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Principle of Acceleration

extraction of ions
from plasma source

|
!
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A proton is 1840 times heavier than an electron.
A proton at W,;,=400 MeV has the same velocity v
as an electron at W,;,=220 keV.



Stored beams: Cool before using!
TOLICHNAYA

B IMPORTEL “EOM RUSSIA

HOT GAS
disordered motion of

ions in the beam,
high internal energy

BEAM COOLING
METHOD

v

COLD GAS

Ordered motion,

all ions in the beam

fly with the same nominal velocity,
low internal energy




Applications & benefits of Beam Cooling

Vacunm chamber

Secondary beams from production targets Transverse l

(antiprotons, rare isotopes)

Improved beam quality
* Precision experiments

(good energy definition, small beam size)
* Luminosity increase in colliders

Counteract beam heating effects
* Experiments with internal target

e Colliding beams

Decelerated beams:

Compensate beam emittance growth

Intensity increase by accumulation
 Weak beams or low-abundant

species from source
z.B. Multiturn Injektion!

—

belore cooling after cooling

+— Momentum acceptance of storage ring —

Number of ions

T

Longitudi

after cooling

before cooling

» Momentum of ions




Non-destructive diagnostics: transverse

Profile of transverse distribution transye.rse.coollmg o e loreelin
ST _ after injection into ESR
from ionization of residual gas
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Non-destructive diagnostics: longitudinal

Storage ring

Schottky noise longitudinal diagnostics

Determination of momentum spread
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amplification

G—

momentum compaction factor n
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frequency analysis

frequency spectrum
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Measured Schottky noise spectra |

U9%2+ at 300 MeV/u before and longitudinal (momentum) cooling
after electron cooling (1=0.25A)
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Ingenious ideas made cooling possible
A beam in phase space space is like ‘@ . ‘ a)

an incompressible continuous fluid.

Use of magnets, rf cavities,

electromagnetic devices etc. ‘ G? S5¢ ‘
%)

cannot change the phase space volume
of the beam.

e - e Hf’f‘"? % ————as—

Then, how do we do It ? Act on single particles

—>use EM-forces on beam samples: stochastic cooling

—>introduce friction to remove internal energy G. Budker,
from the beam: Electron cooling 1966_ §

Ia“‘i

—>both very difficult in practice...



Electron cooling: principle

electron collector electron gun lons and electrons
high voltage platform
‘ g ge p ‘ | must have_ |
same nominal velocity v,

| A |
typically (10-100ths of kV) | €
for electron beam @

electron beam confined by longitudinal

magnetic field (from gun to collector)
magnetic field

Vo= Ve = Vi)
N Ee:me/M|°E|

e.g.: 220 keV electrons
electron beam cool 400 MeV protons

ion beam

X = T -
in the reference frame of the beam: €/€Ctron temperature
KT, ~ 0.1 eV (1100 K)

r/ | cold electrons interacting with
kT” ~0.1-1meV

N A “| hot ions
¥
\‘*\// \\ \ \

D_em heilden lonenstrahl wird Cooling time (lab frame):

ein kalter Elektronenstrahl s 3

gleicher Geschwindigkeit tiberlagert. 1 __F @ nlec
T my, A vy0’

cool rel

Abkuhlung durch gegenseitige Stol3e.
momentum transfer by Coulomb collisions
cooling force results from energy loss But, electrons and positive ions recombine !?
in the co-moving gas of free electrons



Electron motion in guiding
longitudinal magnetic field

single particle cyclotron motion ) “Sagmen

cyclotron frequency o, = eBly,m, -y Tt
cyclotron radius r, = v /o, = (KT ;m.)Y? Yo/eB‘-—
electrons follow the magnetic field line adiabatically \ \

—_——
-

B

low B-field
€00ling Section

high B-field
GUN

Option: adiabatic magnetic expansion
B-(electron beam radius)? =invariant;
transverse electron temperature/B=invariant.

