ�WKH�WDUJHW�ZDV�VORZO\�URWDWHG�WR�UHJXODUO\�H[SRVH
IUHVK�PDWHULDO�WR�WKH�EHDP��OHVV�VHYHUH�GDPDJH�ZDV�REVHUYHG���,Q�RUGHU�WR�PDLQWDLQ�SHDN
HQHUJ\�GHSRVLWLRQ�EHORZ�SUHVHQW�OHYHOV�DIWHU�WKH�0DLQ�,QMHFWRU�EHJLQV�RSHUDWLRQ��LW�ZLOO�EH
QHFHVVDU\�WR�LQFUHDVH�WKH�VSRW�VL]H���7KH�DOWHUQDWLYH�LV�WR�VZHHS�WKH�EHDP�RQ�WKH�WDUJHW��DQG
UHGXFH�WKH�VSRW�VL]H�WR�WKH�VPDOOHVW�DWWDLQDEOH��OHDGLQJ�WR�D��������LQFUHDVH�LQ�\LHOG�

7KH�HIIHFWLYH�VL]H�RI�WKH�HQHUJ\�GHSRVLWLRQ�SURILOH�LV�FRPSDUDEOH�WR�RU�ODUJHU�WKDQ�WKH�EHDP
VSRW�VL]H���)RU�D�FLUFXODU�*DXVVLDQ�HQHUJ\�GHSRVLWLRQ�SURILOH�ZLWK�HTXDO�YDULDQFH�σ LQ�ERWK
SODQHV��VZHSW�LQ�D�FLUFOH�RI�UDGLXV�U���WKH�UDGLDO�HQHUJ\�GHSRVLWLRQ�SURILOH�FDQ�EH�VKRZQ�WR�EH

E r( )= exp −
r 2 + r0

2

2σ 2
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 � ����� ���

ZKHUH�,��LV�WKH�PRGLILHG�%HVVHO�IXQFWLRQ���7KH�HQHUJ\�GHSRVLWLRQ�FXUYH��(T�����LV�VKRZQ�LQ
)LJ����IRU�QR�VZHHS��DQG�WZR�UDWLRV�RI�VZHHS�UDGLXV�WR�WKH�HQHUJ\�GHSRVLWLRQ�VSRW�VL]H
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σ = σK.  ,QFUHDVLQJ�DPSOLWXGH�RI�EHDP�VZHHS�UDSLGO\�UHGXFHV�SHDN�HQHUJ\�GHSRVLWLRQ�IRU
r h0 / σ �QHDU�����7KH�HIIHFW�LV�WKDW�D�VZHHS�UDGLXV�RI������PP�UHGXFHV�WKH�SHDN�HQHUJ\
GHSRVLWLRQ�WR�DERXW�����-�J�IRU��[�����SURWRQV�SHU�SXOVH>�@���7KLV�OHYHO�RI�HQHUJ\�GHSRVLWLRQ
LV�OLNHO\�WR�EH�DFFHSWDEOH�IRU�UHOLDEOH�RSHUDWLRQ�LQ�QLFNHO�WDUJHWV���+RZHYHU��FRQWLQXHG
LQFUHDVH�LQ�VZHHS�UDGLXV�KDV�D�ZHDNHU�HIIHFW�RQ�SHDN�HQHUJ\�GHSRVLWLRQ�DV�WKH�KHDW
GHSRVLWLRQ�SURILOH�EHFRPHV�KROORZ�
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Figure 2.  Scaling of yield (curve) and peak energy deposition (points with error bars) in
the target for proton beam intensity of 5 x 1012 as a function of beam spot size.  The

values for energy deposition were taken from Ref. 3.

7KH�FDOFXODWLRQV�RI�SDUWLFOH�GLVWULEXWLRQ�DQG�\LHOG�SUHVHQWHG�LQ�)LJXUHV���WKURXJK���EHORZ
ZHUH�SHUIRUPHG�ZLWK�WKH�SURJUDP�0&/(16>5HI���@���0&/(16�GRHV�D�0RQWH�&DUOR
VLPXODWLRQ�RI�SDUWLFOHV�HPDQDWLQJ�IURP�WKH�WDUJHW��DQG�IROORZV�WKHP�WR�WKH�DFFHSWDQFH
DSHUWXUH�RI�WKH�GRZQVWUHDP�$3��EHDP�OLQH�DQG�'HEXQFKHU�ULQJ���,W�LV�EDVHG�RQ�SUHYLRXV
ZRUN�>5HI���@�RQ�DQWLSURWRQ�SDUWLFOH�GLVWULEXWLRQV�DQG�VHFRQGDU\�SURGXFWLRQ��EXW�FRQWDLQV�D
UHDOLVWLF�OHQV�PRGHO�WR�DOORZ�GLUHFW�FRPSDULVRQ�ZLWK�H[SHULPHQWDO�GDWD�ZLWKRXW�D�IRUFHG
DVVXPSWLRQ�RI�D�XQLIRUP�OHQV�JUDGLHQW���$EHUUDWLRQV�LQ�WKH�OHQV�VWURQJO\�LQIOXHQFH�WKH�VKDSH
RI�WKH�\LHOG�FXUYHV���7KH�SURJUDP�DOVR�DOORZV�WKH�FDOFXODWLRQ�RI�SDUWLFOH�GLVWULEXWLRQV�UDGLDOO\
RXWVLGH�RI�WKH�OHQV���,W�LV�XVHG�WR�PRGHO�HIIHFWV�RI�YDU\LQJ�WDUJHW�VWDWLRQ�JHRPHWULHV��EHDP
VZHHSLQJ��$3��DQG�'HEXQFKHU�DSHUWXUH��HWF���$VVXPSWLRQV�XVHG�LQ�WKH�FDOFXODWLRQV��H[FHSW
DV�QRWHG�RWKHUZLVH��LQFOXGH�DQ�upgraded AP2/Debuncher (32 π mm-mrad acceptance,
matched at the target), 2000 V lens voltage, and a 0.15-mm spot size.
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Figure 3.  Effect of beam sweeping on the local energy deposition profile for an initially
Gaussian energy deposition.  Curves are for no sweep, and two ratios of sweep radius to

the spot size σh of the energy deposition profile.

,Q�WKH�DEVHQFH�RI�EHDP�VZHHSLQJ��WKH�\LHOG�GHJUDGHV�DV�WKH�LQWHQVLW\�LQFUHDVHV�EHFDXVH�WKH
EHDP�VSRW�VL]H�PXVW�EH�LQFUHDVHG���6ZHHSLQJ�DOORZV�UHGXFWLRQ�LQ�VSRW�VL]H�DQG�UHVWRUDWLRQ�RI
\LHOG���$V�WKH�EHDP�LQWHQVLW\�LQFUHDVHV��VZHHSLQJ�EHFRPHV�LQFUHDVLQJO\�LPSRUWDQW��DQG�WKH
VZHHS�UDGLXV�UHTXLUHG�WR�FRPSOHWHO\�UHVWRUH�\LHOG�WR�D�JLYHQ�OHYHO�LQFUHDVHV���)LJ����VKRZV
HVWLPDWHV�RI�\LHOG�IRU�VHYHUDO�VZHHS�UDGLL�DQG�EHDP�LQWHQVLWLHV��DVVXPLQJ�D�FLUFXODU�VZHHS�
DQG�YDU\LQJ�VSRW�VL]H�WR�PDLQWDLQ�D�IL[HG�HQHUJ\�GHSRVLWLRQ�RI�����-�J���7KHVH�FDOFXODWLRQV
VKRZ�WKH�PXFK�JUHDWHU�LPSRUWDQFH�WR�EH�DWWDFKHG�WR�WKH�VZHHSLQJ�V\VWHP�DV�EHDP�LQWHQVLW\
RQ�WDUJHW�LQFUHDVHV�EH\RQG�WKDW�SURSRVHG�IRU�LQLWLDO�0DLQ�,QMHFWRU�RSHUDWLRQ���7KH�SRWHQWLDO
HIIHFW�RI�WKH�VZHHSLQJ�V\VWHP�LV�WR�LQFUHDVH�WKH�\LHOG�E\�DERXW�����DW��×������DW������PP
VZHHS�UDGLXV�������DW��×������DW�����PP�VZHHS�UDGLXV���DQG������DW��×������DW������PP
VZHHS�UDGLXV��

$�KLVWRJUDP�RI�WKH�UDGLDO�GLVWULEXWLRQ�RI�FROOHFWHG�SDUWLFOHV�DW�WKH�OHQV�DQG�WKH�VZHHS�PDJQHW
LV�SORWWHG�LQ�)LJXUH�����6ZHHSLQJ�WKH�EHDP�KDV�QR�VLJQLILFDQW�HIIHFW�RQ�WKH�GLVWULEXWLRQ���7KH
DVVXPSWLRQV�UHSUHVHQW�RSHUDWLRQ�ZLWK�RSWLPDO�OHQV�WLPLQJ��UHODWLYH�SKDVH�GLIIHUHQFH�EHWZHHQ
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Figure 4.  Yield vs. sweep radius at three incident proton intensities.  Beam spot size
is adjusted to fix energy deposition at 800 J/g.  Lens voltage is 2400 V.

