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Abstract
Hollow Electron Lenses (HELs) are crucial components

of the CERN LHC High Luminosity Upgrade (HL-LHC),
serving the purpose of actively controlling the population of
the transverse beam halo to reduce particle losses on the col-
limation system. Symplectic particle tracking simulations
are required to optimize the efficiency and study potentially
undesired beam dynamics effects with the HELs. With the
relevant time scales in the collider in the order of several min-
utes, tracking simulations require considerable computing
resources. A new tracking tool, Xsuite, developed at CERN
since 2021, offers the possibility of performing such tracking
simulations using graphics processing units (GPUs), with
promising perspectives for the simulation of hadron beam
dynamics with HELs. In this contribution, we present the
implementation of HEL physics effects in the new tracking
framework. We compare the performance with previous
tools and show simulation results obtained using known and
newly established simulation setups.

INTRODUCTION
The CERN Large Hadron Collider (LHC) is designed to

store and collide hadron beams of unprecedented intensities
and particle energies up to 7 TeV [1]. The High-Luminosity
LHC (HL-LHC) [2] upgrade, foreseen for installation after
the LHC Run 3 (2022-25), aims to increase the collider’s
luminosity by reducing the value of 𝛽∗ at the ATLAS and
CMS insertions and an increase in beam brightness and
intensity, thanks to the LHC Injectors Upgrade project [3],
up to a total stored beam energy of 684 MJ per circulating
beam. Such intense beams have a large damage potential in
the event of uncontrolled beam losses. A high-performance
multistage collimation system is installed in the LHC [4–6]
and is being upgraded for the HL-LHC [7], in order to keep
the collider protected against beam losses.

Measurements in the LHC [8,9] have shown that the trans-
verse beam halo at amplitudes greater than 3 𝜎 can constitute
up to 5% of the total beam intensity. Estimated by simple
scaling to the intensity of the desired proton beam, the en-
ergy in the beam halo of HL-LHC could reach the order of
34 MJ. Different failure scenarios could cause orbit offsets
of up to 2 𝜎 within a few turns [10], which could induce very
high beam losses. Hollow electron lenses (HELs) have been
integrated in the HL-LHC baseline to mitigate this risk by ac-
tive depletion of the beam halo [10–12]. A HEL generates a
hollow cylindrical shaped electron beam (𝑒-beam) and steers
it through a solenoid in the centre of which they move coax-
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ially and oppositely directed to the proton beam. Perfectly
symmetric hollow electron beams would leave particles at
amplitudes smaller than the inner radius of the 𝑒-beam un-
affected, while particles in the beam halo would be subject
to a transverse kick from the electromagnetic field created
by the 𝑒-beam. Exploiting this behavior allows to drive halo
particles towards larger amplitudes in a controlled way, such
that they are intercepted and disposed of by the collimators,
whereby the population of the halo is reduced.

Operational scenarios for HEL are studied using symplec-
tic tracking simulations, computing particle trajectories over
a large number of turns (up to several millions) [13]. Of
particular interest is the classification of turn-by-turn pulsing
schemes in which the HEL is switched on and off according
to a pre-defined time pattern. Examples of figures of merit
to be studied in such simulations are the depletion efficiency,
quantifying the percentage of the beam halo that is removed,
and the emittance growth, a detrimental effect caused by the
residual kick acting on the core of the main proton beam.

SixTrack [14–16], a single-particle symplectic track-
ing tool, provides the functionality of simulating HEL
kicks [17], allowing the user to select different profiles 𝜌(𝑟)
of the 𝑒-beam, and to simulate turn-by-turn pulsing of the
HEL [18]. Simulation results obtained using this framework
were presented in [13]. Since 2021, a new symplectic track-
ing framework, Xsuite [19], a collection of Python packages
that can be run on CPUs and GPUs, is being developed. Sim-
ulations over a large number of turns in machines like the
LHC can be carried out at significantly shorter simulation
times when using GPU platforms. The Xtrack (XT) tracking
package in Xsuite contains the symplectic tracking maps
used in the simulation process.

