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BJIeKTpOHHOe OXJIaKACHHUEC. OCHOBLBI ME€TOIAa

[Tpennoxeno I"N. Bynkepom B 1966 . BiepBbie 3KkCriepuMEHTaIBLHO
npoBepeHo B UAD CO PAH B 1974 (HAII-M)

KOJIJICKTOP ITyIIKa

I I MarHATHOE 1oJe I I
BHGKTpOHHBII/I h
ITy40K

Cxema yCTaHOBKHU: |- 3IEKTpOHHAs IMyIKa, 2 — COJIEHOM, 3 —
aHO/JIbI YJIEKTPOHHOM MYIIKH, 4 — TOPOUIAJIbHBIE MAarHUTHI, 5 —

% S~ l/ BaKyyMHasl KaMepa, 7 — KOJUIEKTOP 3JEKTPOHHOIO Iy4Ka, 8 —
BQ T BaKyyMHbIE HAacOCBhI, 9 — KoppeKTopm WOHHOU opGHTH

MOHHBIN ITYy40K QJICKTPOHEI

HAH M HepBaﬂ B Mﬂpe yCTaHOBKA 1A H3yquH>1
BJIEKTPOHHOTO OXJIAXKICHUS UOHOB. YCTaHOBKA 3IEKTPOHHOTO OXJIAKICHUS — “SHOXA”



aﬂeKTpOHHOe OXJIAZKACHUEC. OCHOBDBI (l)I/I3I/IKI/I OXJIAZKACHHUA
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Cuctembl 3N1EKTPOHHOIO oxnaXaeHma cosaanHbin 8 UAD CO PAH

3MOXA, Poccua
o

B Mupe, B TO unu uHoe
BpEMsl, DKCILTYaTUPOBAJIOCh
nopsiaka 20 yCTaHOBOK
ANEKTPOHHOTO OXJIAXICHUS



ion current [uA]

lion / pA

I[eMOHCTpamm MPOLECCOB JIEKTPOHHOI0 OXJIAKAEHUS (HAKOILJIEHUE)

QJZGKWIPOHHOQ OXaadcOeHUue no360J5aem HPOGOOMWZb
MHOCOKPAMHYIO UHHCEKYUUIO 6 YCKOPpUMETb

Accumulation of Zn ions at SIS-18

M. Steck, L.Groening, V.Parkhomchuk et al. NIM A
441 (2000), p.175-182.

Beam accumulation by repeating multiturn injection
every 320 ms and simultaneous cooling.
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The average particle number
of stored 1?C%" was about
4.7x108 in one standard
multiturn injection at 7
MeV/u. With the help of
electron cooling of partially
hollow electron beam,
2.5x10° particles were
accumulated in the ring.
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Haxkommenue myukoB LEIR u LEAR (gacte LHC)

LEL:MDNGM (1) 23925 dv: 60526 mY 3 [ LEIR OXJIa)K}IEHI/Ie, HAKOILICHUE U
TS e ——— i il yCKOpeHHe My4YKa CBHHIA
—— I | _ IMHUA — UHTEHCUBHOCTb MOHHOTO
v i | VAR nyuxa (umcno nowos)
s ;W—lu AWM P0o30Bas IMHWUA — 3HAYEHME MArHUTHOTO
' ' l nona

IMHUA — aHOAHOe HanpaAXeHue
(3N1€eKTPOHHbIN TOK MeHAeTCA B LUKAe:
BK/IIOYEH MPU UHMKEKLIMU, BbIK/IIOYEH B
OCTa/ibHOEe Bpems)

LEAR Pb ion experiments 1997-2000
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JleMoHCTpaMs MPOLECCOB JIEKTPOHHOT0 OXJIAKAeHUA (YIydlIeHHe MapaMeTPoB)

A‘pp_=.3';i:0- -_—
Experiments with the cluster jet target at
E,.=1.257 MeV

Electron cooling suppressed the longitudinal
effect of the target with density n, =2-10'* cm™
without the help of the RF system.