WKH�EHJLQQLQJ�RI�WKH�OHQV�FXUUHQW�SXOVH�DQG�WKH�WLPH�RI�WKH�EHDP�SXOVH���DQG�D�UHODWLYHO\�ODUJH
$3��'HEXQFKHU�WUDQVYHUVH�DFFHSWDQFH�DSHUWXUH�RI����π�PP�PUDG����$V�WKH�DFFHSWDQFH
DSHUWXUH�LQFUHDVHV��WKH�GLVWULEXWLRQ�RI�DFFHSWDQFH�EHFRPHV�ZLGHU����1RWH�WKDW�D�PRGHVW
IUDFWLRQ�RI�WKH�FROOHFWHG�SDUWLFOHV������RU�OHVV��H[LW�WKH�OHQV�RXWVLGH�RI�WKH�FXUUHQW�FDUU\LQJ
OLWKLXP�FRUH�RI�WKH�OHQV�����PP����7KH�FDOFXODWLRQ�LQFOXGHV�VFDWWHULQJ�DQG�DEVRUSWLRQ�LQ�WKH
WLWDQLXP�VKHOO�VXUURXQGLQJ�WKH�OLWKLXP��EXW�GRHV�QRW�LQFOXGH�WKH�HIIHFW�RI�D�VWHHO�FROODU�DW�WKH
GRZQVWUHDP�HQG�RI�WKH�OHQV��ZKLFK�KDV�DQ�LQQHU�UDGLXV�RI����PP���7KLV�FROODU�HVVHQWLDOO\
HOLPLQDWHV�WKH�SDUWLFOHV�EH\RQG����PP���7KHUHIRUH�WKH�VZHHS�PDJQHW�QHHGV�WR�EH�GHVLJQHG
WR�DFFHSW�SDUWLFOHV�XS�WR�D�UDGLXV�RI�DERXW����PP��DOWKRXJK�WKH�JUHDW�PDMRULW\�RI�SDUWLFOHV�DUH
ZHOO�LQVLGH�WKLV�UDGLXV�

7KH�HIIHFW�RI�EHDP�VZHHS�RQ�\LHOG�DQG�ILHOG�XQLIRUPLW\�UHTXLUHPHQWV�DUH�FDOFXODWHG�LQ�)LJXUH
����)RU�H[DPSOH��WKH�FXUYH�ODEHOHG������UHSUHVHQWV�WKH�\LHOG�DV�D�IXQFWLRQ�RI�GRZQVWUHDP
VZHHS�DQJOH�IRU�D�IL[HG�XSVWUHDP�VZHHS�UDGLXV�RI������PP���$W�WKH�RSWLPDO�VZHHS�DQJOH
�DERXW�����PUDG��WKH�\LHOG�LV�UHVWRUHG�WR�LWV�OHYHO�IRU�QR�VZHHS���1RWH�WKDW�HYHQ�LQ�WKH
DEVHQFH�RI�D�GRZQVWUHDP�VZHHS��WKH�\LHOG�LV�RQO\�UHGXFHG�E\�������7KLV�LQGLFDWHV�WKDW�WKH
EHDP�LV�UHODWLYHO\�LQVHQVLWLYH�WR�ILHOG�XQLIRUPLW\����D������ILHOG�HUURU�LQ�WKLV�FDVH�UHGXFHV
\LHOG�E\�RQO\�������)LHOG�XQLIRUPLW\�EHFRPHV�PRUH�LPSRUWDQW�DV�WKH�VZHHS�UDGLXV�LQFUHDVHV�



�

���������������

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1 1.2

N
or

m
al

iz
ed

 y
ie

ld
 p

er
 b

in

Radius [cm]

)LJXUH�����5DGLDO�GLVWULEXWLRQ�RI�FROOHFWHG�DQWLSURWRQV�DW�WKH�GRZQVWUHDP�VZHHS�PDJQHW���7KH
OHQV�SKDVH�LV��������7KH�RXWHU�UDGLXV�RI�WKH�OLWKLXP�SRUWLRQ�RI�WKH�FROOHFWLRQ�OHQV�LV���FP��7KH
WRWDO�QXPEHU�RI�DQWLSURWRQV�FROOHFWHG�LV������

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

-2 -1 0 1 2 3 4 5 6

N
or

m
al

iz
ed

 y
ie

ld

Downstream sweep angle  [mrad]

0.33 0.5 0.75 mmUpstream sweep radius =   0

Figure 6.  Yield as a function of downstream sweep angle for several sweep radii.
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)LJXUH�����<LHOG�DV�D�IXQFWLRQ�RI�D[LDO�SRVLWLRQ�RI�GRZQVWUHDP�VZHHS�PDJQHW�

)LQDOO\��WKH�GHSHQGHQFH�RI�\LHOG�RQ�D[LDO�SODFHPHQW�RI�WKH�VZHHS�PDJQHW�LV�FDOFXODWHG�LQ
)LJXUH�����7KH�SORW�VKRZV�WKDW�WKH�\LHOG�LV�UHODWLYHO\�LQVHQVLWLYH�WR�D[LDO�SRVLWLRQ�RYHU�D�ZLGH
UDQJH���7KLV�IDFW�JLYHV�XV�IUHHGRP�WR�SODFH�WKH�VZHHS�PDJQHW�D[LDOO\�LQ�DQ\�FRQYHQLHQW
ORFDWLRQ�QHDU�WKH�OHQV���,W�VKRZV�D�YHU\�VPDOO������ORVV�LQ�\LHOG�GXH�WR�VZHHSLQJ�IRU�WKH
PD[LPXP�GHVLJQ�VZHHS�UDGLXV������PP����7KH�ORVV�LQ�\LHOG�ULVHV�WR�URXJKO\����IRU������PP�

HIGH VOLTAGE TEST

,RQL]DWLRQ�RI�WKH�DLU�E\�WKH�SDUWLFOH�VKRZHU�GRZQVWUHDP�RI�WKH�WDUJHW�LQFUHDVHV�WKH
FRQGXFWLYLW\�RI�WKH�DLU�EHWZHHQ�WKH�FRQGXFWRUV���(OHFWULFDO�ORVVHV�WKURXJK�WKH�LRQL]HG�DLU
SDWK�DFURVV�WKH�JDS�UHGXFH�WKH�4�RI�WKH�FLUFXLW�GULYLQJ�WKH�PDJQHW���$�GXPP\�WHVW�PRGXOH
ZDV�LQVWDOOHG�WR�PHDVXUH�WKH�OHDNDJH�FXUUHQW�EHWZHHQ�WKH�WZR�FRQGXFWRUV�V\PPHWULFDOO\
SODFHG�SDUDOOHO�WR�WKH�EHDP�SDWK���%RWK�PHDVXUHPHQWV�DQG�HVWLPDWHV�EDVHG�RQ�&$6,0
FDOFXODWLRQV�LQGLFDWHG�DQ�FXUUHQW�GUDLQ�RQ�WKH�RUGHU�RI�����$��DQ�DFFHSWDEOH�DPRXQW���7KH
PHDVXUHG�OHDNDJH�FXUUHQW�IRU�WZR�GLIIHUHQW�EHDP�LQWHQVLWLHV�LV�VKRZQ�LQ�)LJXUH�����7KH
FXUUHQW�WKURXJK�WKH�DLU�JDS�WXUQHG�RQ�UDSLGO\�DW�WKH�EHJLQQLQJ�RI�WKH�EHDP�SXOVH�DQG�WKH�JDS
UDSLGO\�RSHQHG�DIWHU�WKH�HQG�RI�WKH�EHDP�SXOVH���7KH�ULQJLQJ�LQ�PHDVXUHG�FXUUHQW�DIWHU�WKH
HQG�RI�WKH�EHDP�SXOVH�LV�WKH�ULQJLQJ�RI�WKH�FDEOH�EHWZHHQ�WKH�FXUUHQW�VRXUFH�DQG�WKH�WHVW
PRGXOH���$YDODQFKH�LRQL]DWLRQ�RI�WKH�DLU�LV�QRW
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Figure 8.  Ionization current during beam pulse through a pair of conductor plates 3-cm
wide x 3-cm gap x 24-cm length at the location of the sweep magnet.  The voltage across
the gap was 10 kV and measurements were taken at the two beam intensities indicated.

