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A quadrupole magnetic trap using
a static electric field to study
ultracold atoms

W.A. van Wijngaarden and J. Clarke

$EVWUDFW� $ QHXWUDO DWRP WUDS LV SURSRVHG FRQVLVWLQJ RI D PDJQHWLF ILHOG JHQHUDWHG E\ D SDLU
RI DQWL�+HOPKROW] FRLOV DQG D IULQJLQJ HOHFWULF ILHOG RI D SDUDOOHO SODWH FDSDFLWRU� 7KH HOHFWULF
ILHOG VKLIWV WKH HQHUJ\ PLQLPXP RI WKH WUDS DZD\ IURP WKH SRLQW ZKHUH WKH PDJQHWLF ILHOG
LV ]HUR WKXV SUHYHQWLQJ DWRP ORVV IURP WKH WUDS GXH WR 0DMRUDQD WUDQVLWLRQV� 7KLV WUDS RIIHUV
VRPH DGYDQWDJHV RYHU H[LVWLQJ WUDSV WKDW DUH XVHG WR VWXG\ FROG DWRPV�

3$&6 1RV�� �����3M DQG �����)L

5�HVXP�H � 1RXV SURSRVRQV XQ SLqJH SRXU OHV DWRPHV QHXWUHV HW IURLGV� TXL VHUDLW FRQVWLWXp
G¶XQ FKDPS PDJQpWLTXH JpQpUp SDU XQH SDLUH GH ERELQHV DQWL�+HOPKROW] ERUGp SDU XQ
FKDPS pOHFWULTXH JpQpUp SDU GHV SODTXHV SDUDOOqOHV� /H FKDPS pOHFWULTXH pORLJQH OH SRLQW
G
pQHUJLH PLQLPXP GX SLqJH GX SRLQW R� OH FKDPS PDJQpWLTXH HVW ]pUR� SUpYHQDQW DLQVL OD
SHUWH G¶DWRPHV SDU WUDQVLWLRQ 0DMRUDQD� &H SLqJH RIIUH FHUWDLQV DYDQWDJHV ORUVTXH FRPSDUp j
G¶DXWUHV SLqJHV XWLOLVpV SRXU pWXGLHU OHV DWRPHV IURLGV�
>7UDGXLW SDU OD U�HGDFWLRQ@

1HXWUDO DWRP WUDSV KDYH UHFHQWO\ EHHQ XVHG WR FRRO DQG WUDS DWRPV DW XOWUDFROG WHPSHUDWXUHV� ZKLFK
LV LPSRUWDQW IRU KLJK�SUHFLVLRQ VSHFWURVFRS\� $ QXPEHU RI H[FLWLQJ SKHQRPHQD KDYH EHHQ REVHUYHG
LQFOXGLQJ QRYHO FROOLVLRQ HIIHFWV >�@ DQG %RVH�(LQVWHLQ FRQGHQVDWLRQ >�±�@� $ QHXWUDO DWRP KDYLQJ
D PDJQHWLF PRPHQW LV WUDSSHG XVLQJ D VSDWLDOO\ YDU\LQJ PDJQHWLF ILHOG� 7KH VLPSOHVW WUDS HPSOR\V
DQWL�+HOPKROW] FRLOV WR JHQHUDWH D PDJQHWLF TXDGUXSROH ILHOG >�@� $Q DWRP UHPDLQV WUDSSHG SURYLGHG
LWV VSLQ UHPDLQV SDUDOOHO WR WKH PDJQHWLF ILHOG� 7KH GHQVLW\ RI FROG DWRPV WKDW FDQ EH FROOHFWHG DW
WKH FHQWHU RI WKH WUDS ZKHUH WKH PDJQHWLF ILHOG LV ]HUR KDV EHHQ VKRZQ WR EH OLPLWHG E\ VR�FDOOHG
0DMRUDQD WUDQVLWLRQV� ZKLFK IOLS WKH DWRP¶V VSLQ� 7KH VSLQ IOLSV FDQ RFFXU ZKHQ WKH /DUPRU SUHFHVVLRQ
LV OHVV WKDQ WKH DQJXODU IUHTXHQF\ DW ZKLFK WKH PRYLQJ DWRP SHUFHLYHV WKH PDJQHWLF ILHOG � WR URWDWH�
.HWWHUOH DQG YDQ 'UXWHQ >�@ VKRZ 0DMRUDQD WUDQVLWLRQV PD\ RFFXU ZKHQ WKH DWRP LV D GLVWDQFH u
IURP WKH E @ 3 SRLQW�
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+HUH y LV WKH DWRP¶V VSHHG� �E LV WKH %RKU PDJQHWRQ DQG E3 LV WKH PDJQHWLF ILHOG JUDGLHQW� )RU DQ
DONDOL DWRP WUDYHOOLQJ ZLWK D VSHHG RI �� FP V�4 H[SHULHQFLQJ D ILHOG JUDGLHQW RI ��� * FP�4� WKLV
GLVWDQFH u LV DSSUR[LPDWHO\ � �P�

5HFHLYHG 6HSWHPEHU �� ����� $FFHSWHG )HEUXDU\ ��� �����

:�$� YDQ :LMQJDDUGHQ� DQG -� &ODUNH� 'HSDUWPHQW RI 3K\VLFV� <RUN 8QLYHUVLW\� ���� .HHOH 6WUHHW� 7RURQWR�
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)LJ� �� 7UDS FRQILJXUDWLRQ� 7KH WUDS FRQVLVWV RI DQWL�+HOPKROW] FRLOV DQG D SDUDOOHO SODWH FDSDFLWRU DV GHVFULEHG
LQ WKH WH[W� 7KH FRLO UDGLXV LV - ' 2 FP� 7KH GRW DQG FURVV V\PEROV UHSUHVHQW WKH FXUUHQW JRLQJ RXW RI DQG LQWR
WKH SDJH� UHVSHFWLYHO\� 7KH JUDYLWDWLRQDO SXOO LV LQ WKH 35 GLUHFWLRQ DQG WKH % D[LV SRLQWV RXW RI WKH SDJH�

6HYHUDO WHFKQLTXHV KDYH EHHQ GHYHORSHG WR SUHYHQW 0DMRUDQD WUDQVLWLRQV IURP RFFXUULQJ� 7KH
%RXOGHU JURXS LQLWLDOO\ XVHG DQ DGGLWLRQDO SDLU RI FRLOV WR JHQHUDWH D URWDWLQJ PDJQHWLF ILHOG WKDW
PRYHG WKH ORFDWLRQ RI WKH ]HUR PDJQHWLF ILHOG VXIILFLHQWO\ TXLFNO\ WR SUHYHQW DQ DWRP IURP FKDQJLQJ
LWV VSLQ GLUHFWLRQ >���@� %RVH�(LQVWHLQ FRQGHQVDWLRQ ZDV ILUVW REVHUYHG XVLQJ WKLV VR�FDOOHG 723 WUDS�
6KRUWO\ WKHUHDIWHU� WKH JURXS DW 0,7 >�@ FUHDWHG D %RVH�(LQVWHLQ FRQGHQVDWH RI VRGLXP DWRPV XVLQJ
DQ DUJRQ LRQ ODVHU GHWXQHG WR WKH EOXH VLGH RI WKH VRGLXP ' OLQH� WR UHSHO DWRPV IURP WKH WUDS FHQWHU�
7KH ODVHU ZDV VXIILFLHQWO\ GHWXQHG IURP UHVRQDQFH VR WKDW LW ZDV QRW DEVRUEHG DQG GLG QRW KHDW WKH
DWRPV�

$ YDULHW\ RI PRUH FRPSOH[ PDJQHWLF ILHOG FRQILJXUDWLRQV KDYH EHHQ XVHG WR FUHDWH WUDSV ZKHUH
WKH HQHUJ\ PLQLPXP RFFXUV DW D ORFDWLRQ ZKHUH WKH PDJQHWLF ILHOG LV QRQ]HUR� 7KH JURXS DW 5LFH
>���@ XVHG VL[ SHUPDQHQW PDJQHWV LQ DQ ,RIIH FRQILJXUDWLRQ WR DFKLHYH %RVH�(LQVWHLQ FRQGHQVDWLRQ
XVLQJ OLWKLXP DWRPV� 5HFHQWO\� WKH %RXOGHU DQG 0,7 JURXSV KDYH UHILQHG WKHLU WUDSV >�±��@ XVLQJ
PRUH HODERUDWH PDJQHWLF�ILHOG�JHQHUDWLQJ FRLOV� ZKLFK SHUPLW WKH FUHDWLRQ RI FRQGHQVDWHV KDYLQJ DQ
LQFUHDVHG QXPEHU RI DWRPV� 7KLV KDV SHUPLWWHG WKH VWXG\ RI FROOHFWLYH HIIHFWV RI WKH FRQGHQVDWHV
>�����@ DQG WKH FUHDWLRQ RI DQ DWRP ODVHU >��@�
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)LJ� �� 7UDS SRWHQWLDO YV� 5� 7KH WUDS SRWHQWLDO ZDV FRPSXWHG IRU D FHVLXP DWRP H[SHULHQFLQJ HOHFWULF DQG
PDJQHWLF ILHOGV DV GHVFULEHG LQ WKH WH[W� �@� VKRZV WKH WUDS SRWHQWLDO KDV D PLQLPXP DW D ORFDWLRQ 56 ' 3f�e2
FP UHODWLYH WR WKH SRWHQWLDO PLQLPXP JHQHUDWHG ZKHQ WKH HOHFWULF ILHOG LV ]HUR� 7KH SRWHQWLDO LV DV\PPHWULF HYHQ
ZKHQ WKH HOHFWULF ILHOG LV ]HUR RZLQJ WR WKH JUDYLWDWLRQ ILHOG� 7KLV DV\PPHWU\ LV SURJUHVVLYHO\ VPDOOHU IRU WKH
OLJKWHU DONDOL DWRPV� �K� VKRZV WKH WUDS GHSWK LV ��� >. IRU DQ HOHFWULF ILHOG EHWZHHQ WKH SODWHV RI .LT| ' �e
N9 FP3�� 7KH WUDS GHSWK GHFUHDVHV UDSLGO\ IRU VPDOOHU ILHOG VWUHQJWKV�

7KLV SDSHU SURSRVHV D WUDS WKDW UHWDLQV WKH VLPSOLFLW\ RI D PDJQHWLF ILHOG JHQHUDWHG XVLQJ D
SDLU RI DQWL�+HOPKROW] FRLOV WRJHWKHU ZLWK DQ HOHFWULF ILHOG SURGXFHG E\ D SDUDOOHO SODWH FDSDFLWRU DV
LV LOOXVWUDWHG LQ )LJ� �� 7KH FDSDFLWRU LV VSDWLDOO\ VKLIWHG IURP WKH RULJLQ ZKHUH WKH PDJQHWLF ILHOG
YDQLVKHV� 7KH SODWH VHSDUDWLRQ GLVWDQFH ZDV FKRVHQ WR EH � FP FRUUHVSRQGLQJ WR D PDJQHWLF FRLO UDGLXV
U @ 5 FP� ZKLFK LV FRPSDUDEOH WR WKDW XVHG LQ H[LVWLQJ QHXWUDO DWRP WUDSV� 7KH SODWHV JHQHUDWH DQ
HOHFWULF ILHOG WR VSDWLDOO\ VKLIW WKH HQHUJ\ PLQLPXP RI WKH WUDS WR D SRVLWLRQ }p 9@ 3�

7KH EHKDYLRXU RI WKH WUDS KDV EHHQ PRGHOOHG IRU DONDOL DWRPV WKDW KDYH UHODWLYHO\ ORZ PHOWLQJ
SRLQWV DV ZHOO DV WUDQVLWLRQV WR WKH ILUVW H[FLWHG VWDWHV DW ZDYHOHQJWKV DFFHVVLEOH XVLQJ G\H� GLRGH�
RU WLWDQLXP�VDSSKLUH ODVHUV� +HQFH� DONDOL DWRPV KDYH EHHQ XVHG QHDUO\ H[FOXVLYHO\ LQ QHXWUDO�DWRP
WUDSV� 7KHLU HOHFWURQLF VWUXFWXUH FDQ DOVR EH PRGHOOHG UHODWLYHO\ VLPSO\ DV D VLQJOH YDOHQFH HOHFWURQ
LQWHUDFWLQJ ZLWK WKH QXFOHXV DQG FORVHG LQQHU HOHFWURQ FRUH� 7KH SRWHQWLDO HQHUJ\ RI D WUDSSHG DONDOL
DWRP LQ LWV JURXQG V4@5 VWDWH KDYLQJ LWV PDJQHWLF PRPHQW DQWLDOLJQHG ZLWK WKH PDJQHWLF ILHOG E� LV
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7DEOH �� 7UDS SDUDPHWHUV IRU DONDOL DWRPV�

kJ>UHI� ��@ .LT| 7UDS GHSWK
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ZKHUH p LV WKH DWRP¶V PDVV� j LV WKH DFFHOHUDWLRQ GXH WR JUDYLW\� DQG �r LV WKH VFDODU SRODUL]DELOLW\�
7KH HOHFWULF ILHOG H ZDV IRXQG E\ VROYLQJ WKH /DSODFH HTXDWLRQ QXPHULFDOO\ IRU WKH SODWH FRQILJXUDWLRQ
VKRZQ LQ )LJ� �� 7KH WKLFNQHVV RI WKH SODWHV ZDV WDNHQ WR EH U@; DQG WKH SODWH HGJHV ZHUH URXQGHG
ZLWK D UDGLXV RI U@49� 7KH SODWHV ZHUH FRQVLGHUHG WR KDYH DQ LQILQLWH H[WHQW LQ WKH { GLUHFWLRQ
QHFHVVLWDWLQJ WKH VROXWLRQ RI WKH WZR�GLPHQVLRQDO /DSODFH HTXDWLRQ�

7KH WUDS SDUDPHWHUV IRU WKH YDULRXV DONDOL DWRPV DUH OLVWHG LQ 7DEOH �� $ PDJQHWLF ILHOG JUDGLHQW DW
WKH WUDS FHQWHU� E3 @ 433 * FP�4 ZDV FRQVLGHUHG� ZKLFK LV VXEVWDQWLDOO\ ODUJHU WKDQ WKDW QHHGHG WR
FRXQWHU JUDYLW\ DV LV VKRZQ LQ FROXPQ �� 7KH WUDS SRWHQWLDO HQHUJ\ X ZDV FRPSXWHG DV D IXQFWLRQ RI
WKH WKUHH RUWKRJRQDO GLUHFWLRQV {� |� DQG }� )LJXUH � FRPSDUHV WKH SRWHQWLDO HQHUJ\ RI FHVLXP DWRPV
REWDLQHG ZKHQ WKH WZR SODWHV ZHUH JURXQGHG DQG ZKHQ WKH HOHFWULF ILHOG EHWZHHQ WKH SODWHV LV 67 N9
FP�4� 7KH WUDS PLQLPXP ZDV ORFDWHG D GLVWDQFH }p @ �3=75 FP DZD\ IURP WKH RULJLQ� )LJXUH �
VKRZV WKH WUDS SRWHQWLDO HQHUJ\ DV D IXQFWLRQ RI { DQG |� 7KH HOHFWULF ILHOG EHWZHHQ WKH SODWHV� Hrsw�
ZDV FKRVHQ VR WKDW WKH SRWHQWLDO ZHOO GHSWKV LQ WKH | DQG } GLUHFWLRQV ZHUH HTXDO� 6PDOOHU HOHFWULF
ILHOGV GHFUHDVH WKH HQHUJ\ EDUULHU EHWZHHQ }p DQG WKH RULJLQ ZKLOH KLJKHU ILHOG VWUHQJWKV UHGXFH WKH
HQHUJ\ EDUULHU SUHYHQWLQJ DWRPV IURP VWULNLQJ WKH HOHFWULF ILHOG SODWHV�

7KH UHTXLUHG HOHFWULF ILHOGV DUH FRPSDUDEOH WR WKRVH URXWLQHO\ JHQHUDWHG LQ RXU ODERUDWRU\ >��@ DQG
DUH DOVR FRQVLGHUDEO\ VPDOOHU WKDQ WKRVH XVHG E\ :LQGKRO] HW DO� >��@ ���� N9 FP�4� WR VWXG\ 6WDUN
VKLIWV� 7KH HOHFWULF ILHOG VWURQJO\ DIIHFWV WKH WUDS GHSWK DV VKRZQ LQ )LJ� �e� +HQFH� KRW DWRPV FDQ EH
H[SHOOHG IURP WKH WUDS E\ GHFUHDVLQJ WKH HOHFWULF ILHOG E\ RQO\ D IHZ SHUFHQW� 7KH WUDS GHSWKV JLYHQ
LQ 7DEOH � DUH ODUJHU WKDQ WKH WHPSHUDWXUHV DFKLHYHG E\ D QXPEHU RI JURXSV >�±����±��@�

$Q LPSRUWDQW DSSOLFDWLRQ RI FROG DWRPV LV WKH JHQHUDWLRQ RI %RVH�(LQVWHLQ FRQGHQVDWHV� ZKLFK
RFFXUV ZKHQ WKH IROORZLQJ FRQGLWLRQ LV VDWLVILHG >�@�
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+HUH Q LV WKH QXPEHU RI DWRPV HQFORVHG LQ WUDS YROXPH Y DQG �gE @
t
5��k5@pnW LV WKH GH