el Electron energy 1.257 MeV, [.=05A

Ap/p =5.5 1073
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Ilpumep monepevyHoro oxJaxieHuss  CucreMa 3JIeKTPOHHOro oxjaaxkaenus (MAD)
njs cunxporpona COSY (I'epmanus)
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DJIeKTpOoHHOE oxJaxaeHue B Oyctepe NICA

[TapameTpbl SKCIEPUMEHTA:

Tun woHOB S6Fel4t
DHeprusi HOHOB 3.2 Mev/u
DHeprus JIEKTPOHOB 1.73 —1.93 xaB
Tok anexrponHoro nyyka  0.02-0.13 A
JlnaMeTp 3EKTPOHHOIO ITy4YKa 28 MM
MarnurtHoe nose 700 I'c

B ceance 2021 rogy CDOO ObUIO MOJYyYEHO IEPBOE
OXJIAKJICHHE Ha HMOHAax jkene3a. Huke mokazaH curHai
[oTTkn  cnekTpomeTrpa Ha 4-rapMOHHMKE  YacTOThI
oOpalieHusi MpOonoOpIUOHANBHBIA Pa30pocy MPOI0IBHOIO
UMITyJIbCA B MOHHOM Iydke. BuaHo, 4To 3a JOCTaTo4HO
HEMPOJOHKUTENBHOE BPEMSI MOHHBIA MYYOK OXJIaXIAeTCs
B MPOAOJIBLHOM HalPaBJICHUH.
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MepBoe B Poccum 3NeKTPOHHOE OXNaXKAeHUE TAXKeNbIX MOHOB, KOTopoe 6bl/I0 UCNONb30BaHO
ANA ysenndeHna sppeKTUBHOCTU IKCNEePUMEHTOB B 061acTu pusukn 6apMoHHON maTepun

OUAN 2. AlybHa: A.B. bBymeHko, B.A. Jlebedes, N.H. Mewkos, K.l. Ocunos, 0. B. lpokogbuyes, C.B. CemeHos, A.C.
Cepeees, E.M. CoipecuH, P.B. TumoHuH, I. B. ToybHukos, B.C. Llinakos

AP CO PAH e. Hosocubupck: A.M. bampakos, E.A. bexmeHes, M. U. bpbizeyHos, A.B. bybnel, A./l. loH4apos, K.M.
lopuyakos, U.A. lyces, A.ll. [leHucos, b.A. loexceHKo, A.A. Xapukos, .B. Kapnos, M.H. KoHOaypos, H.C. KpemHes, B.M.
MaHacrok, B.B. Mapxomuyk, B.A. MonyxuH, A.A. llymemakos, B.b. Pesa, [1.B. CeHbkos, M.I. ®edomos, B.A. YekasuHcKul

T CucTemMa 3NeKTPOHHOTO OX/1aXKAEeHMS
O

or | f| ‘H | | ,’, * “bycrepa” HUKA npegHasHauvyeHa ann

rF | : | — -

bk i D ,J,L . HaKOMNNEHWUA NyYKa MOHOB NPU UHMKEKLUM

0 k! M g/

(Ha aHepruun noHos 3,2 MaB/H), a TaKxe

S "R ANA €ro NoAroTOBKM K BbINYCKY B KO/bLLO
PacnpeAeneHme uoHoB & cryctkax & npogonbhom Hanpasnermunpy < HYK/IOTPOH» Ha NpOMEXXYTOUYHOM
HANWH UM ANEKTPOHKOTO oxnasaennA (1) v npu ero oteyreteun (2). - 3 yanryy (<65 MaB/H). B pesyabrate
coBmecTHOM pabotbl UAD n OUAU BO
Bpemsa ceaHca 2023 6b110 nony4yeHo
Bpems oxnaxKaeHua MoHoB 124Xet+28
nopagka 70 mcekK. 3a cueT UCNO/b30BaAHUA
oxnaxaeHua 6bina yBesnnueHa CKOpocTb
MarsWTHbIi Ukn (3enembii) w MrescvBHocTb nyaka 8 Hyknorpone  HA00P@ COOBITUH B ~2 pa3a Ha
(PO30BbIVA) NPV HANMUMK HNEKTPOHHOTO OXNIAXACHNA B CUHXPOTPOHE  JKCMEPUMEHTE BARION MATER

byctepa (cnesa) n 6e3 Hero (cnpaga).
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OnaHa u3 ocHOBHBIX TeHaeHun CI0
Oyayuiero — crpemJjieHue K 0oJiee
BbICOKOM YHEPIrUH OXJIAKAEHHOI0 IMy4YKa



