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Abstract 
IQ high-iQWeQViW\ SaUWicle acceleUaWRUV, XQZaQWed WUaQV-

YeUVe aQd lRQgiWXdiQal ZakefieldV aUiVe ZheQ Whe high-
chaUge SaUWicle beam SaVVeV WhURXgh Whe QaUURZ chambeUV 
RU lRcaWiRQV ZiWh Vmall WUaQVYeUVe aSeUWXUeV, VXch aV cRlli-
maWRU jaZV. The WUaQVYeUVe Zake field ma\ affecW Whe beam 
emiWWaQce aQd Whe lRQgiWXdiQal Zake field caQ caXVe Whe eQ-
eUg\ lRVV aQd Whe eQeUg\ VSUead. IQ Whe SUeVeQW VWXd\ Ze 
iQYeVWigaWed Whe cRllimaWRU¶V imSacW WR Whe beam SeUfRU-
maQce. IQ WhiV SaSeU, Ze haYe VhRZQ QXmeUical, aQal\Wical 
aQd meaVXUemeQW UeVXlWV RQ Whe cRllimaWRU¶V ZakefieldV 
WhaW Zill be imSRUWaQW fRU Whe Qe[W VWeS RSeUaWiRQ. ThXV, 
cRQVideUiQg fXWXUe cERL XSgUade WR Whe IR-FEL, a SRVVi-
biliW\ Rf cRQVeTXeQW degUadaWiRQ Rf Whe FEL SeUfRUmaQce 
VhRXld be WakeQ iQWR accRXQW. The cRUUeVSRQdeQW SRZeU 
lRVV ZaV RbWaiQed aV 13.7 W (81.25 MH], 5 mA, 2 SV).  

INTRODUCTION 
 The CRmSacW ERL (cERL) aW KEK [1] haV fiYe cRlli-

maWRUV (RQe iQ Whe iQjecWRU VecWiRQ, RQe iQ Whe meUgeU Vec-
WiRQ aQd WhUee iQ Whe UeciUcXlaWiRQ lRRS, Vee Fig. 1) WR Ue-
mRYe Whe beam halR aQd WR lRcali]e Whe beam lRVV. AQ RS-
eUaWiRQ aW 10 mA aYeUage beam cXUUeQW aQd 1.3 GH] UeSe-
WiWiRQ UaWe iV SlaQQed iQ Whe QeaU fXWXUe. The cRllimaWRU¶V 
ZakefieldV aUe e[SecWed WR Sla\ aQ imSRUWaQW URle iQ CW 
RSeUaWiRQ, ZheQ Whe bXQch chaUge Zill be iQcUeaVed XS WR 
80 SC. The cXUUeQW beam SaUameWeUV Rf Whe cERL aUe VXm-
maUi]ed iQ Whe Table 1. 

 All cERL cRllimaWRUV cRQViVW Rf fRXU c\liQdUical URdV 
Rf 7 mm UadiXV made fURm cRSSeU. The\ cRXld be iQde-
SeQdeQWl\ iQVeUWed fURm Whe WRS, bRWWRm, lefW aQd UighW VideV 
Rf Whe beam chambeU. CRllimaWRUV COL1 ± 3 ZeUe deVigQed 
fRU Whe VWUaighW VecWiRQV, WheUefRUe Whe\ haYe a URXQd cham-
beU 50amm UadiXV made fURm VWaiQleVV VWill. IWV VchemaWic 
iV giYeQ aW Fig. 2.a. NRWe WhaW Whe beam eQeUg\ aW cRllima-
WRUV COL 1 ± 2 iV 2.9 MeV, Zhile Whe eQeUg\ aW Whe UeVW Rf 
Whem iV 17.6 MeV. CRllimaWRUV COL4 ± 5 aUe dedicaWed WR 
Whe aUc VecWiRQ, WhXV WheiU chambeUV haYe elliSWical VhaSe 
ZiWh 70[40amm diameWeU. MaWeUialV XVed aUe Whe Vame. 
The deWailed Vcheme caQ be fRXQd aW Fig. 2.b. 