This contribution describes the implementation of HEL
physics in the Xtrack framework and the benchmark against
SixTrack. Besides comparing the amplitude-dependent kick
in the HEL, we verify the equivalence of both codes focusing
on the two physical figures of merit: halo depletion efficiency
and beam-core emittance growth.

HEL KICK
From Biot-Savart’s law, one can derive the transverse

kick 𝜃 that a hadron receives from the interaction with the
oppositely directed HEL electron beam [20] as follows:

𝜃(𝑟) = 1
2𝜋𝜖0𝑐2

𝐿𝐼(1 + 𝛽e𝛽p)
(𝐵𝜌)p𝛽e𝛽p

1
𝑟 𝑓 (𝑟) , (1)

where 𝐿 is the active length of the HEL, 𝛽e and 𝛽p are
the relativistic factor of the electrons and protons, respec-
tively, (𝐵𝜌)p is the magnetic rigidity of the proton beam
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MC5: Beam Dynamics and EM Fields

D02:Non-linear Single Particle Dynamics - Resonances,Tracking,Higher Order,Dynamic Aperture,Code Dev
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j@e ǙA$e�m ,eNjeaY i@e paR~Ie 8nN,jCRN ǚ 	Ǥ
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CN< j@e CNNea �Nd Rnjea eIe,jaRN $e�m a�dCC. aecpe,jCqeIwY
2\Y VSW Cc CmpIemeNjed CN bCuia�,G. sCj@ j@e p�a�mejeac
ǆ
 ǃ
 ƿGCN
 Ǥџ
 Ǥӝ cpe,C~ed $w j@e ncea. s@eae ƿGCN deNRjec j@e
GCNejC, eNea<w R8 j@e eIe,jaRNcY

HEL IMPLEMENTATION IN XTRACK
tja�,G ja�,GCN< m�pc �ae CmpIemeNjed CN j@e + paR<a�mA

mCN< I�N<n�<e �Nd �ae ,RNjaRIIed $w j@e Twj@RN 8a�mesRaGY
i@e CmpIemeNj�jCRN R8 j@e ?2H CN tja�,G ,naaeNjIw �ccnmec
� ,RNcj�Nj a�dC�I ǙA$e�m deNcCjw V$eCN< RNe R8 j@e a�dC�I
paR~Iec CmpIemeNjed CN bCuia�,GW �Nd s�c CNCjC�IIw $eN,@A
m�aGed �<�CNcj 2\Y VSWY BN �ddCjCRN jR j@e 8nN,jCRN�ICjw paRA
qCded CN bCuia�,G. j@e jRRI �IIRsc j@e ncea jR �ccC<N � aecCdn�I
dCpRI�a GC,G jR p�ajC,Iec j@�j �ae �j �mpICjndec $eIRs j@e CNA
Nea ǙA$e�m a�dCnc Ǥџ V,�nced $w ǙA$e�m �cwmmejaCecWY i@Cc
�IIRsc j@e ncea jR ,�aaw Rnj ,Rm$CNed cCmnI�jCRNc R8 @�IR
depIejCRN �Nd $e�mA,Rae emCjj�N,e <aRsj@Y
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7C<nae S- FC,G ٣ ae,eCqed $w e iep paRjRNc mRqCN< j@aRn<@
� ?RIIRs 2Ie,jaRN HeNc R8 k m IeN<j@ sCj@ Sz Gep eIe,A
jaRNc. �j 9 � ,naaeNj �Nd CNNea �Nd Rnjea ǙA$e�m a�dCC R8
Ǥџ � ���� mm �Nd Ǥӝ � ���� mm �c ,�I,nI�jed sCj@ tja�,G
V$IneW �Nd bCuia�,G VaedWY i@e dC{eaeN,e $ejseeN j@e jsR
aecnIjc Cc qCcC$Ie RN j@e aC<@j �uCcY