B-field: gun 3T = cool section 0.03T
e-beam diameter : 4 mm = 40 mm

Charged ™.
Particle
Motion



Electron Coolers at GSI

cool. section length/circumference = 2%

SIS18 (216 m) Cooling at Injection Energy of Synchrotron
Accumulation in transverse phase space
By Multiple Multiturn Injection (MMTI)

i
e

e- accelerating voltage (HV) up to 7kV
e- current 0-1A
cathode diameter 1inch
guiding magnetic field (expansion)
gun 0.18 T-> cooling section 0.06 T

ESR (108 m)

e- accelerating HV 2-220 kV (1 V) i

e- current 0-1A ", > o Cooling for Internal Experiments
cathode diameter 2 inch e Bl Cooling of decelerated beams

guiding magnetic field | | ESR: also accumulation
(no expansion) 0.02-0.1 T i ' R

CRYRING (54 m) (Sweden)

e- accelerating HV up to 6 kV
e- current up to 0.15A
cathode diameter 0.16 inch

guiding magnetic field (expansion)
gun 3 T-> cooling section 0.03 T

Responsibility of GSI Beam Cooling
Department




Electron Coolers at GSI
Typical operation parameters

SIS18 (216 m)

e- accelerating voltage (HV) up to 7kV
e- current 0-1A
cathode diameter 1 inch

guiding magnetic field (expansion)
gun 0.18 T-> cooling section 0.06 T

ESR (108 m)

e- accelerating HV 2-220 kV (1 V)
e- current 0-1A

cathode diameter 2 inch

guiding magnetic field
(no expansion) 0.02-0.1 T

CRYRING (54 m) (Sweden)

e- accelerating HV up to 6 kV
e- current up to 0.15A
cathode diameter 0.16 inch

guiding magnetic field (expansion)
gun 3 T-> cooling section 0.03 T

fixed-energy operation

at injection from TK

11.4 MeV/u lonen

—6.3 kV Cooler accelerating HV

Fixed energy (DC) or
ramped-energy operation

e.g. deceleration of ion beam
Multiplexed (ramped) cycle:
Cooler accelerating HV (scalar)
+

Cooler magnetic field (FG ramp)
+

Cooler electron current (scalar)

Event mode,
complex operation LSA/MODI+Cooler



Electron cooler: basic operation |

Cooler einstellen

Vakuum Druckanzeige Gun/Collector
Kiuhlwasser Gun/Collector

Kathodenheizung

Elektronen HV Beschleunigerspannung = Ground — Kathodenspannung (negativ)

wird gesetzt U, [kV] = (ﬁ) -1000 - E;pp, [g]
1. Ansatz fur lonenstrahl und Elektronen gleicher Geschwindigkeit v,

Cooler Magnetfeld (Stromversorgung Cooler Magnete)
HV-Netzgerate Kollektor Anode, Kollektor

Elektronenstrom (bestimmt durch die HV Anodenspannung;
gemessen am Kollektor HV Netzgerat)

-> HV Netzgerat Anode = mehrere Hardware Interlocks
(HV Beschleunigerspannung, Vakuum, Kihlwasser Kollektor)

Was passiert wenn Elektronen an die Wand gehen z.B. Ausfall Magnetstromversorgung?
1. le Verlust &> Strombegrenzung HV Netzgerat Beschleunigerspannung->
dann Interlock=> Anode AUS d.h. keine Elektronen mehr...

2. Vakuumdruck schlechter, Vakuum Interlock—=> Anode AUS d.h. keine Elektronen mehr...

OK
OK

AN

AN

AN

AN

AN

AUS

13



Electron cooler: basic operation |
Cooler + lonenstrahl einstellen

lonenstrahlbahnstérung (wegen Toroid Kicks im Cooler)

0 f Beooter - ds z.B: SIS18 1.5 Tm Strahl
* toroids (Bp)ion 9x~13m7'ad

Bahnkorrektur (Ktihlerboump) Schema
ESR,SIS18
mit 2 Cooler KX Steerern + 2 (4) benachbarten Ring KX Steerern.