D�SUREOHP��DV�ORQJ�DV�SHDN�HOHFWULF�ILHOGV�DUH�NHSW�ZHOO�EHORZ�WKH�EUHDNGRZQ�OHYHO��L�H��(�����
N9�FP���7KH�WHVW�PRGXOH�ZDV�LQVWUXPHQWHG�WR�SURYLGH�LQIRUPDWLRQ�RQ�KHDW�GLVVLSDWHG�DQG
VKRUW�WHUP�PDJQHWLF�HIIHFWV�LQ�IHUULWH�DQG�WDSH�ZRXQG�FRUHV�FDXVHG�E\�WKH�SDUWLFOH�VKRZHU
GRZQVWUHDP�RI�WKH�WDUJHW���5HI����GHVFULEHV�WKH�WHVW�LQ�GHWDLO�

SWEEP MAGNET

$�URWDWLQJ�EHDP�VSRW�RQ�WKH�WDUJHW�FDQ�EH�FUHDWHG�E\�WZR�NLFNHUV��RQH�YHUWLFDO�DQG�RQH
KRUL]RQWDO���7KH�H[FLWDWLRQ�FXUUHQWV�VKRXOG�EH�VLQH�ZDYHV�LQ�TXDGUDWXUH���7KH�DSSURDFK�ZH
KDYH�FKRVHQ�LV�WR�FRPELQH�WKH�NLFNHUV�LQWR�WKH�VDPH�PDJQHW�ZKLFK�KDV�WZR�SDLUV�RI
FRQGXFWRUV�SODFHG����GHJUHHV�DSDUW�LQVLGH�D�FLUFXODU�PDJQHW�\RNH�

7KUHH�LGHQWLFDO�PDJQHWV�ZLOO�EH�XVHG���$�SDLU�RI�XSVWUHDP�PDJQHWV��SODFHG�DW�WKH�GRZQVWUHDP
HQG�RI�WKH�$3��EHDPOLQH�ZKHUH�WKH�WRURLG�0�725����QRZ�UHVLGHV��ZLOO�VZHHS�WKH�����*H9
SURWRQ�EHDP���7KLV�ORFDWLRQ�LV�QHDU�WKH�IRFDO�SRLQW�RI�WKH�SURWRQ�OLWKLXP�OHQV��ZKLFK�PD\�EH
XVHG�WR�IRFXV�����*H9�SURWRQ�EHDP�RQ�WDUJHW���$�VLQJOH�GRZQVWUHDP�PDJQHW�SODFHG�LQ�D
GRXEOH�PRGXOH�EHWZHHQ�WKH�FROOHFWLRQ�OHQV�DQG�WKH�SXOVHG�PDJQHW�ZLOO�UHGLUHFW�WKH���*H9
DQWLSURWRQV�H[LWLQJ�WKH�FROOHFWLRQ�OHQV�SDUDOOHO�WR�WKH�$3��EHDPOLQH���7KH�VZHHSLQJ�UDGLXV�LV
PXFK�VPDOOHU�WKDQ�WKH���FP�GLDPHWHU�RI�WKH�OLWKLXP�FROOHFWLRQ�OHQV�DQG�WKH�DSHUWXUH�RI�WKH
$3��EHDP�OLQH�
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7KH�EHDP�VZHHSLQJ�V\VWHP�LV�GHVLJQHG�WR�WUDFH�D�FLUFXODU�SDWWHUQ�RQ�WKH�WDUJHW�RYHU�WKH�����
µV�SURWRQ�EHDP�SXOVH�ZLWK�D�QRPLQDO�UDGLXV�RI������PP�DQG�D�PD[LPXP�UDGLXV�RI�����PP�
7KH�PDJQHW�KDV�D�FLUFXODU�DSHUWXUH�RI������PP���7KH�SRUWLRQ�RI�WKH�DQWLSURWRQ�IOX[�WKDW�LV
IRFXVHG�E\�WKH�OLWKLXP�OHQV�DQG�FROOHFWHG�GRZQVWUHDP�KDV�D�GLDPHWHU�RI����PP���7KH
SK\VLFDO�OHQJWK�RI�WKH�PDJQHW�LV����FP���7ZR�RI�WKH�VZHHS�PDJQHWV�ZLOO�EH�LQVWDOOHG
XSVWUHDP�RI�WKH�WDUJHW��DQG�RQH�VZHHS�PDJQHW�GRZQVWUHDP�RI�WKH�WDUJHW���7KH�XSVWUHDP
GHIOHFWLRQ�UHTXLUHG�WR�GHOLYHU�WKH�����PP�VZHHS�LV������PUDG�LQ�WKH�DEVHQFH�RI�WKH�SURWRQ
OHQV��DQG������PUDG�LI�D�OLWKLXP�OHQV�LV�UHTXLUHG�WR�SURYLGH�ILQDO�IRFXV�RI�WKH�SURWRQ�EHDP�
7KH�GRZQVWUHDP�GHIOHFWLRQ�UHTXLUHG�WR�FHQWHU�WKH�DQWLSURWRQV�LQ�WKH�FROOHFWLRQ�EHDPOLQH�LV
����PUDG��DV�VKRZQ�LQ�)LJXUH�����$VVXPLQJ�DQ�HIIHFWLYH�PDJQHWLF�OHQJWK�RI����FP��IRU�WZR
XSVWUHDP�PDJQHWV�WKH�ILHOG�RQ�D[LV�LV������DQG������N*��UHVSHFWLYHO\��ZLWKRXW�DQG�ZLWK�WKH
SUHVHQFH�RI�D�SURWRQ�OHQV��)RU�D�VLQJOH�GRZQVWUHDP�PDJQHW�WKH�DYHUDJH�ILHOG�RQ�D[LV�LV�����
N*DXVV�

6\VWHP�UHTXLUHPHQWV�RQ�WLPLQJ�MLWWHU��ILHOG�UHJXODWLRQ��DQG�ILHOG�XQLIRUPLW\�PD\�EH�HVWLPDWHG
IURP�WKH�HIIHFWLYH�506�UDGLXV�[506��RI�D�GLVSODFHG�EHDP�VSRW�DW�WKH�WDUJHW

� xRMS = σ x
2 + ∆x2( )1 / 2

ZKHUH�σx �DQG�∆x �DUH�WKH�*DXVVLDQ�VSRW�VL]H�DQG�WKH�GLVSODFHPHQW�LQ�D�JLYHQ�GLUHFWLRQ���,I
ZH�ZLVK�WR�OLPLW�WKH�LQFUHDVH�LQ�[506��WR�OHVV�WKDQ������WKH�EDVLF�FULWHULRQ�EHFRPHV�∆x / σ x�
������RU�W\SLFDOO\��∆x�������PP�

7LPLQJ�MLWWHU�VZHHS�WLPH���7LPLQJ�MLWWHU�EHWZHHQ�KRUL]RQWDO�DQG�YHUWLFDO�SRZHU�VXSSOLHV
FDXVHV�D�GHYLDWLRQ�RI�WKH�EHDP�SDWK�IURP�D�SHUIHFW�FLUFOH���7LPLQJ�MLWWHU�EHWZHHQ�XSVWUHDP
DQG�GRZQVWUHDP�PDJQHW�SDLUV�FDXVHV�D�ODJ�RU�OHDG�RI�WKH�PDJQHW�SDUWQHUV�ZLWK�UHVSHFW�WR
HDFK�RWKHU�DV�WKH\�WUDFH�RXW�WKHLU�FLUFXODU�SDWKV���7KH�GLVWRUWLRQV�FUHDWHG�E\�WKHVH�HUURUV�DUH