 IQ Whe SUeVeQW VWXd\, fiUVW, Ze haYe eVWimaWed Whe WUaQV-
YeUVe kickV imSRVed b\ Whe cRllimaWRU¶V URdV. ThiV calcXla-
WiRQ iV Qeeded WR accRXQW fRU Whe beam blRZ XS (emiWWaQce 
gURZWh) aVVRciaWed ZiWh cRllimaWRU¶V Zake. TheQ, Whe lRQ-
giWXdiQal ZakeV aUe calcXlaWed WR RbWaiQ Whe e[SecWed eQ-
eUg\ lRVVeV Rf Whe beam SaVViQg WhURXgh Whe cRllimaWRU aQd 
iWV eQeUg\ VSUead. FiQall\, WhRVe UeVXlWV aUe cRmSaUed ZiWh 
Whe beam meaVXUemeQWV iQ cERL. The SUeVeQW VWXd\ iV Qec-
ceVVaU\ WRZaUdV Whe IR-FEL XSgUade Rf cERL [2 ± 3]. 

 

Figure 1: Layout of the cERL and its collimators. 

 
Figure 2: Schematic of the collimators with chambers 
made of stainless steel and rods made of copper: a. Colli-
mators COL 1 ± 3 for the straight sections; b. Collimators 
COL 4 ± 5 for the arc sections. 

Table 1: cERL electron beam parameters 

PaUameWeU DeVign  In opeUaWion 
Beam eQeUg\ [MeV]: 

Injector 
Recirculation loop 

 
2.9 
18 

 
2.9 

17.6 
BXQch chaUge [SC] 60 60 
ReSeWiWiRQ UaWe [GH]] 1.3 1.3 
BXQch leQgWh (UmV) [SV] 2 UQdeU WXQiQg 
EQeUg\ VSUead [%] 0.088 UQdeU WXQiQg 
NRUmali]ed emiWWaQce (UmV) iQ 
iQjecWRU 𝛾𝜖௫, 𝛾𝜖௬ [�mÂUad] 

 
1, 1 

 
UQdeU WXQiQg 
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TRANSVERSE WAKES AND EMITTANCE 
GROWTH 

LeW XV cRQVideU WUaQVYeUVe ZakefieldV cUeaWed b\ Whe YeU-
Wical URdV Rf Whe cRllimaWRU. The VimSlified Vcheme Rf Whe 
cRllimaWRU iV demRQVWUaWed aW Fig. 3. HeUe Whe YacXXm 
dXcW¶V half aSeUWXUe iV b = 25 mm. The cRllimaWRU¶V half gaS 
iV a = [0; 25] mm. TheUe iV QR WaSeUV, VR WhaW Whe WaSeU aQgle 
iV 𝛼 ൌ 𝜋/2. The URd¶V leQgWh iV 𝐿 ൌ 14 mm. The YalXe 𝑦଴ 
deQRWeV Whe beam RffVeW. The lRQgiWXdiQal beam diVWUibX-
WiRQ 𝜆ሺ𝑠ሻ cRQVideUed WR be GaXVViaQ. 

FRU Whe geRmeWU\ giYeQ aW Fig. 3 iQ Whe beam QeaU-a[iV 
aSSUR[imaWiRQ, ZheQ Whe diSRle kick iV aSSlied WR Whe ceQ-
WURid Rf Whe bXQch, RQe caQ ZUiWe dRZQ Whe diSRlaU mRde Rf 
Whe geRPeWULc cRPSRQeQW Rf Whe WUaQVYeUVe Zake kick fac-
WRU aV fRllRZV [4]: 
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HeUe Ze cRQVideU Whe cRllimaWRU WR be iQ SXUel\ diffUac-
WiYe Uegime [5]. IQ ET. (1) Whe YalXe 𝑍଴ ൌ 120𝜋 iV Whe im-
SedaQce Rf Whe fUee VSace, 𝑐 ൌ 2.9979 ൈ 10଼  m/V iV Whe 
VSeed Rf lighW, aQd 𝜎௭ ൌ 0.6 mm iV Whe UmV bXQch leQgWh. 