The Fermilab Electron Cooling System

Design parameters R | o |
Energy 4.3 MeV | LT |
Beam current (DC) 0.5 Amps 5
Angular spread 0.2 mrad
Effective energy
spread 300 eV

ar

Electron beam:

— 4 MeV x0.5A=2 MW DC
« Energy recovery scheme
. Vgry low beam losses are required | challenges
« High voltage discharges need to be avoided Sergei NAGAITSEV (Fermilab/U.Chicago)
« |nteraction length — 20 m (of 3320 m Recycler circumrerence)

Beam quality:
— Transverse electron beam temperature (in the rest frame) should be
comparable to the cathode temperature ~1400K

. A S. Nagaitsev, et al. “Experimental Demonstration of Relativistic Electron
Development 1 996 2004 Cooling”, Phys. Rev. Lett. 96, 044801 (2006)

o Operations: 2005 e 201 ‘| 5. Nagaitsev, L. Prost and A. Shemyakin, "Fermilab 4.3-MeV electron cooler,”

2015 JINST 10 TO1001. e :
2¢ Fermilab
5. Nagaitsev | Hadron Beam Coaoling 06/21/2022

Hadron beam cooling status and



Cucrema 371eKTPOHHOTO oxJaxkaenus (UAD) noas
cunxporpona COSY (I'epmanus)

1. Mcnionp30BaHKe NpOAOJIbHOTO MAarHUTHOTO TIOJISI
JUIs TPAHCIIOPTUPOBKHU My4YKa IO TPAHCIIOPTHBIM
KaHajaM U B CEKLIUM OXJIAKJICHUS (‘‘3aMarHuueHHas”
OTITHKA AJIEKTPOHHOIO MTyYKa);
- OYeHb WUPOKULL OUANA30H NO NePecmpourU no
snepeuu om 25 kB 0o 1.5 MbB
2. Mcniosib30BaHME YHUBEPCAIBHBIX CEKIIUN NI
CO3/IaHUSA AJIEKTPOCTATUYECKOTO YCKOPUTEIIS;
- Kaocoas ceKyusi COOepHCUNt 8blCOKOBONbIMHbBILL
UCMOYHUK U INEKMPOHUKY Ol CO30AHUSL MACHUNMHO20
nous,
3. Kackannslit Tpanchopmarop i nepenadu
| DHEPIrUU KaX0W BBICOKOBOJIBTHOU CEKIIUU
4. ®uneTp BuHa 151 nojsy4yeHus MUHUMAJIbHBIX
TOKOB TIOTEPh U TOCTHKEHHUS CTaOMIIBHOM paOOThI B
pEXKUME PEKyIEpalui SHEPTUU TTyUKa

2 MeV Electron Cooler Parameter

Energy Range 0.025...2 MeV
Maximum Electron Current I-3A

Cathode Diameter 30 mm
Cooling section length 2.69m

Toroid Radius 1.00 m

Magnetic field in the cooling section 0.5..2kG

Vacuum at Cooler 10 ... 1019 mbar

Available Overall Length 6.39 m




Distinctive features of LEReC

_ ) Transport DC Gun Cathode
Deflector  Diagnostic Beamline Test Line 704 SRF  oading
Cavity  Beamline 704 MHz 9 MHz 2.1 GHz Booster system
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Bending Beamline Dump ?