ZLWKLQ�WKH�FULWHULRQ�DERYH�ZKHQ�WKH�WLPLQJ�MLWWHU�LV�URXJKO\�ZLWKLQ�WKH�OLPLWV�∆t
j������QV�

,Q�DGGLWLRQ��WKH�PDJQHW�VZHHSV�DUH�DOVR�UHVWULFWHG�WR�DJUHH�ZLWKLQ�����QV��RXW�RI������V�

)LHOG�XQLIRUPLW\�UHJXODWLRQ���,I�ZH�DJDLQ�OLPLW�WKH�GLVWDQFH�WKH�XSVWUHDP�DQG�GRZQVWUHDP
SDWKV�DUH�DOORZHG�WR�EH�GLVSODFHG�ZLWK�UHVSHFW�WR�HDFK�RWKHU��WKH�UHTXLUHPHQW�EHFRPHV
∆B B/ 0 < ����IRU�ERWK�ILHOG�XQLIRUPLW\�DQG�SXOVH�WR�SXOVH�ILHOG�UHJXODWLRQ�LQ�WKH�VZHHS
PDJQHWV�

7KH�PDJQHWV�KDYH�D���SKDVH����FRQGXFWRU�ZLQGLQJ�H[FLWHG�E\�WZR�SRZHU�VXSSOLHV�WKDW
GHOLYHU�����N+]�VLQXVRLGDO�FXUUHQW�ZDYHIRUPV�LQ�TXDGUDWXUH�WR�JHQHUDWH�D�����N+]�URWDWLQJ
GLSROH�ILHOG>�@���7KH�PDJQHWLF�ILHOG�GXH�WR�WZR�SDLUV�RI�FXUUHQW�FDUU\LQJ�FRQGXFWRUV�RULHQWHG
��°�DSDUW�LV�URWDWLQJ�RQ�D[LV�LI�WKH�FXUUHQW�LQ�WKH�WZR�SDLUV�RI�FRQGXFWRUV�LV�,�FRV�ωW��DQG
,�VLQ�ωW����)LJXUH���VKRZV�WKH�PDJQHWLF�ILHOG�OLQHV�DV�FDOFXODWHG�E\�32,6621�DW�IRXU�WLPHV�LQ
WKH�F\FOH�
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(a) (b)

(c) (d)

Figure 9.  Local magnetic field structure for a 2-phase rotating-field sweep magnet.
Current to horizontal pair of conductors has a cos(ωt) time dependence; current to vertical

pair of conductors has a sin(ωt) time dependence.  Field distribution is shown for (a)
ωt=0, (b) ωt= π /12, (c) ωt= π /6, (d) ωt= π /4.  A magnetic core surrounds the conductors.

Dimensions are in cm.

7KH�ORFDO�ILHOG�XQLIRUPLW\�LQ�LWVHOI�LV�QRW�VXIILFLHQW�IRU�XVH�DV�D�VZHHS�PDJQHW���+RZHYHU�LI
WKH�FRQGXFWRUV�DUH�WZLVWHG�VXFK�WKDW�WKH�D[LDO�FXUUHQW�FRPSRQHQW�LQWHJUDWHG�RYHU�WKH�OHQJWK
RI�WKH�PDJQHW�KDV�WKH�GLVWULEXWLRQ�I0sin(ωt-θ), WKH�OLQH�LQWHJUDO�RI�WKH�ILHOG�DORQJ�WKH�EHDP
SDWK�LV�XQLIRUP�DQG�URWDWLQJ���7KH�FRQFHSWXDO�GHVLJQ�IRU�WKH�ZLQGLQJV�LV�LQGLFDWHG�LQ�)LJXUH
�����7KH�ZLQGLQJV�DUH�LQ�WKH�IRUP�RI�WZR�VLQJOH�WXUQ�FLUFXLWV�SODFHG�V\PPHWULFDOO\�DW����
GHJUHH�LQWHUYDOV���(DFK�FLUFXLW�KDV�D�WZLVW�RI�����GHJUHHV�RYHU�WKH�OHQJWK�RI�WKH�PDJQHW���7KH
VKDSH�RI�WKH�FRQGXFWRUV�LV�z = (z0/2) sin(θ), ZKHUH�z0��LV�WKH�D[LDO�OHQJWK�RI�WKH�PDJQHW��DQG
z�� ���LV�GHILQHG�DV�WKH�D[LDO�FHQWHU�RI�WKH�PDJQHW���7KH�H[WHUQDO�SRZHU�VXSSO\�FRQQHFWLRQV
IRU�WKH�WZR�FLUFXLWV�DUH�LQGLFDWHG�UHVSHFWLYHO\�E\�WKH�EODFN�DQG�VKDGHG�FLUFOHV���7KH�ILUVW
FLUFXLW��EODFN��KDV�D�FXUUHQW�IORZLQJ�DW�WKH�LQVWDQW�SLFWXUHG��LQGLFDWHG�E\�WKH�DUURZV��HQWHULQJ
WKH�PDJQHW�DW�θ  = 180° �EODFN�FLUFOH��DQG�OHDYLQJ�DW��°��RU����°����7KH�FXUUHQW�IORZV�IURP
WKH�PLGSODQH�DW�WKH�HQG�ULQJV��ZKHUH�LW�URWDWHV����°�DQG�UHWXUQV�WR�WKH�PLGSODQH�WR�WKH
RSSRVLWH�WHUPLQDO�RI�WKH�FLUFXLW���$V�WLPH�SURJUHVVHV��WKH�VHFRQG�FLUFXLW��JUD\��EHJLQV�WR�FDUU\



��

FXUUHQW�LQ�WKH�VDPH�PDQQHU��DQG�WKH�RYHUDOO�FXUUHQW�GLVWULEXWLRQ�URWDWHV�LI�WKH�FXUUHQW�LQ�WKH
WZR�FLUFXLWV�LV�SURSHUO\�SKDVHG���7KH�HQG�ULQJV�DUH�FRPPRQ�WR�WKH�WZR�FLUFXLWV��DQG��LI�WKH
PDJQHW�LV�GULYHQ�E\�D�ELSRODU�SRZHU�VXSSO\��DUH�DW�JURXQG�SRWHQWLDO���7KLV�PDJQHW�GHVLJQ�LV
VLPSOH�DQG�PHFKDQLFDOO\�UREXVW���7KHUH�DUH�QR�EUHDNV�LQ�WKH�ZLQGLQJV�IRU�SRZHU�VXSSO\
OHDGV��DQG�VLQFH�WKH�YROWDJH�LV�QRPLQDOO\�]HUR�DW�WKH�HQGV��WKHUH�LV�QR�QHHG�WR�DOORFDWH�VSDFH
WR�SURYLGH�HOHFWULFDO�LQVXODWLRQ�IURP�QHLJKERULQJ�GHYLFHV�LQ�WKH�WDUJHW�VWDWLRQ�
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Figure 10.  Shape of windings.  The black curves represent one circuit, the gray curves
represent the orthogonal circuit.  Direction of current flow is indicated in one of the
circuits.