CRYRING
mit 2 Cooler KH Steerern + 2 benachbarten Backlegs KD Steerern (in Dipolen).

muss je nach Cooler-B Feld und lonenstrahlsteifigkeit angepasst werden!



Electron cooler: basic operation ll|
Kuhlung Optimieren

Fein Anpassung dU.um den gesetzten U, : Cooler AN, lonenstrahlsignal im Schottky
» absolutes feintuning U, Elektronenenergie (HV Spannung) Knopf ESR

» Relatives feintuning %p Knopf (SIS)
—> lonenstrahlen und Elektronen gleicher Geschwindigkeit - effiziente Kiihlung

Kihlzeit (wie lange sollte die Coolingwirkung = der Elektronenstrom AN sein ?)
~10-100 ms fur U92+, ~sec fur C6+, ~Minuten fir Protonen

ESR protons at 400 MeV Cooling time (lab frame):
1 F Q ) N, Zcool C

| x 3,503
T m;v, A VOYOGIEH

cool

Cooler AN, lonenstrahlsignal im Schottky:
Keine Anderung - Strahl gekihlt

11 min

t

Equilibrium

Electron cooling_z_
,=250 mA

| Jism

15



Can cooling go on forever ?

The intrabeam scattering (IBS) is the multiple
Coulomb scattering of charged particles in the beam

A® VoYoe«e, (Ap/p)

1 > ngly, C°
OCQ.ecool

3.5n3
T ool A VO’YOereI

—_ 1 1
Equilibrium =
Tcool TIBS




" SISMODI - PARAMETER - EINGABE
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Electron cooler: baS|c operation

Datei Protokoll Aktualisieren
Graphische Ubersicht
ESR Elektronenkiihler
Kanone Kollektor Fenster Auswahl Drucken| TAG ZL%%‘%}{Z’Q| Tag &’<}§’| iibersicht | Monal: OCT1998
I LI .
A ’ ~ , HY Terminal 1 0p-07 — Druck [mbar] Aktuell
- -
A & Hochspannung
/ - / I Stromschalter
- - - -
Clearing
1.005e-12 mbar 1.005e-12 mbar
Pulshare Driftréhre 1.0e-09 -
Reset| Reset| Hochspannungsrampen
Spannung Strom Stromrampen
L7 y S Ry Magnetfeld
e-1+
P \ 7 < Steerer
- - - oo 2.00 - Yerusistrom [mA]
1 / [ b / L Korrekturspulen
re A v £ lonenstrahlkorrekturen
0.0000 keV 0.0000 A Interlock
Verluste Effizienz Reset 0.30 7
T R Graphik P
- ¢
_ Eekironenstrom jma]
o o Modus 1000
) f [ . 800
Vs Hochspannung : | Undefiniert
¢ £ 600
0.0000 mA 0.0000 % Elektronenstrom : = Ev-Mode 00 4
1 " 200+
Kontrollen Schrittweite
1
STATUS 1
250 - Hochspannung [KY]
S
o ! ! 4 L] . 200
Elektronenstrom [mA] 150
S0
0 100

Elektronenenergie [eV]

1000
—_ > + 5000 Zeit [min]
Magnetfeldstarke [Gs] 10000

Schliessen |



Cryring Cooler application program

CRYRING:new APP
compatible with LSA Ring Modelling

Cryring-Elektonenkihler

|H Deutsch

Cryring-Elektonenkuhler

Kollektor

Kanone

Riicksetzen Rlcksetzen

Verluste Effizienz

0.0198 mA 95.9877 %

Spannung Strom NG Kollektor

0.4944 mA

975.9819 v

Fenster Auswahl

Hochspannung
Hochspannungsterminal
Kihler Pickups
Magnetfeld
Elektronenstrahlsteerer

lonenstrahlkorrekturen

Kontrollen [ Status

B

¥
Q:
Al

Al

S

Bho: 0.000 Z:
0.000 Eion: 0.729
0.000 B: 0.000
0 Frev: 0.000
Elektronenstrom [mA]
0 75 150
Elektronenenergie [eV]
0 4,000 8,000
nsatz: 4000.0 V