Magnet

« LEReC is fully operational electron cooler which:
 utilizes RF-accelerated electron bunches
» uses non-magnetized electron beam (there is no magnetization at the
cathode and no continuous solenoidal field in the cooling section)
- after cooling ions in one RHIC ring (“Yellow”) the same electron beam
Is used one more time to cool ions in the other RHIC ring (“Blue”)
« LEReC approach is directly scalable to high energies (10’s of MeV)

_ ok "I 1 U.B. DEPARTMENT OF
ey ENERGY Nﬂ%gg “Lﬁ!!&lﬁ"wf

h,_ A. Fedotov et al., Electron Cooling in RHIC, COOL21 Workshop, Novosibirsk, Nov. 1-5, 2021 5




Several physics stores at 4.6 GeV/nucleon with cooling (2MeV):
vertical axis: events rate [Hz] within +/-0.7m (left); store integrals (right)

- 80000
70000
40 With cooling
60000
o
E‘ k]
5 et
g 20 50000 E
g H o
& L L =
£ URlRd 40000 5
B | ik, 2
z MR8 {30000 g
ot
[7g]
-~ 20000
10 e Nl o ,
{ e ald ] 1
/ . _ _ |
/-/ s Without cooling 10000

A !
' 0
0 200 400 600 800 1000 1200 1400 7600 1800 2000 2200 2400
Time [sec]

Dynamic squeeze of beta-function at
collision point, while transverse beam sizes
of ion beams are being cooled

Longer stores with cooling

Gains in integrated luminosity from cooling:
2020 (4.6 GeV/n): about factor of 2

%, 8. DEPARTMENT OF N o 0
2021 (3.85 GeVin): 30-50% BROOKHAVEN
18

1‘& A. Fedotov et al., Electron Cooling in RHIC, COOL21 Workshop, Novosibirsk, Nov. 1-5, 2021



Ho He TOJIbKO BBICOKOM YHEpPruen “KuBo‘
JIEKTPOHHOE OXJIAXKICHU E



OdeHb HU3Kas SHEPIrUs dJICKTPOHOB | A

Low energy electron-cooling )
Cryogenic Storage Ring (CSR) AB +eo - A+B

Dissociative recombination

) Cryogenic
Electrostatic ion optics (6 K) beam line
(mass independent)

Full setof —— |, %
= i

Injection energy: 20 ... 300 keV

RF bunching pickups
_—electrodes !

Cold chemistry:
Fundamental reaction quantum dynamics

Astrochemistry Electron
. beam ate |
Circumference: 35 m

Beam energy: 20 keV x q ...
300 keV x q

Electron

Beam prOJectlon evoluhon |n storage time

Temperature: 3 ... 300 K Em t=0-045s |it=1.1-15s {t=02-26s | t—162 663
Res. gas dens. ~> 1000 cm~ E’L - 1 1k 1k
(RTE pressure): (~=10-* mbar) W . ¥ £l e N L 1F -
Storage times: T} 1000 5 >4%0 &0 B0 i) (1] a0 40 &0 B0 H?;nZE:)“tEIEE;l p{:«;ltl(s::ln F}_D'1m?:i) an an 40 50 &0 T talo] a0 100
- B h ick
m/q range: unlimited RS (i O Bnwe
Cryogenic operation: since 2015 0.031 RF only Giz REwcociien cooling
0.02 1 0.02 1
HeH* ions at 250 keV, RF bunched . .
ECOCIl = 273 EV, ne = 37 X 105 Cm_a, N|=2x1 0? ; 0.01- ; 0.01 1
Oldrich Novotny  °® 0.00
COOL23 for the CSR team
" 0T 6 8 10 2 %3 T 5 5 w0 w2
Montreux, October 9", 2023 t [ps] t [ps]



He ToNIBbKO 3JIEKTPOHHOE OXJIAXKICHME,

Total rate coefficients (107cm’s™)
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HIRFL-CSRm-CSRe complex

DCKHU3 HKCIEPUMEHTAIBHON
YCTAHOBKH, TTOKA3bIBAIOIIUHN CEKIIUIC
AJIEKTPOHHOTO OXJIAXKJICHUS U
JETEKTOpP PEKOMOMHHUPOBABIITUX
MOHOB.