i@e ?2H GC,G eueajed RN p�ajC,Iec R8 �mpICjndec Ǥ $eA
jseeN z mm �Nd f mm CN tja�,G �Nd bCuia�,G Cc c@RsN CN
7C<Y SY #Rj@ ,Rdec �<aee np jR � pae,CcCRN R8 Ȋe ƨ SzƣSS a�d.
sCj@ j@e dC{eaeN,e paR$�$Iw $eCN< ,�nced $w NnmeaC,�I
NRCceY i@Cc �ccnmpjCRN Cc cnppRajed $w j@e R$ceaq�jCRN
j@�j j@e NnmeaC,�I R{cej $ejseeN j@e GC,Gc dC{eac CN j@e
ae<CRNc Ǥ � Ǥџ. Ǥџ � Ǥ � Ǥӝ �Nd Ǥ � ǤӝY BN p�ajC,nI�a. �j j@e
ja�NcCjCRN Ǥ � Ǥӝ. j@e �R�jCN< pRCNj ,Rmpnj�jCRN R8 ǚ 	Ǥ
 Cc
aepI�,ed $w � ~ued CNje<ea �Nd. �c eupe,jed. se R$ceaqe �
cnddeN de,ae�ce CN j@e R$ceaqed dC{eaeN,eY

re ,RN,Inde j@�j $Rj@ ,Rdec deICqea p@wcC,�IIw e\nCq�IeNj
aecnIjc CN j@e ,Rmpnj�jCRN R8 j@e ?2H CNdn,ed GC,GY

HALO DEPLETION SIMULATIONS
bCmnI�jCRNc R8 @�IR depIejCRN paRqCde ,an,C�I CNpnj jR

eq�In�je j@e e|,CeN,w R8 j@e ?2H CN dC{eaeNj Rpea�jCRN�I
,RN~<na�jCRNcY Bj Cc ,naaeNjIw 8RaeceeN jR Rpea�je j@e ?2H
sCj@ � a�NdRm jnaNA$wAjnaN pnIcCN<. a�NdRmIw csCj,@CN< j@e
ǙA$e�m ,naaeNj RN jR j@e 8nII ,naaeNj Ra R{ jR yeaR ,naaeNj
�j e�,@ jnaNY i@e c,@eme @�c j@e �dq�Nj�<e R8 depIejCN<
j@e $e�m @�IR qeaw e|,CeNjIw. $nj ,Rmec �IRN< sCj@ j@e
dCc�dq�Nj�<e R8 CNdn,CN< emCjj�N,e <aRsj@ CN j@e ,�ce R8
�N Cmpea8e,j cwmmejaw R8 j@e ǙA$e�m j@�j ,ae�jec � aecCdn�I
GC,G �j j@e $e�m ,RaeY
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7C<nae l- ?�IR depIejCRN CN ?HAH?+ sCj@ ?2H CN a�NdRm
pnIcCN< CN tja�,G V$Ine ICNeW �Nd bCuia�,G Vaed ICNeWY i@e
$Ine dRjc aepaeceNj j@e �$cRInje dC{eaeN,e $ejseeN j@e jsRY
BdeNjC,�I pnIcCN< p�jjeaN. CNCjC�I dCcjaC$njCRN. RpjC,c �Nd NRaA
m�ICyed ,RIICm�jRa cejjCN<c seae ncedY

re $eN,@m�aG @�IR depIejCRN e|,CeN,w cCmnI�jCRNc $w
,Rmp�aCN< j@e Nnm$ea R8 cnaqCqCN< p�ajC,Iec cCmnI�jed CN
j@e jsR 8a�mesRaGcY #Rj@ cCmnI�jCRNc seae ,�aaCed Rnj 8Ra
paRjRNc CN ?HAH?+ pSY9 �j ��jAjRp eNea<w R8 e iepY re
,RNcCdeaed j@e paCm�aw @RaCyRNj�I �Nd qeajC,�I ,RIICm�jRac
CN B`e jR $e �j ٮ��� �c pea8e,j �$cRa$eac. j@�j Cc. sCj@Rnj
,�I,nI�jCN< p�ajC,IeAm�jjea CNjea�,jCRNY #Rj@ 8a�mesRaGc ,�IA
,nI�je RpjC,c �Nd ,IRced Ra$Cj jR cej �Nd �IC<N j@e ,RIICm�jRa
E�sc $�ced RN CNjeaN�I ,Rmpnj�jCRNcY i@e CNCjC�I dCcjaC$njCRN.
nced 8Ra $Rj@ cCmnI�jCRNc. s�c $�ced RN � dRn$Ie ;�nccC�N
sCj@ f9X �j � ٮ �Nd k9X �j ٮ� �Nd se ceIe,jed RNIw p�ajCA
,Iec j@�j p�cc j@e eIe,jaRN $e�m �j Ie�cj RN,e sCj@CN j@e ~acj
lzz jnaNc. s@C,@ eNcnaec j@�j NR ,RmpnjCN< aecRna,ec �ae
nced 8Ra p�ajC,Iec j@�j �ae NRj CN�neN,ed $w j@e ?2HY