%URJOLH ZDYHOHQJWK IRU DQ DWRP ZLWK PDVV p� ,Q WKLV WUDS� DWRPV DW D WHPSHUDWXUH RI 43 �. RFFXS\
D YROXPH RI DSSUR[LPDWHO\ 8 � 43�7 FP6� +HQFH� WKH FULWLFDO QXPEHU RI DWRPV QHHGHG WR DFKLHYH
%(& UDQJHV IURP 8� 439 IRU OLWKLXP WR 7� 43; IRU FHVLXP�

7KH FROG DWRPV QHHGHG IRU %(& DUH JHQHUDWHG ILUVW XVLQJ ODVHU FRROLQJ WR SURGXFH D UHODWLYHO\
ODUJH QXPEHU RI FROG DWRPV� 7KH DWRPV WKHQ XQGHUJR HYDSRUDWLYH FRROLQJ GXH WR HODVWLF FROOLVLRQV WKDW
RFFXU DW D UDWH
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)LJ� �� 7UDS SRWHQWLDO YV� % DQG +� 7KH DWRPV DUH ZHOO FRQILQHG LQ WKH % DQG + GLUHFWLRQV�

ZKHUH y LV WKH UHODWLYH VSHHG DQG �ho LV WKH HODVWLF VFDWWHULQJ FURVV VHFWLRQ ZKLFK IRU VRGLXP LV
9 � 43�45 FP5 >�@� +HQFH� IRU WKLV WUDS� DQ LQLWLDO 4343 VRGLXP DWRPV DW D WHPSHUDWXUH RI 43 �.�
ZLOO H[SHULHQFH RYHU ���� FROOLVLRQV SHU VHFRQG� 7KLV KDV EHHQ VKRZQ WR \LHOG D VXIILFLHQW QXPEHU RI
FROG DWRPV VXFK WKDW ��� FDQ EH DFKLHYHG >�@� 7KH FRQGHQVDWH OLIHWLPH LV OLPLWHG E\ FROOLVLRQV ZLWK
EDFNJURXQG JDV DQG KHQFH XOWUD�KLJK�YDFXXP FKDPEHUV FDSDEOH RI 43�44 7RUU �� 7RUU  ����� 3D�
DUH HPSOR\HG�

$Q LPSRUWDQW DGYDQWDJH RI WKLV WUDS LV WKDW LW XVHV D VLPSOHU ILHOG FRQILJXUDWLRQ WKDQ LV XVHG E\ RWKHU
H[LVWLQJ WUDSV� )RU H[DPSOH� WKH ,RIIH 3ULWFKDUG WUDS UHTXLUHV RYHU D GR]HQ VHSDUDWH FRLOV WR JHQHUDWH
WKH QHFHVVDU\ VSDWLDOO\ LQKRPRJHQHRXV PDJQHWLF ILHOG >�±��@� 7KH PDJQHWLF ILHOG LV DOVR REWDLQHG
ZLWKRXW WKH XVH RI SHUPDQHQW PDJQHWV ZKRVH PDJQHWLF ILHOG FDQQRW EH WXQHG DQG FDQ EH DIIHFWHG E\
YDFXXP EDNHRXW� 2QH DOVR GRHV QRW QHHG WR UHGXFH 0DMRUDQD WUDQVLWLRQV XVLQJ D WLJKWO\ IRFXVVHG ODVHU
EHDP WKDW PD\ LQDGYHUWHQWO\ KHDW WKH DWRPV� 7KH WUDS RIIHUV HDV\ DFFHVV LQ WKUHH GLPHQVLRQV IRU SDLUV
RI FRXQWHUSURSDJDWLQJ ODVHU EHDPV WR FUHDWH RSWLFDO PRODVVHV� (YDSRUDWLYH FRROLQJ FDQ EH RSWLPL]HG
E\ FKDQJLQJ WKH HOHFWULF ILHOG VWUHQJWK WR YDU\ WKH WUDS GHSWK� 7KHUHIRUH� WKLV WUDS RIIHUV DQ LQWHUHVWLQJ
FRPSOHPHQWDU\ DSSURDFK WR H[LVWLQJ WUDSV IRU VWXG\LQJ XOWUDFROG DONDOL DWRPV�
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