CSRm

Ion Energy/MeV/u 8-50
Electron Energy/keV 4.39-27.43
Ring Length/m 161.0
Cooling section Length/m 4.0
B Function/m Horizontal 3, 10.0

Vertical By, 17.0
Dispersion/m 0
Magnetic Strenghth/T <0.15
Max Electron Current/A 3
Initial Emittance Horizontal € 150
(mmmmrad) Vertical €, 20
Initial Momentum Spread AP/P +5X107
Final Emittance Horizontal &, 20
(mmmmrad) Vertical €, 20
Final Momentum Spread AP/P +35X10+

UAD-Kuraun



Bnepeo k 3kcnepumenmam no pekomounauuu

Previous high-voltage
system before
disassembling. Parts 1 — 6
were disassembled and
assembled again.
Collector is 1, high-
voltage terminal 1is 2,
collector PS is 3, gun is 4,
high-voltage feeder is 5,
high-voltage vessel is 6.

KOHCTpyKIIMs HICTOYHUKA TUTAHHUS C
OBICTPOM MepecTpoiKoit: 1 — cexmus
TpaHcdopmaTopa, 2 — CEKIuu
BBICOKOBOJIBTHOM 3JICKTPOHUKH, 3 — KOPIYC
KackaJHoTo TpaHcdopmatopa, 4 —
MAacCJISTHBIA 00BEM, 5 — BXOJ 1 BBIXOJI
IOTOKA Maca.

HIRFL-CSRm-CSRe complex

NAD-Kuran

CSRe

Ton Energy/MeV/u 10-450
Electron Energy/keV 5.5-247.87
Ring Length/m 128.8
Cooling section Length/m 4.0
5 Function/m Horizontal 3}, 12.5
Vertical By, 16.0
Dispersion/m 0
Magnetic Strenghth/T <0.15
Max Electron Current/A 3
Initial Emittance Horizontal &), 30
(mmmmrad) Vertical &, 30
Initial Momentum Spread AP/P £5X1073
Final Emittance Horizontal €, 1
(mmmmrad) Vertical €, 1
Final Momentum Spread AP/P +1X10°
1T 500 us
I pulse voltage
0-30 kV
A A
I 0-30kV
constant voltage 10_V1V(i)c(1)t(§lms
0-300 kV
Y




ELENA: Extra Low ENergy Antiproton
INeKmpoHHOe OXNlaXdcOeHue obecneyusaem
HU3KUL NONEePeyunblll U NPOOOTbHBLU IMUMMAHC 8
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o Schottky signal
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The CERN accelerator combnlex

T
EMMHHM a13.56eV/e @ Deceleration and cooling
(3.5 - 0.1 GeVic)
.Anliprulan e =Reel) 0 IR =1l ‘

Production

L. Ponce
> Antiprotons are produced by the 26 GeV proton
beam from CERN PS impacting an irridium target ki Y I(I)(j\_%
» 3.5 10" antiprotons at 3.5 GeV/c are captured in AD
(Antiproton Decelerator) .

> Antiproton deceleration to 100 MeV/c in AD

> 5 experiments connected to AD up to end of 2018

» ELENA project approved in 2011 to increase the
capture efficiency of the traps operated by
experiments

* further deceleration from 5.3 MeV down to 100
keV kinetic energy




Intensity / arb. units

o Schottky Mass Spectromet
YN y P ry

ESR storage ring

Injection of cocktail rare isotope beam from fragment separator FRS
Cooling (stochastic pre-cooling + final electron cooling)
Achieved momentum spread (5p/p = 5x10-7, 5f/f = 2x10-7)

broad band spectrum narrow band spectrum (zZoom)
Schottky Spectra of Ground and Isomeric State of **Gd "

Schottky Spectrum
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High voltage electron cooling in the NICA collider

The HV ECS for NICA consists of two almost independent coolers.
Scheme with one electron beam looks very complicated

Straight
section

Energy stability (AU/U) <104

Cooling section length 6 m

” Horizontal
bend

Cooling
section

Toroid

Main problems:
e High energy (up to 2.5 MeV);

© T l‘ UIL"“ — ) -  Small distance between beams (320 mm);
( — — * Limited power consumption of the system
i— — ) (not more then 700 kW).




dJjeKTpoHHoe oxJaxaeHue A NICA komnaiaepa

Straight
section

R 7 = “" Horizontal
Cooling : &5 bend
section ’ - '

Toroid
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B03p0mneHHe HIeid HA OCHOBE UCIOJIb30BAHUA V- Lebedev et al. CDR: A ring-based electron
HAKONMTEILHOI0 KOJIbLIA JUISA peaJn3alun cooling system for the EIC, 2020
31eKTPOHHOTO OXJIAKIEHHS] EIC Ring Electron Cooler (EIC REC)

* The EICRECis a non-magnetized, bunched electron cooler based

on an electron storage ring, which utilizes damping wigglers to
provide needed radiation damping for the electrons.