TheQ, Whe UeVLVWLYe cRPSRQeQW Rf Whe cRllimaWRU Zake 
kick facWRU ZaV eYalXaWed ZiWh [6]: 
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NRWe WhaW ET. (2) UefeUV WR Whe VR-called ³lRQg cRllimaWRU´ 
Uegime [7] WhaW iV e[acWl\ RXU caVe. ThXV, Whe cRQdiWiRQ 

� �1/32 2
0 00.63 2 / 2za Z a ZV V V   iV VaWiVfied. The YalXe 

� �1 / 4 3.6265*    , Zhile 75.96 10V  u  S/m iV Whe elecWUical 
cRQdXcWiYiW\ Rf cRSSeU. 

The CST PaUWicle SWXdiR [8] ZaV XVed fRU Whe ZakefieldV 
VimXlaWiRQV The 3D mRdelV Rf Whe cRllimaWRUV aUe VhRZQ iQ 
Fig4. SiQce Whe diffeUeQceV cRmiQg fURm Whe YaUiRXV cham-
beU geRmeWUieV ZaV fRXQd WR be Qegligible, Ze fRcXVed fRU 
VimSliciW\ RQ Whe ciUcXlaU RQe. Si[ milliRQ he[ahedUal 
meVheV ZeUe VeW fRU Whe VimXlaWiRQ. The half gaS a ZaV 
VcaQQed fURm 0.1 mm XS WR 1.5 mm. The diSRlaU imSacW 
ZaV calcXlaWed b\ VeWWiQg Whe iQWegUaWiRQ SaWh WR 𝑦 ൌ 0. The 
TXadUXSRlaU imSacW iV calcXlaWed b\ VeWWiQg Whe iQWegUaWiRQ 
SaWh WR 𝑦଴ ൌ 0.05  aQd 0.2  mm. A diUecW iQWegUaWiRQ 
meWhRd ZaV XVed. 

The VXmmaU\ Rf VimXlaWiRQ UeVXlWV WRgeWheU ZiWh aQal\W-
ical calcXlaWiRQV iV demRQVWUaWed aW Fig. 5. The aQal\Wical 
cXUYe fRU Whe geRmeWUical cRmSRQeQW (blXe liQe) iV VeYeUal 
RUdeUV biggeU WhaQ WhRVe fRU Whe UeViVWiYe-Zall cRmSRQeQW 
(mageQWa liQe). TheUefRUe, Whe WRWal kick gUaSh (Ued liQe) 
almRVW cRiQcideV ZiWh WhRVe fRU Whe geRmeWUical cRmSRQeQW 
(blXe liQe). The UeVXlWV Rf Whe cRUUeVSRQdiQg CST VimXla-
WiRQV fRU Whe beam RffVeWV 𝑦଴ ൌ 0.05  mm (WUiaQgle) aQd 
𝑦଴ ൌ 0.2 mm (ciUcleV) aUe alVR VhRZQ iQ Fig 5 aQd aUe iQ 
YeU\ gRRd agUeemeQW ZiWh Whe aQal\Wical calcXlaWiRQV. The 
UeViVWiYe-Zall cRmSRQeQW iV Vmall dXe WR UelaWiYel\ VhRUW 

leQgWh Rf Whe cRllimaWRU (14 mm). The geRmeWUical cRmSR-
QeQW iV VlighWl\ biggeU dXe WR Whe abVeQce Rf WaSeUV iQ Whe 
cRllimaWRU¶V deVigQ. 

 
Figure 3: Simplified scheme of the collimator. 

 
Figure 4: CST 3D models of the collimators with chambers 
made of stainless steel and rods made of copper: a. Colli-
mators COL 1 ± 3 for the straight sections; b. Collimators 
COL 4 ± 5 for the arc sections. 

 
Figure 5: Transverse wake kick factors of the collimators 
found from analytical calculations and CST simulations for 
the geometrical and resistive wall component and different 
beam offsets. 