7KH�DYHUDJH�GHIOHFWLQJ�ILHOG�UHTXLUHPHQW�LV������N*��FRUUHVSRQGLQJ�WR�D�����PP�VZHHS
UDGLXV��RQ�WKH�GRZQVWUHDP�VZHHS�PDJQHW���%HFDXVH�RI�WKH�WZLVW�LQ�WKH�FRQGXFWRUV��WKH�SHDN
ILHOG�RQ�D[LV�PXVW�EH�D�IDFWRU���π WLPHV�ODUJHU�WKDQ�WKH�DYHUDJH�ILHOG��RU������N*���7KH�UDWLR
RI�WKH�PDJQHW�FXUUHQW�WR�WKH�ORFDO�PDJQHWLF�ILHOG�RQ�D[LV��FDOFXODWHG�E\�32,6621�IRU�D
VWUDLJKW�FRQGXFWRU���LV�����$�*DXVV���7KXV�WR�SURYLGH�WKH�GHVLUHG�ILHOG��WKH�SHDN�FXUUHQW
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UHTXLUHG�IURP�WKH�SRZHU�VXSSO\�LV�����N$��DQG�WKH�SHDN�LQGXFWLYH�YROWDJH�GURS�DFURVV�WKH
PDJQHW�LV�����N9��SHDN�YROWDJH�WR�JURXQG������N9��IRU�D�PDJQHW�LQGXFWDQFH�RI������+�

$�FURVV�VHFWLRQDO�YLHZ�RI�WKH�VZHHS�PDJQHW�LV�VKRZQ�LQ�)LJXUH������7KH�FOHDU�ERUH�RI�WKH
PDJQHW�LV������PP���7KH�FRQGXFWRUV�DUH�KROORZ������������PP��GLDPHWHU�DOXPLQXP�WXEHV�
+ROORZ�DOXPLQXP�WXEHV�ZHUH�FKRVHQ�WR�PLQLPL]H�WKH�EHDP�LQGXFHG�KHDWLQJ�RI�WKH
FRQGXFWRUV��DQG�WR�DOORZ�WKH�SDVVDJH�RI�FRROLQJ�DLU�WKURXJK�WKH�FHQWHU�RI�WKH�FRQGXFWRUV���$
FHUDPLF�WXEH�SURYLGHV�HOHFWULFDO�LQVXODWLRQ�EHWZHHQ�WKH�FRQGXFWRU�DVVHPEO\�DQG�WKH
PDJQHWLF�FRUHV���1R�YDFXXP�ZDOO�LV�UHTXLUHG��EHFDXVH�WKH�EHDP�LV�WUDQVSRUWHG�WKURXJK�DLU
IURP�XSVWUHDP�RI�WKH�WDUJHW�WR�GRZQVWUHDP�RI�WKH�SXOVHG�PDJQHW���0RO\EGHQXP�3HUPDOOR\
3RZGHU��033��FRUHV�ZHUH�FKRVHQ�IRU�WKH�VZHHS�PDJQHW���7KHVH�FRUHV�FRQVLVW�RI�SHUPDOOR\
SRZGHU�FHPHQWHG�DQG�SUHVVHG�ZLWK�DQ�LQRUJDQLF�FHUDPLF�W\SH�LQVXODWLRQ���7KH\�IHDWXUH�D
UHODWLYHO\�KLJK�&XULH�WHPSHUDWXUH��7F�!����°&��DQG�JRRG�WKHUPDO�FRQGXFWLYLW\���7KH�FRUHV
DUH�SUHVV�ILW�LQWR�D�ZDWHU�FRROHG�QLFNHO�KRXVLQJ���1LFNHO�ZDV�FKRVHQ�IRU�WKH�SLSH�PDWHULDO
EHFDXVH�LW�KDV�WKH�VDPH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�DV�WKH�033�FRUH�

Figure 11.  Sweeping magnet cross section.

0$56���DQG�&$6,0�FDOFXODWLRQV�RI�HQHUJ\�GHSRVLWLRQ�E\�KDGURQ�DQG�HOHFWURPDJQHWLF
FDVFDGHV��VXSSRUWHG�E\�PHDVXUHPHQWV�RQ�WKH�KLJK�YROWDJH�WHVW�PRGXOH��VKRZ�VLJQLILFDQW
KHDWLQJ�RI�LURQ�DQG�IHUULWH�PDJQHW�FRUHV�GRZQVWUHDP�RI�WKH�WDUJHW���7RWDO�KHDWLQJ�LQFUHDVHV
OLQHDUO\�ZLWK�SDUWLFOH�IOX[��DQG�LV�D�VWURQJ�IXQFWLRQ�RI�WKH�UDGLXV�RI�WKH�PDJQHW�FRUH���6WHDG\�
VWDWH�WHPSHUDWXUH�ULVH�RI�WKH�FRUH�LV�GHWHUPLQHG�E\�WKHUPDO�FRQGXFWLYLW\�RI�WKH�PDWHULDO�DQG
WKH�UDWH�DW�ZKLFK�KHDW�LV�UHPRYHG�DW�WKH�VXUIDFH�

)RXU�PDJQHWLF�PDWHULDOV�ZHUH�FRQVLGHUHG�IRU�XVH�LQ�WKH�PDJQHWLF�\RNH��EHIRUH�FKRRVLQJ�WKH
SRZGHU�FRUH�PDWHULDO�
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����)HUULWHV���)HUULWHV�KDYH�SRRU�WKHUPDO�FRQGXFWLYLW\��D�ORZ�&XULH�WHPSHUDWXUH��D�ORZ
VDWXUDWHG�PDJQHWLF�IOX[�GHQVLW\��DQG�H[KLELW�VKRUW�WHUP�UDGLDWLRQ�HIIHFWV��>5HI���@��,W�ZRXOG�EH
QHFHVVDU\�WR�RSHUDWH�D�IHUULWH�FRUH�PDJQHW�ZLWK�D�ODUJH�LQQHU�UDGLXV����FP��FRUH�DQG�FDUHIXOO\
FRRO�WKH�IHUULWH���0DLQWDLQLQJ�DGHTXDWH�FRROLQJ�XQGHU�WKHVH�FRQGLWLRQV�ZRXOG�EH�YHU\
GLIILFXOW�

����6LOLFRQ�VWHHO�ODPLQDWLRQ���$�VWDFN�RI�WKLQ�ODPLQDWLRQV�ZLWK�WKLFNQHVV�����µP�RU�OHVV�LV�D
SRWHQWLDO�FDQGLGDWH�IRU�WKH�PDJQHW�\RNH���([SHFWHG�YROWDJH�SHU�ODPLQDWLRQ�IRU�����µP
ODPLQDWLRQV�LV�LQ�WKH�UDQJH�������9ROWV��ZKLFK�PD\�H[FHHG�WKH�VWUHQJWK�RI�WKH�LQVXODWLRQ�
(DFK�PDJQHW�UHTXLUHV�RYHU������ODPLQDWLRQV���'LIILFXOWLHV�DUH�H[SHFWHG�LQ�SUHSDULQJ�DQG
VWDFNLQJ�WKHVH�WKLQ�ODPLQDWLRQV�

����7DSH�ZRXQG�FRUHV���7KH�IDFW�WKDW�WKH�PDJQHWLF�ILHOG�OLQHV�PXVW�WZLVW�RQ�HQWHULQJ�WKH�FRUHV
IURP�SHUSHQGLFXODU�WR�SDUDOOHO�WR�WKH�GLUHFWLRQ�RI�WKH�WDSHV�FDXVHV�H[FHVVLYH�ORVVHV�LQ�WKH
PDJQHW�

����3RZGHU�FRUHV��7KHUH�DUH�WKUHH�FDQGLGDWH�SRZGHU�FRUH�PDWHULDOV��7KHVH�DUH�033���0R��
��1L�����)H���+LJK�IOX[����1L�����)H���DQG�6HQGXVW������)H������6L�����$O����$OO�WKUHH�DUH
FRPPHUFLDOO\�DYDLODEOH�LQ�FRUHV�RI�WKH�GHVLUHG�VL]H��DQG�DW�ORZ�FRVW����7KH\�KDYH�UHODWLYHO\�ORZ
ORVVHV��DQG�KDYH�DGHTXDWH�LQRUJDQLF�LQVXODWLRQ���$�PDJQHW�DVVHPEOHG�ZLWK�SRZGHU�FRUHV�KDV
WKH�DGYDQWDJHV�RI�HDVH�RI�FRQVWUXFWLRQ��DQG�WKH�UHODWLYHO\�KLJK�WKHUPDO�FRQGXFWLYLW\�DQG
&XULH�WHPSHUDWXUH�RI�WKLV�PDWHULDO���7KH�IDLUO\�VPDOO�WKHUPDO�VWUHVVHV�DUH�FRQWDLQHG�E\�SUHVV�
ILWWLQJ�WKH�FRUHV�LQ�D�QLFNHO�KRXVLQJ���7KH�FRUH�PDWHULDO�FKRVHQ�LV�� ���033��EHFDXVH�WKLV
PDWHULDO�KDV�WKH�ORZHVW�ORVVHV���(GG\�FXUUHQW�ORVVHV�LQ�WKH�033�PDWHULDO�LQFUHDVH�VOLJKWO\
XQGHU�LQWHQVH�QHXWURQ�ERPEDUGPHQW>�@���7KLV�LV�QRW�OLNHO\�WR�EH�D�PDMRU�FRQFHUQ��KRZHYHU�
VLQFH�WKH�FRUH�LV�QRW�WKH�GRPLQDQW�ORVV�PHFKDQLVP�LQ�WKH�ULQJLQJ�FLUFXLW�

(VWLPDWHG�EHDP�WKHUPDO�SRZHU�LV����:DWWV�SHU�FRUH�DW���[������SURWRQV�SHU�SXOVH�DQG�D����
VHFRQG�UHSHWLWLRQ�UDWH��RU�D�WRWDO�SRZHU�RI������:DWWV�IRU����FRUHV���7KLV�DPRXQW�RI�KHDW�FDQ
EH�UHPRYHG�LQ�D�ZDWHU�FRROLQJ�FLUFXLW���7KH�H[SHFWHG�WHPSHUDWXUH�GURS�IURP�FRUH�,'�WR�2'
LV�DERXW���GHJUHHV�&HQWLJUDGH�

$�ORQJLWXGLQDO�YLHZ�RI�WKH�PDJQHW�LV�VKRZQ�LQ�)LJXUH������,W�FDQ�EH�VHHQ�IURP�)LJXUH����WKDW
WKH�FXUUHQW�OHDGV�DUH�ORFDWHG�LQ�WKH�PLGSODQH�RI�WKH�PDJQHW���7KH�FRQGXFWRUV�DUH�JURXQGHG�DW
WKH�HQG�ULQJ�E\�WKH�HQG�IODQJH�RQ�ERWK�VLGHV�RI�WKH�PDJQHW���)RXU�FHUDPLF�EXVKLQJV�DUH�XVHG
WR�VXSSRUW�WKH�FXUUHQW�OHDGV�DQG�LQVXODWH�WKHP�IURP�WKH�PDJQHW�ERG\���6SLUDO�ILQJHUVWRFN�LV
DWWDFKHG�WR�FRSSHU�VSDFHUV�ORFDWHG�EHWZHHQ�HDFK�WZR�SDLUV�RI�FRUHV���,W�VHUYHV�DV�D�VOLGH�JXLGH
DQG�VWUHVV�UHOLHI�IRU�WKH�LQVXODWLQJ�FHUDPLF
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)LJXUH������/RQJLWXGLQDO�FURVV�VHFWLRQ�RI�URWDWLQJ�ILHOG�PDJQHW������������KRXVLQJ�SLSH�����
WZLVWHG�FRQGXFWRUV������FHUDPLF�SLSH������033�FRUH������VSDFHU������HQG�IODQJH������FXUUHQW�OHDG

WXEH��DQG�SURYLGHV�D�WKHUPDO�FRQGXFWLYH�SDWK�IRU�UHPRYDO�RI�EHDP�LQGXFHG�KHDWLQJ�IURP�WKH
FHUDPLF�WXEH�DQG�WKH�FXUUHQW�FRQGXFWRUV�

Figure 13.  Line-integrated magnetic field distribution in the aperture of the rotating field
magnet. 0 in horizontal scale corresponds to the vertical magnet axis. Horizontal  scale is
mm.  Curve 1 is the field distribution in median plane. Curve 2 is  measured at +7 mm
vertically above median plane and  curve 3 is measured -7 mm (below).   Field
measurements are normalized to field on axis.
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Figure 14.  Local magnetic field distribution in the aperture of the rotating field magnet. 0
- corresponds to the magnet vertical axis.   Curve 1 represents the field distribution when
the measuring coil is 2 cm inside the magnet end ring.   Curve 2 is measured at 20 cm
from the end ring.

Magnetic measurements of the sweep magnet were performed with stretched wires.
Ribbon cable was used to pick up the dB/dt signal along the whole magnet length and
then was integrated to obtain a signal proportional to magnetic flux through the
measurement loop.  The signal amplitude was as expected.  The line-integrated field
distribution for three vertical planes is shown in Figure 13.  The local field distributions
in the median plane measured with a small pickup coil in two longitudinal positions is
shown in Figure 14.

POWER SUPPLY

7KH�VZHHS�PDJQHW�PXVW�EH�SURYLGHG�ZLWK�DQ�RVFLOODWLQJ�FXUUHQW�ZLWK�DPSOLWXGH�XS�WR����N$
DW�����N+]�IURP�D�SRZHU�VXSSO\�ORFDWHG�RQ�WKH�IORRU�RI�WKH�$3��VHUYLFH�EXLOGLQJ���7KH
HQHUJ\�ZLOO�EH�VXSSOLHG�WKURXJK�FDEOHV�RYHU�D�GLVWDQFH�RI�DSSUR[LPDWHO\����P�LQWR�WKH�WDUJHW
YDXOW��DQG�E\�����P�RI�VWULS�OLQH�WKURXJK�VWHHO�VKLHOG�PRGXOHV�WR�WKH�PDJQHWV�DW�WKH�ERWWRP
RI�WKH�WDUJHW�YDXOW���$�VLPSOLILHG�SRZHU�VXSSO\�FLUFXLW�GLDJUDP�LV�GHSLFWHG�LQ�)LJXUH������7KH
VROLG�VWDWH�SRZHU�VXSSO\�LV�EDVHG�RQ�D�WZR�VWDJH�FRPSUHVVLRQ�FLUFXLW�ZLWK�VDWXUDWLQJ�UHDFWRUV�
3XOVH�FRPSUHVVLRQ�IDFLOLWDWHV�WUDQVIHU�RI�WKH�FXUUHQW�SXOVH�WR�WKH�ULQJLQJ�FLUFXLW��DQG�SURYLGHV
WKH�FDSDELOLW\�WR�XWLOL]H�D�6&5�VZLWFK�IRU�UHVRQDQW�FKDUJLQJ�RI�WKH�ILUVW�VWDJH�FDSDFLWRU�&�
XVLQJ�D������VWHS�XS�WUDQVIRUPHU�
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Figure 15. Simplified schematic diagram of power supply.

(QHUJ\�VWRUDJH�FDSDFLWRU�&��LV�LQLWLDOO\�FKDUJHG�XS�WR���N9�E\�WKH�'&�KLJK�YROWDJH�VXSSO\�
7KH�HQHUJ\�LV�WUDQVIHUUHG�WR�WKH�ILUVW�FRPSUHVVLRQ�VWDJH�FDSDFLWRU�&��YLD�WKH�VWHS�XS
WUDQVIRUPHU�E\�FORVLQJ�WKH�WK\ULVWRU�VZLWFK�6&5���7KH�6&5��:HVWFRGH��LV�UDWHG�DW�����N9�
7KH�WLPH�SHULRG�IRU�WKH�FKDUJH�WUDQVIHU�LV�FKRVHQ�WR�EH�DERXW�����V�EHFDXVH�RI�WKH�G,�GW
OLPLWDWLRQ�RI�WKH�6&5�������$��V����7KH�GHOD\�EHWZHHQ�LQLWLDO�VZLWFK�WULJJHU�DQG�WKH�PDJQHW
FXUUHQW�SXOVH�DOVR�DOORZV�WLPH�WR�GLVDEOH�WKH�0DLQ�,QMHFWRU�SURWRQ�H[WUDFWLRQ�NLFNHU�LQ�FDVH�RI
IDLOXUH�RI�WKH�SRZHU�VXSSO\���7KH�VPDOO�VDWXUDWLQJ�FKRNH�/VFK�SURWHFWV�WKH�6&5�E\�OLPLWLQJ
WKH�LQLWLDO�G,�GW�RI�WKH�WK\ULVWRU�VZLWFK�WR�����$��V�IRU�WKH�ILUVW�PLFURVHFRQG�DIWHU�WXUQRQ�
7R�OLPLW�WKH�UHYHUVH�FXUUHQW�RI�WKH�WK\ULVWRU��ZKLFK�KDV��D�UHODWLYHO\�ORQJ�UHFRYHU\�WLPH��D
VWDFN�RI�IDVW�UHFRYHU\�GLRGHV�LV�FRQQHFWHG�LQ�VHULHV��:KHQ�WKH�ILUVW�VDWXUDWLQJ�UHDFWRU�/�
EHFRPHV�FRQGXFWLYH�WKH�HQHUJ\�IURP�&��WUDQVIHUV�WR�WKH�VHFRQG�VWDJH�FDSDFLWRU�&����7KH
VHFRQG�VWDJH�LV�ORFDWHG�DERXW����P�DZD\�DQG�FRQQHFWHG�WR�WKH�ILUVW�VWDJH�E\�D�SDLU�RI�FRD[LDO
FDEOHV��5*�����8����6DWXUDWLRQ�RI�/��LQLWLDWHV�WKH�GLVFKDUJH�RI�&��LQWR�WKH�ULQJLQJ�FLUFXLW�/��
&����&DSDFLWRU�&��LV�FRQQHFWHG�WR�WKH�VZHHS�PDJQHW��LQGXFWDQFH�/���YLD�WKH�VWULS�OLQH�

$IWHU�WKH�PDJQHW�LV�HQHUJL]HG��DOO�WKH�YROWDJHV�ULQJ�DW�KDOI�WKH�YROWDJH�DFURVV�WKH�VZHHS
PDJQHW�EHFDXVH�WKH�VHFRQGDU\�FLUFXLW�JURXQG�LV�DW�WKH�FHQWHU�WDS�RI�WKH�VZHHS�PDJQHW�
9ROWDJHV�FDOFXODWHG�IRU�WKH�FLUFXLW�ZLWK�DQ�LQLWLDO�FKDUJH�RQ�WKH�HQHUJ\�VWRUDJH�FDSDFLWRU�RI��
N9�DUH�SORWWHG�LQ�)LJXUH����

7KH�ILUVW�VWDJH�VZLWFKLQJ�UHDFWRU�/��LV�EDVHG�RQ�IRXU�����P9�VHF�WXUQ�0DJQHWLF�0HWDOV
6TXDUH��������µP��QLFNHO�LURQ�WDSH�FRUHV��7KH�ZLQGLQJ�LV�VSOLW�LQWR�WZR�HTXDO�KDOYHV���(DFK
KDOI�KDV���WXUQV���7KH�FLUFXLW�EHWZHHQ�WKH�VWHS�XS�WUDQVIRUPHU�DQG�WKH�UHDFWRU�LV�EDODQFHG�
ZLWK�SHDN�YROWDJHV�RI��±���N9���:KHQ�WKH�UHDFWRU�VDWXUDWHV��WKH�YROWDJHV�RQ�WKH�WZR
FDSDFLWRU�WHUPLQDOV�DSSURDFK����N9��DQG�WKH�YROWDJH�RQ�RQH�RI�WKH�WZR�RXWSXW�WHUPLQDOV
DSSURDFKHV����N9���7KH�RWKHU�WHUPLQDO�UHPDLQV�DW�JURXQG�SRWHQWLDO�XQWLO�WKH�VHFRQG�UHDFWRU
VDWXUDWHV���$�'&�ELDV�FXUUHQW�RI�XS�WR���$�LV�SURYLGHG�IRU�ERWK�UHDFWRUV�/��DQG�/��

7KH�VHFRQG�VWDJH�UHDFWRU�LV�EDVHG�RQ�WKUHH�����P9�VHF�WXUQ�$OOLHG�6LJQDO������6&�0HWJODV
FRUHV��DQQHDOHG�DQG�FRZRXQG�ZLWK����P�P\ODU�LQVXODWLRQ���7KH�UHDFWRU�/��KDV���WXUQV���:LWK
WKHVH�ZLQGLQJV��WKH�YROW�VHFRQGV�FDSDELOLW\�RI�WKH�FRUHV�LV�����P9�VHF�IRU�WKH�ILUVW�VWDJH��DQG
���P9�VHF�IRU�WKH�VHFRQG�VWDJH���7KH�PLQLPDO�VL]H�DQG�YROW�VHFRQGV�UHTXLUHPHQWV�RQ�WKH
FRUHV�LV�GHWHUPLQHG�E\�WKH�IDFW�WKDW�LI�DW�DQ\�WLPH�ERWK�FRUHV�DUH�VLPXOWDQHRXVO\�FRQGXFWLQJ�
WKH�ILQDO�VWDWH�RI�WKH�FRUH�UHVHW�SRLQW�LV�XQGHWHUPLQHG��OHDGLQJ�WR�XQDFFHSWDEOH�MLWWHU�LQ�WKH
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VXEVHTXHQW�SXOVH�WLPLQJ���,QGXFWLYH�YROWDJH�SHU�ODPLQDWLRQ�LQ�WKH�ILUVW�VWDJH�LV�DERXW�����9�
DQG�LQ�WKH�VHFRQG�VWDJH�DERXW�����9���1LFNHO�LURQ�WDSH�FRUHV�ZHUH�FKRVHQ�IRU�WKH�ILUVW�VWDJH
EHFDXVH�RI�WKHLU�YHU\�VTXDUH�%�+�ORRS��UHODWLYHO\�ODUJH�SDFNLQJ�IDFWRU��DFFHSWDEOH�ORVVHV�DQG
DGHTXDWH�LQVXODWLRQ���0HWJODV�FRUHV�ZHUH�FKRVHQ�IRU�WKH�VHFRQG�VWDJH�EHFDXVH�RI�WKHLU�VPDOO
ORVVHV�DQG�JRRG�LQVXODWLRQ�SURSHUWLHV�RI�WKH�P\ODU�ILOP�

7KH�EDVLF�EXLOGLQJ�EORFN�RI�WKH�SXOVH�FRPSUHVVLRQ�FLUFXLW�LV�WKH�VLQJOH�ORRS�HQHUJ\�WUDQVIHU
FLUFXLW�ZLWK�WZR�FDSDFLWRUV�DQG�DQ�LQGXFWRU���7KH�LQGXFWRU�UHSUHVHQWV�WKH�VDWXUDWHG
LQGXFWDQFH�RI�WKH�VZLWFKLQJ�UHDFWRU���7KH�HQHUJ\�WUDQVIHU�HIILFLHQF\�RI�WKH�VLPSOH�FLUFXLW�LV
�D����D���ZKHUH�D�LV�WKH�UDWLR�RI�WKH�YDOXH�RI�WKH�WZR�FDSDFLWDQFHV��RU�D� �&��&��IRU�HQHUJ\
WUDQVIHU�IURP�WKH�ILUVW�VWDJH�WR�WKH�VHFRQG�VWDJH���,I�WKH�FDSDFLWRU�YDOXHV�DUH�HTXDO��WKH�ORRS
WUDQVIHU�HIILFLHQF\�LV������LQ�WKH�DEVHQFH�RI�ORVVHV�

0HDVXUHPHQWV�RI�WKH�ORVVHV�LQ�HQHUJ\�WUDQVIHU�ZHUH�PDGH�DW�����N9���7KH�LQLWLDO�HQHUJ\�VWRUHG
RQ�FDSDFLWRU�&��ZDV����-���(QHUJ\�GHOLYHUHG�WR�FDSDFLWRU�&��ZDV����-���2I�WKH���-�ORVV�LQ�WKLV
HQHUJ\�WUDQVIHU�WKH�ORVVHV�ZHUH�GLVWULEXWHG���-�WR�WKH�6&5�VZLWFK�DQG���-�WR�WKH�EDODQFH�RI�WKH
FLUFXLW���(QHUJ\�WUDQVIHUUHG�IURP�&��WR�&��ZDV������-����7KH�ORVVHV�ZHUH�GRPLQDWHG�E\
UHVLVWLYH�ORVVHV�LQ�WKH�ZLQGLQJV���6ZLWFKLQJ�ORVVHV�LQ�WKH�FRUHV��GHWHUPLQHG�IURP�WKH�%�+
ORRSV��DUH�VPDOO������-�LQ�WKH�ILUVW�VWDJH��DQG�����-�LQ�WKH�VHFRQG�VWDJH���)LQDOO\�HQHUJ\
WUDQVIHUUHG�WR�WKH�ULQJLQJ�FLUFXLW�ZDV����-�

7KH�OHDVW�HIILFLHQW�SDUW�RI�WKH�FLUFXLW�LV�WKH�ILQDO�WUDQVIHU�IURP�FDSDFLWRU�&��WR�WKH�ULQJLQJ
FLUFXLW�/���&����:KHQ�WKH�UHDFWRU�/��VDWXUDWHV��D�VLQJOH�FXUUHQW�SXOVH�SDVVHV�WR�WKH�ULQJLQJ
FLUFXLW���,Q�DGGLWLRQ�WR�WKH�QRUPDO�UHVLVWLYH�ORVVHV��LW�LV�UHODWLYHO\�LQHIILFLHQW�IRU�WZR�UHDVRQV�

)LUVW��LW�LV�QHFHVVDU\�WR�SUHYHQW�VDWXUDWLQJ�WKH�UHDFWRU�D�VHFRQG�WLPH��DQG�SDVVLQJ�D�VHFRQG
FXUUHQW�SXOVH�WKDW�HIIHFWLYHO\�H[WUDFWV�HQHUJ\�IURP�WKH�PDJQHW�FLUFXLW��GXH�WR�WKH�ULQJLQJ
QDWXUH�RI�WKH�ORDG���7KH�YROWDJH�RQ�FDSDFLWRU�&��PXVW�EH�UHYHUVH�ELDVHG�E\�DW�OHDVW�����RI�LWV
PD[LPXP�YROWDJH�LPPHGLDWHO\�DIWHU�WKH�ILUVW�FXUUHQW�SXOVH���7KLV�LV�QDWXUDOO\�DFFRPSOLVKHG�LQ
WKH�FLUFXLW�LI�WKH�UDWLR�RI�FDSDFLWRU�&��WR�FDSDFLWRU�&��LV�DW�OHDVW�����)RU�WKH�HQHUJ\�WUDQVIHU
ORRS��WKH�UDWLR�RI�WKH�PLQLPXP�YROWDJH�RQ�WKH�ILUVW�FDSDFLWRU�DIWHU�GLVFKDUJH�WR�WKH�LQLWLDO
FKDUJH�YROWDJH�LV����D�����D��ZKHUH�D�LV�WKH�UDWLR�RI�WKH�YDOXH�RI�WKH�WZR�FDSDFLWDQFHV��LQ�WKLV
FDVH�D� �&��&����7KH�HQHUJ\�WUDQVIHU�HIILFLHQF\�RI�WKH�FLUFXLW���D����D����LV�DERXW�����IRU�D
FDSDFLWDQFH�UDWLR�RI�����7KLV�UHIOHFWHG�YROWDJH�DOVR�SURYLGHV�D�UHVHW�SXOVH�WR�WKH�UHDFWRUV�
HQVXULQJ�KLJKO\�VWDEOH�RSHUDWLRQ�HYHQ�ZLWK�QR�UHYHUVH�ELDV�FXUUHQW�

6HFRQG��ZLWK�WKH�DGGLWLRQ�RI�WKH�LQGXFWDQFH�RI�WKH�VZHHS�PDJQHW��/���WKH�ILQDO�HQHUJ\
WUDQVIHU�FLUFXLW�EHFRPHV�D�GRXEOH�ORRS�HQHUJ\�WUDQVIHU�FLUFXLW���7KH�HIILFLHQF\�IDOOV�IXUWKHU�IRU
SUDFWLFDO�VDWXUDWHG�LQGXFWDQFH�/��EHFDXVH�FXUUHQW�LV�DOVR�IORZLQJ�LQ�WKH�PDJQHW�FLUFXLW
LQGXFWDQFH�/����(QHUJ\�WUDQVIHU�HIILFLHQF\�DIWHU�WKH�VLQJOH�IRUZDUG�FXUUHQW�SXOVH�ZDV
FDOFXODWHG�XVLQJ�WKH�OLQHDU�FRXSOHG�PHVK�HTXDWLRQV�IRU�WKH�FLUFXLW�WKDW�LQFOXGHV�&���&���/��
DQG�/�����7KH�YROWDJH�v2�RQ�FDSDFLWRU�&��LV�JLYHQ�E\

v a t a t2 1 1 2 2= +cos( ) cos( )ω ω ���
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7KH�WUDQVIHU�HIILFLHQF\�LV�GHWHUPLQHG�E\�VROYLQJ�(T����IRU�WKH�YROWDJH�UHPDLQLQJ�RQ�FDSDFLWRU
&��DIWHU�WKH�LQLWLDO�SRVLWLYH�FXUUHQW�SXOVH���,W�LV�SORWWHG�LQ�)LJXUH����DV�D�IXQFWLRQ�RI
LQGXFWDQFH�/��IRU�&�� ������)��&�� ������)��DQG�/�� ��������+��/��KHUH�LQFOXGHV�WKH
LQGXFWDQFHV�RI�WKH�VZHHS�PDJQHW�DQG�WKH�VWULS�OLQH����)RU�W\SLFDO�VDWXUDWHG�LQGXFWDQFH�RI�WKH
RXWSXW�VZLWFK��DERXW������+��WKLV�HIILFLHQF\�LV�DERXW�����

7KH�SRZHU�VXSSO\�ZDV�EXLOW�DQG�WHVWHG�IRU���PLOOLRQ�SXOVHV�DW���N9��IXOO�FKDUJH����$W���N9
FKDUJH��WKH�RXWSXW�FXUUHQW�DPSOLWXGH�LV������N$���2VFLOORVFRSH�SLFWXUHV�RI�YROWDJHV�DQG
FXUUHQWV�DUH�VKRZQ�LQ�)LJXUHV����DQG����

CONCLUSIONS

�����7KH�VZHHSLQJ�V\VWHP�PDJQHW�DQG�SRZHU�VXSSO\�KDYH�EHHQ�EXLOW�DQG�VXFFHVVIXOO\�WHVWHG�

�����$�VZHHS�UDGLXV�RI�XS�WR�����PP��FRUUHVSRQGLQJ�WR�D�SHDN�VZHHS�PDJQHW�FXUUHQW
DPSOLWXGH�RI�RYHU����N$��LV�HDVLO\�DFKLHYDEOH�ZLWK�WKH�H[LVWLQJ�FLUFXLW���6LPSOH
PRGLILFDWLRQV�WR�WKH�FLUFXLW�PD\�DOORZ�IRU�DGGLWLRQDO�IXWXUH�LQFUHDVH�LQ�WKH�SHDN�FXUUHQW�

�� 7KH�PDJQHWLF�ILHOG�GLVWULEXWLRQ�LQ�WKH�VZHHS�PDJQHW�LV�VDWLVIDFWRU\�DQG�FRQILUPV�WKH
GHVLJQ�SUHGLFWLRQV�

�� 7KH�SRZHU�VXSSO\�ZRUNV�DV�SUHGLFWHG�DQG�LV�UHOLDEOH���,QYHVWLJDWLRQ�LQWR�FRUH�PDWHULDOV
KDV�OHG�WR�D�FKRLFH�RI�UHOLDEOH�FRUH�PDWHULDOV�IRU�WKH�SRZHU�VXSSO\���7KH�SRZHU�VXSSO\
MLWWHU�GRHV�QRW�H[FHHG�±�QV��ZKLOH�VORZ�GULIW�LV�DERXW����QV���7KH�WRWDO�QXPEHU�RI�WHVW
SXOVHV�WR�GDWH�DW�IXOO�YROWDJH�LV�RYHU���PLOOLRQ�
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)LJXUH������63,&(�PRGHO�YROWDJH�ZDYHIRUPV������)LUVW�VWDJH�FDSDFLWRU�&��YROWDJH��SRVLWLYH
VLGH������FDSDFLWRU�&��YROWDJH��QHJDWLYH�VLGH������VHFRQG�VWDJH�FDSDFLWRU�&��YROWDJH������ULQJLQJ
FLUFXLW�FDSDFLWRU�&��YROWDJH�
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Figure 17.  Theoretical efficiency of energy transfer from capacitor C2 to the ringing
sweep magnet circuit through the saturated inductance of the output switch L3.
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Fig. 18.  Scope picture of voltages in compression stages. Initial voltage = 1.8 kV.  1 -
first charging capacitor x 10.   2 - first compression stage capacitor. 3 - second

compression stage capacitor.    4 - ringing circuit (magnet) voltage.

Fig. 19.  Scope picture of currents in compression stages of power supply.   Peak magnet
current is 7 kA, corresponding to 2.2 kV.  Vertical scale = 1 kA/div.  Horizontal scale = 2
µs/div.  1 - SCR current.  2 - first compression stage. 3 - second compression stage.   4 -

ringing circuit (magnet) current.
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