KEPCO Min: -1000.0 V Max: 1000.0 V

Magnetfeldstarke Kanone [Gs]

Magnetfeldstarke Kihler [Gs]

0 430 900

chrittweite:

(]
1 5 10 50 100500

- > can be generically adapted later
to ESR and SIS18 coolers (within

new LSA-based operation)

0.02T

}99:56.‘58 - Magnetfeldstdrke Kihler: 200.0

hierachy (formulae,
curves, parameters) is
set-up in LSA

settings/readout via
LSA

& pattern under test.

--direct communication
via FESA OK.

application via LSA
tested for HV-supplies
and steerer magnet
supplies



CRYRING Electron Cooler

Christina Dimopoulou == HV Facility

on behalf of the Beam Cooling team and collaborators
from other departments

(e.g. DEC, CSVS, CSCY, LOEP, CSCO, CSTI, LOBI...)



Overview

2 He cryopumps
Cryostat /

1= Tm

Magnet winding (NC)

Superconducting
solenoid He Interaction
p cryohead i G
< region SR,
Electron gun 1

lon beam

Toroid magnet

Support frame NEG pump

Return yoke
main solenoid magnet
UHV System (incl. NEG, cryopumps, bakeout)

Magnet System
HV System

Cryopump

Collector

Correction
dipole’

Vacuum
chamber

Toroid magnet



New I.e. @ GSI
Helium supply for the SC gun magnet '
o KD1D, KHSC, | '.
| i KVBG KD2D KvaC KWTK \I
collector HV power supply -> better e- current [ s |
resolution (16-bit for 0-200 mA) o _ KVAK Lo
Alsa: YR11IMO1P in YR11 G DimopoulowSBBC

Main components & novelties

10 normal conducting magnets in series
(all except gun)

correction coils in main solenoid and toroids YR02 YRO3
YR{QKD YRO3KD
i . . . . \ 4 MO1G MO5K
e steerers in gun, main solenoid, collector sections | MO2G MOAK | "ok
YRO%N1H | ,,-'l s dmew b T ) 7 WRO3MH
\ ‘ | J MT1G " '.L \'.

\ |
|

3 He cryohead/cryopumps, 2 compressors

HV facility: 10 power supplies, interlocks

(compensalion solenoid) Seplember 2013

bakeable RF cables at pickups (BPMs)

KEPCO for fast (multiple ~10us ramps)
cooler HV-steps (-1000 V...+1000 V) for experiments

precision HV-divider for experiments



Status August 2017-Hardware

superconducting magnet tested in persistent mode: 3T reached
->no transport damage © =

assembly gun with new cathode, moderate bake-out of cooler

electrons successfully guided from gun to collector
—>Demonstrated basic function of cooler hardware and its HV facility with
electron beam i.e. no show-stopper inside.

cathode exchanged, bake-out finished.
cryopumps gun/collector ON; Cooler Pressure ~2:101° mbar.

sustainable Helium supply for SC magnet = by end of September
hardware protection interlocks under preparation/test



Next steps

October 2017 (after beam time): systematic standalone (electron beam only)
commissioning by cooler experts

---with the application program via LSA
--- cooler controls run in DC mode
-> gather/confirm operation parameters, debug controls, edit cooler manual.

Set-up cooler with stored ion beam, implement into controls the ion orbit
correction (compensation of cooler toroid kicks)
0 ~j Beooter * ds
* toroids (Bp)ion

Q4/2017: change cooler controls to multiplexed mode (scalar and ramped)
----followed by standalone testing/debugging with LSA pattern & ramps

demonstrate cooling of stored ion beam
provided CRYRING control system and appropriate beam diagnhostics
are fully operational ©
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