The emiWWaQce blRZ-XS fRU Whe 60 SC elecWURQ bXQch aW 
cERL ZaV eVWimaWed. TR accRXQW fRU WhiV effecW, Whe fRllRZ-
iQg aQal\Wical e[SUeVViRQ ZaV WUeaWed [9]: 
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ZheUe Whe YalXe Δ𝜀௬  iV Whe WUaQVYeUVe ePLWWaQce gURZWh 
ZiWh UeVSecW WR Whe iQiWial emiWWaQce 𝜀௬଴. The UmV Rf Whe ceQ-
WURid kickV caXVed b\ Whe lRQgiWXdiQall\ YaU\iQg field 𝜎ఠ 
cRXld be fRXQd aV fRllRZV [10]: 

 0./
rmsQ k y
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The YalXe 𝐸 iV Whe beam eQeUg\ aW Whe lRcaWiRQ Rf cRllima-
WRU (Vee Table 1). The YalXe 𝑄 ൌ 60  SC iV Whe bXQch 
chaUge. The YalXe 𝑦଴ iV Whe beam ceQWURid RffVeW (Vee Fig. 
3), aQd laVWl\, Whe YalXe 𝑘ୄ

௥௠௦ iV Whe UmV kick facWRU, eVWi-
maWed fRU Whe bXQch head-Wail diffeUeQce iQ Whe kick. FRU 
GaXVViaQ bXQch 𝑘ୄ

௥௠௦ ൌ 𝑘ୄ/√3.  
The UeVXlWed emiWWaQce blRZ-XS fRXQd fURm ET (3) aUe 

VXmmaUi]ed iQ Table 2. The YalXeV Rf Whe iQiWial emiWWaQceV 
aQd beWa fXQcWiRQV aW all lRcaWiRQV aUe deVigQ YalXeV RXWSXW-
Wed fURm Whe WUackiQg cRdeV (GeQeUal PaUWicle TUaceU [11] 
fRU Whe iQjecWRU, aQd SWUaWegic AcceleUaWRU DeVigQ fRU Whe 
UeciUcXlaWiRQ lRRS [12]). The YalXe Rf Whe WUaQVYeUVe kick 
𝑘ୄ iV WakeQ ZiWh UeVSecW WR Whe cRllimaWRU half gaS a = 1.5 
mm, aQd Whe beam ceQWURid RffVeWV 𝑦଴ ൌ 0.05 mm aQd 0.2  
mm. The emiWWaQce gURZWh ZaV fRXQd WR be Rf Whe RUdeU Rf 
RQe SeUceQW RU leVV. 
Table 2: Expected values of the emittance blow-up for the 
collimator half gap 1.5 mm 

Collimator İy0 
[ȝm×rad] 

ȕy [m] ǻİy/İy0 
[%] 

COL1 E=4 MeV 1.15 27.47 1.05 
COL2 E=4 MeV 1.25 19.23 0.84 
COL3 E=17.6 MeV 0.954 34.76 3.82 
COL4 E=17.6 MeV 0.954 6.99 1.61 
COL5 E=17.6 MeV 0.954 6.99 1.61 

LONGITUDINAL WAKES AND ENERGY 
SPREAD 

NRZ leW XV cRQVideU Whe lRQgiWXdiQal Zake fieldV e[ciWed 
b\ Whe SaUWicleV SaVViQg WhURXgh Whe cRllimaWRUV. The YalXeV 
Rf Whe Zake-lRVV facWRU ZeUe eYalXaWed QXmeUicall\ WhURXgh 
CST VimXlaWiRQ fRU half-gaS YalXeV iQ Whe UaQge Rf 0.1 WR 
1.5 mm. The deSeQdeQce Rf Whe eQeUg\ VSUead RQ Whe cRlli-
maWRU¶V half gaS fRU Whe deVigQed (2 SV) aQd cXUUeQW (4.5 SV) 
bXQch leQgWh iV demRQVWUaWed aW Fig. 6.  

FRU Whe aQal\Wical deVcUiSWiRQ, Whe fRllRZiQg eTXaWiRQ ZaV 
XVed [13]: 
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ZheUe Whe YalXe Z0=120ʌ iV Whe imSedaQce Rf Whe fUee VSace, 
c iV Whe VSeed Rf lighW, ı] iV Whe bXQch leQgWh, b = 25 mm iV 
Whe YacXXm dXcW¶V half aSeUWXUe, aQd a iV Whe cRllimaWRU¶V 
half gaS.  