ia�,GCN< s�c ,�aaCed Rnj 8Ra � ๺ ��ͳ CNCjC�I p�ajC,Iec Rqea
�๺��ҿ jnaNc. �Nd j@e c�me ?2H a�NdRm pnIcCN< p�jjeaN Cc �pA
pICed. aecnIjCN< CN j@e depIejCRN ,naqec c@RsN CN 7C<Y lY i@e
,naqec c@Rs � qeaw <RRd �<aeemeNj. sCj@ j@e @�IR depIejCRN
dC{eaCN< $w Iecc j@�N S X �j �Nw q�Ine R8 j@e jnaN Nnm$ea CN
j@e �$c,Ccc�Y i@e aem�CNCN< dC{eaeN,ec ,�N $e aeI�jed jR NnA
meaC,�I dC{eaeN,ec 8aRm �R�jCN<ApRCNj Rpea�jCRNc. aecnIjCN<
CN cIC<@jIw dC{eaeNj <eRmejaC,�I ,RIICm�jRa <�pc. �IC<NmeNjc
�Nd $e�m Ra$Cjc cCmnI�jed $w j@e jsR 8a�mesRaGcY i@Cc �N�IA
wcCc demRNcja�jec j@�j j@e ,Rdec deICqea e\nCq�IeNj aecnIjc
CN j@e cCmnI�jCRN R8 ja�Ncqeace @�IR depIejCRNY
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CORE-BEAM EMITTANCE GROWTH
SIMULATIONS
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7C<nae k- bCmnI�jed aeI�jCqe ,RaeA$e�m emCjj�N,e <aRsj@
աٶ�ٶ CN bCuia�,G VbiW �Nd tia�,G VtiW �ccnmCN< �N nNA
,RmpeNc�jed aecCdn�I dCpRI�a GC,G R8 S Na�d �j j@e ?2HY i@e
,RaeA$e�m emCjj�N,e <aRsj@ ecjCm�jed qC� � ICNe�a ae<aecA
cCRN �<aeec sCj@CN RNe cj�Nd�ad eaaRa Vb2WY

7Ra j@e cCmnI�jCRN R8 j@e ,RaeA$e�m emCjj�N,e <aRsj@.
se ,RNcCdea �N eNcem$Ie R8 � ๺ ��ͳ p�ajC,Iec. ;�nccC�N
dCcjaC$njed. sCj@ �N CNCjC�I emCjj�N,e R8 ��� Ʀm. ja�,Ged CN
j@e c�me aCN< I�jjC,e. �Nd �ppIwCN< j@e c�me a�NdRm ?2H
pnIcCN< p�jjeaN �c cjndCed paeqCRncIwY BN bCuia�,G. j@e ?2H
Cc mRdeIIed �c � qeajC,�I dCpRIe GC,G R8 S Na�dY BN tja�,G. se
nce j@e CmpIemeNj�jCRN R8 j@e aecCdn�I GC,G �j Ǥ � Ǥџ CN j@e
?2H ja�,GCN< m�p Vdec,aC$ed CN j@e CmpIemeNj�jCRN ce,jCRNWY
BN Radea jR m�Ge j@e cCmnI�jCRN aecnIjc ,Rmp�a�$Ie. se cej
Ǥџ jR � I�a<e q�Ine R8 l ,m. cn,@ j@�j �II p�ajC,Iec ae,eCqe
RNIw j@e aecCdn�I GC,G R8 S Na�d �Nd dR NRj CNjea�,j sCj@ j@e
eIe,jaRN $e�mY i@e ja�,GCN< Cc ,�aaCed Rnj 8Ra � ๺ ��ҿ jnaNc
sCj@ $Rj@ jRRIcY Bj Cc NRjesRaj@w j@�j CN Rpea�jCRN j@e aecCdn�I
GC,G sCII $e ,RmpeNc�jed sCj@ j@e H?+ ja�Ncqeace d�mpea.
s@C,@ Cc ,naaeNjIw eupe,jed jR aedn,e j@e emCjj�N,e <aRsj@
$w � 8�,jRa R8 �j Ie�cj jeN. s@C,@ Cc NRj j�GeN CNjR �,,RnNj CN
j@Cc cCmnI�jCRN 8Ra ,RdeA,Rmp�aCcRN pnapRcecY