4 %ﬂfé% % ETZ A Pe * REC must counteract the IBS-driven emittance growth of the
ot = i, = o] proton bunches at 275 GeV (T;pg(x ) = 2,3 hours)
[\ : * The bunched, non-magnetized cooling was successfully
i b o employed in RHIC runs 2020-2021 to cool colliding Au ions.
— 1/ ln\e | \13 ‘ﬁ/J LsNJL

p Cooling section

43.6m \\ P w

Parkhomchuk V.V., Ben-Zvi I "Electron cooling for RHIC",
BNL C-A/AP/47 (2001)

¢ No continuous
solenoidal field
in the cooling
section

e Electron
bunches, not a
DC beam

Wiggler section
I'hiignﬁhhclmiﬂjpg leams .

S. Seletskiy, A.Fedotov, J Kew1sh Parameters
optimization for EIC Ring cooler. Ecool-2023.

Protons, 100 GeV Cooling Section, 40-m, 2 kG

( . _ “

\_ Electron ring (115 m circumference) )
P

,/’“\\\~

Beam dump

I. Meshkov. A. Sidorin. The electron cooling with "
circulating electron beam. Proceedings Workshop on the
Medium Electron Cooling, Novosibirsk, p.183-188

(1997). Schematic of a ring-based electron cooler. Note that the
cooling section length may be extended in the final
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: ; ; " Lijun Mao, Institute of Modern Physics, China
B High Intensity heavy-ion Accelerator Facility (HIAF) J > ySICS,
COOL-2019, COOL-2021

To provide highest intensity heavy ion beam
for nuclear and atomic physics

® Experimental terminals

(1) Low energy nuclear structure terminal
(2) Multi-function terminal

(3) High energy fragment separator HFRS
@) High precision spectrometer ring SRing
(5) Radioactive isotope beam terminal

(6) High energy density physics terminal

The 450 keV electron cooler (DC, B

350 m

SECR

llJ'\[ st § I_

magnetized) will be installed in SRing

i

- - _—

—

=

A classical DC magnetized electron beam cooling device
Based on the present 300 keV coolers designed by BINP at CSR

Collector
Solenoid

Vacuum chamber

Support g T Cooling section

640 m

3

Maximum electron energy 450 keV
Total length of the straight section 16.0m
Thermionic gun Total length of the cooler 112m
: High voltage
Acceleration tube Height of the cooler 50m

Effective cooling length

7.4m (2.6% of circumference )

Cathode radius

15 mm

Cathode temperature

0.1eV

High voltage ripple(pp max. @ 450 kV)

5.0x107(22?)

Magnetic field homogeneity

1.0x10™*

Maximum electron current

20A

Vacuum condition

<2.0x10™"" mbar




3aKkJII0YCHHUEC

Tor @QakT, YTO BCE€ BBIINICONMMCAHHBIE KOMILIEKCHI (IIPOILIbIE,
CYyILIECTBYIOIIME M OyayIlue) HMEIT B CBOEM COCTaBE€ CHCTEMBI
JEKTPOHHOIO OXJAXKIACHUS, W MX HCIOJb30BAHUE KPUTHUYECKH
BAKHO I JNOCTHMIKECHHUS MPOCKTHBIX ITAPaMETPOB, TOBOPUT O TOM,
YTO JJIEKTPOHHOE OXJAXKICHHUE IO-IMPEKHEMY OCTACTCS OJIHUM M3
OCHOBHBIX METOJIOB YJIYUIIICHHUS ITapaMETPOB 3aPSKEHHBIX YaCTHII.

Cnoacu6o 3a BHUMaHHE