The eQeUg\ lRVV Rf Whe bXQch aW RQe cRllimaWRU fRU Whe 60 
SC SeU bXQch bXUVW mRde ZiWh bXQch leQgWh 2 SV, aQd cRl-
limaWRU half gaS a=1.5mm: 

 2 246.86 / 60 168( ) ..7E k Q V pC pC nJ'   u    (4)  
The YRlWage UeceiYed b\ Whe elecWURQV iV ǻV=k__îQ=2812 

V. The eQeUg\ Rf RQe elecWURQ iV UedXced b\ eǻV=2812 eV. 
If E=17.6 MeV, aQd ViQce E=17.6 MeV, Whe UelaWiYe eQeUg\ 

chaQge iV eǻV/E=0.016%. FRU GaXVViaQ bXQch Whe eQeUg\ 
VSUead dXe WR RQe cRllimaWRU iV ıE=0.4îk∥îQ=1124V. WiWh 
UeVSecW WR Whe beam eQeUg\ Whe Zake-iQdXced eQeUg\ VSUead 
UeadV ıE/E=0.0063%. UQfRUWXQaWel\ eVWimaWed YalXeV aUe 
be\RQd Whe limiWV Rf Whe UeVRlXWiRQ Rf RXU mRQiWRUV, aQd Ze 
cRXld QRW deWecW Whem. 

 
FigXUe 6: Wake-iQdXced eQeUg\ VSUead fRU diffeUeQW Yal-

XeV Rf Whe cRllimaWRU half gaS aQd bXQch leQgWhV 2 SV (blXe 
liQe) aQd 4.5 SV (Ued liQe). 

BEAM-BASED MEASUREMENTS 
FRU Whe meaVXUemeQW Rf Whe eQeUg\ VSUead caXVed b\ Whe 

cRllimaWRU¶V lRQgiWXdiQal Zake, Ze XVed cRllimaWRU COL3 
lRcaWed iQ Whe eQd Rf Whe QRUWh VWUaighW VecWiRQ, VcUeeQ mRQ-
iWRU SM#13 lRcaWed beWZeeQ cRllimaWRU COL3 aQd Whe eQ-
WUaQce Rf Whe aUe VecWiRQ, aQd VcUeeQ mRQiWRU SM#15 lRcaWed 
jXVW iQ Whe middle Rf Whe aUc (Vee Fig. 1). The VcUeeQ mRQiWRU 
SM#13 Qeeded WR mRQiWRU Whe beam VSRW, Zhich ZaV VXc-
ceVViYel\ cXW b\ cRllimaWRU¶V URdV. The meaVXUemeQW iWVelf 
ZaV dRQe b\ Whe VcUeeQ mRQiWRU SM#15. TR dR VR, fiUVW, Ze 
haYe UeVWRUed Whe hiVWRU\ Rf Whe TXadUXSRle magQeWV WR haYe 
Whe beVW beam VSRW aW Whe cRllimaWRU COL3 lRcaWiRQ. TheQ 
Ze haYe degaXVVed all TXadUXSRleV Rf Whe fiUVW aUc beWZeeQ 
VcUeeQ mRQiWRUV SM#13 aQd SM#15 WR ma[imi]e Whe diV-
SeUViRQ. We haYe meaVXUed Whe diVSeUViRQ WR be 2.41 m. The 
defaXlW eQeUg\ VSUead ZaV ıE/EdefaXlW=ı[/Ș=0.117%. IW iV Whe 
UaWiR Rf Whe UmV beam Vi]e WR Whe diVSeUViRQ. HRZeYeU, iQ Whe 
fRllRZiQg Ze caUe RQl\ RQ Whe chaQgeV Rf Whe eQeUg\ VSUead 
aQd QRW RQ iWV abVRlXWe YalXe. 