�c CIIncja�jed CN 7C<Y k. j@e aecnIjc R$j�CNed sCj@ j@e jsR
,Rdec c@Rs � qeaw <RRd �<aeemeNjY re nce � ICNe�a ae<aecA
cCRN jR deaCqe j@e cIRpe R8 j@e aeI�jCqe emCjj�N,e qcY jCme.
s@C,@ \n�NjC~ec j@e aeI�jCqe ,RaeA$e�m emCjj�N,e <aRsj@Y
i@e ae<aeccCRN $�ced RN j@e tja�,G cCmnI�jCRN d�j� deICqeac
� cIRpe R8 ����� ๺ ��๣ҿ pea jnaNY 7Ra j@e bCuia�,G d�j�.
� q�Ine R8 �����աѵџաџ

աѵџџӝ ๺ ��๣ҿ pea jnaN s�c R$j�CNedY i@e
cn$A �Nd cnpeaAc,aCpjed ~<naec ,RaaecpRNd jR j@e lY9X �Nd
OeY9X \n�NjCIec deaCqed 8aRm j@e ae<aeccCRN. aecpe,jCqeIwY
i@e ,RN~deN,e CNjeaq�I V+BW ,�I,nI�jed 8Ra tja�,G Cc Iecc
j@�N ��๣ӗ. dne jR j@e I�a<e Nnm$ea R8 pRCNjc. s@C,@ Cc s@w
se dR NRj ICcj CjY i@e bCuia�,G ICNe�a ae<aeccCRN ICNe sCj@
j@e $RnNd�aCec 8aRm j@e lY9X �Nd OeY9X +B Cc �IcR c@RsN
CN 7C<Y kY i@e ,Rmp�aCcRN demRNcja�jec j@�j j@e p@wcC,�I
aecnIjc cCmnI�jed sCj@ j@e jsR ,Rdec �ae e\nCq�IeNj sCj@CN
j@e cj�jCcjC,�I ICmCjcY

COMPUTING SPEED COMPARISON
tja�,G pea8Ramed j@e ja�,GCN< R8 �II � ๺ ��ͳ p�ajC,Iec

Rqea ��ҿ jnaNc CN � cCN<Ie anN CN �ppaRuCm�jeIw SSY9 @ s@eN
eue,njed RN ;Tm VMpB/B� iecI� pSzzb sCj@ 9Slz +m/�
,RaecWY i@e bCuia�,G cCmnI�jCRNc seae cpICj CNjR ER$c R8 8Rna
p�ajC,Iec e�,@. 8Ra � jRj�I R8 ��� ๺ ��ӗ cCmnI�jCRNc. ncCN< j@e
+2`M $�j,@ cwcjem empIRwCN< ?i+RNdRa )lS.ll*Y i@ece
ER$c ae\nCaed �ppaRuCm�jeIw lYf @ 8Ra j@e cCmnI�jCRN R8 j@e
@�IR depIejCRN Y � cnmm�aw R8 j@e Nnm$ea R8 p�ajC,Ie jnaNc
pea ce,RNd �,@Ceq�$Ie CN bCuia�,G �Nd tja�,G Cc <CqeN CN
i�$Ie S. s@C,@ c@Rsc � da�cjC, CmpaRqemeNj CN j@e ja�,GCN<
cpeed sCj@ tja�,G RN ;TmY 7Ra ,Rmp�aCcRN. se �IcR c@Rs
j@e ,Rmpnj�jCRN cpeed R8 tja�,G RN +Tm. s@C,@ Cc CN j@e
c�me Radea R8 m�<NCjnde �c bCuia�,GY #Rj@ seae anN ncCN<
� +Tm �j lY:;?y 8aRm lzS:Y i@e cCmnI�jCRN cpeed 8Ra �
8nII cjndw nIjCm�jeIw depeNdc RN j@e �q�CI�$CICjw R8 +Tmc
�Nd ;Tmc RN j@e $�j,@ cwcjemY