The Qe[W VWeS ZaV WR iQVeUW Whe cRllimaWRU COL3. We XVed 
WZR hRUi]RQWal URdV, becaXVe Whe beam VSRW aW Whe cRllimaWRU 
lRcaWiRQ iV kQRZQ fRU iWV YeUWical beam halR. TheUefRUe, Ze 
haYe aYRided aQ iQflXeQce Rf Whe halR RQ RXU eQeUg\ VSUead 
meaVXUemeQW. We haYe SeUfRUmed Whe meaVXUemeQW fRU Whe 
half gaS YalXeV 2 mm, 1.5 mm, 2 mm, 2.5 mm, 4 mm, COL 
RXW accRUdiQgl\. RelaWed UmV beam Vi]eV aQd beam SURfile 
Seak SRViWiRQV ZeUe UecRUded aW Whe VcUeeQ mRQiWRU SM#15. 
The UaZ daWa Rf Whe beam SURfile ZaV fiWWed b\ GaXVViaQ 
fiWWiQg URXWiQe aQd ZeighW aQal\ViV. AQ e[amSle RQ hRZ Whe 
meaVXUed daWa ZeUe SURceVVed aUe VhRZQ iQ Fig. 7. HeUe Whe 
XSSeU image iV a SM#15 beam VSRW, Whe blXe cXUYe aW Whe 
bRWWRm SlRW iV Whe UaZ daWa, Whe Ued liQe iV iWV GaXVViaQ fiW, 
aQd Whe mageQWa maUk deQRWeV Whe Seak SRViWiRQ ZiWh Ue-
VSecW WR Whe daWa ZeighW. 
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WeighW aQal\ViV [14] giYeV Whe fRllRZiQg e[SUeVViRQ fRU 
Whe SURfile Seak SRViWiRQ: 
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HeUe 𝑁 iV Whe QXmbeU Rf daWa SRiQWV, aQd 𝑥௜ iV Whe YalXe Rf 
Whe iWh daWa SRiQW. The UmV beam Vi]e iV giYeQ b\: 
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Figure 7: Energy spread measurement data at the screen 
monitor SM#15: the beam spot (top), the raw data and its 
fit (bottom). 

ReVXlWV Rf Whe SURceVViQg Rf all Vi[ meaVXUemeQWV aUe 
demRQVWUaWed aW Fig. 8. The UmV beam Vi]e iV QRW chaQged 
VigQificaQWl\ ZiWhiQ Whe eUURU baU e[ceSW iQ Whe caVe Rf Whe 
1.5 mm half gaS. IW ZaV SUedicWed b\ VimXlaWiRQ aQd calcX-
laWiRQ. The beam Vi]e dURS aW Whe half gaS 1.5 mm iQdicaWeV 
WhaW Whe beam cRUe ZaV damaged b\ Whe cRllimaWRU¶V URd.  

 
Figure 8: Horizontal beam size at the screen monitor 
SM#15 with respect to the horizontal collimation: fitting re-
sult (red), weight analysis result (magenta). 

CONCLUSION AND OUTLOOK 
The effecW Rf Whe cRllimaWRU'V WUaQVYeUVe aQd lRQgiWXdiQal 

ZakeV RQ Whe 60 SC elecWURQ beam SeUfRUmaQce ZaV VWXd-
ied. IW VhRXld be WakeQ iQWR accRXQW fRU aQ iQWeQVe VhRUW 
bXQch, ZheQ a cRQVideUable beam cRllimaWiRQ iV UeTXiUed. 
We haYe eVWimaWed Whe e[SecWed emiWWaQce gURZWh dXe WR 
cRllimaWRU¶V Zake field XQdeU Whe cXUUeQW RSeUaWiRQal cRQ-
diWiRQV aW cERL WR be a feZ SeUceQW RU leVV. The addiWiRQal 

eQeUg\ VSUead dXe WR cRllimaWRU¶V Zake aW cERL iV fRXQd 
WR be 0.0028 % aW 17.5 MeV, Zhich iV Qegligibl\ Vmall.  

E[SeUimeQWall\ Ze haYe fRXQd, WhaW fRU Whe cXUUeQW beam 
SaUameWeUV eYeQ ZiWh Whe cRllimaWRU'V half gaS aW 2mm, Whe 
emiWWaQce aQd eQeUg\ VSUead aUe QRW cRQVideUabl\ affecWed. 
ThXV Whe beam cRllimaWiRQ aW cERL ZaV aSSURYed. 

CRQVideUiQg Whe fXWXUe cERL XSgUade WR Whe IR-FEL, Whe 
SRVVibiliW\ Rf a cRQVeTXeQW degUadaWiRQ Rf Whe FEL SeUfRU-
maQce VhRXld be WakeQ iQWR accRXQW. The eVWimaWed SRZeU 
lRVV Rf 13.7 W ZaV RbWaiQed fRU 81.25 MH], 5 mA, 2 SV.  
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