i@e pRccC$CICjw jR cCmnI�je � I�a<ea c�mpIe R8 p�ajC,Iec pea
ER$ CN tja�,G �IIRsc ,�I,nI�jCN< p@wcC,�I ~<naec R8 meaCj RNA
ICNe CNcje�d R8 deaCqCN< j@em 8aRm pRcjApaR,ecced d�j� <�j@A
eaed CN p�a�IIeI cCmnI�jCRNcY +RNcCdea j@e ,�I,nI�jCRN R8 j@e
,RaeA$e�m emCjj�N,e CN j@e eu�mpIe �$RqeY mcCN< tja�,G.
�II p�ajC,Iec �ae cCmnI�jed CN � cCN<Ie ER$. cn,@ j@�j j@e ,RaeA
$e�m emCjj�N,e ,�N $e ,Rmpnjed dnaCN< j@e cCmnI�jCRN RN
� jnaNA$wAjnaN $�cCc �Nd RNIw j@e �<<ae<�jed ~<nae Cc c�qedY
i@e dCcjaC$njed cCmnI�jCRN sCj@ bCuia�,G ae\nCaec �N R}CNe
�N�IwcCc $�ced RN j@e cjRaed p�ajC,Ie ,RRadCN�jec. ae\nCaCN<
� I�a<ea �mRnNj R8 dCcG cp�,eY iR c�mpIe j@e emCjj�N,e RN
� jnaNA$wAjnaN $�cCc CN j@e eu�mpIe �$Rqe. �ppaRuCm�jeIw
O9 ;# R8 dCcG cp�,e sRnId $e Needed. ,Rmp�aed jR RNIw �
8es G# ae\nCaed s@eN ncCN< tja�,GY

i�$Ie S- ia�,GCN< cpeed sCj@ bCuia�,G �Nd tia�,G $�ced  
RN ja�,GCN< R8 ��ҿ jnaNc CN ?HAH?+

Processing Particles Time (s) particle turns
s

ST +Tm : ྭOzzz :::
XT +Tm : ྭ4z:z :Oe
XT ;Tm kzzzz :S:zz el:ȕfke

CONCLUSIONS AND OUTLOOK
#�ced RN j@aee eu�mpIec VcCN<IeAjnaN GC,G. $e�m @�IR deA

pIejCRN. �Nd ,RaeA$e�m emCjj�N,e <aRsj@ ,Rmpnj�jCRNW. se
@�qe ,Rmp�aed j@e cCmnI�jCRN aecnIjc R$j�CNed sCj@ bCuia�,G
�Nd j@e Nes jRRI tja�,GY �II cjndw ,�cec @�qe demRNcja�jed
j@e e\nCq�IeN,e R8 j@e jsR jRRIc 8Ra j@e p@wcC,c cjndCed sCj@
?2HcY +Rmp�aed jR bCuia�,G. tja�,G �IIRsed Radeac R8
m�<NCjnde 8�cjea cCmnI�jCRNc sCj@ <ae�jea �euC$CICjw �Nd aeA
dn,ed cjRa�<e cp�,e ae\nCaemeNjcY tja�,G sCII $e nced �c
� $�ceICNe jRRI 8Ra paRdn,jCRN anNc CN j@e 8njnae. �Nd ceqA
ea�I np<a�dec R8 j@e ?2H 8nN,jCRN�ICjw �ae ,naaeNjIw nNdea
deqeIRpmeNj V,RNcCdeaCN< me�cnaed a�dC�I paR~Iec jR ,�I,nA
I�je ǚ 	Ǥ
 �Nd ,RNcCdeaCN< @C<@ea Radeac j@�N dCpRI�a aecCdn�I
GC,Gc qC� +@e$w,@eq pRIwNRmC�Ic )lk*WY
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