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Ultra-low-energy electron-cooling
at the Cryogenic Storage Ring (CSR)

Oldrich Novotny
for the CSR team

Max Planck Institute for Nuclear Physics
Heidelberg, Germany

GSI Accelerator Seminar Darmstadt, November 23, 2022
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Cold molecular ions
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Cold chemistry:
Fundamental reaction quantum dynamics

Astrochemistry

Ultimate goal: : ,
Rotationally resolved : g /

(o];] . H, ; e
(o CQ L) HCO* =

state-to-state studies | |




A\
N\

N
@A
>
»
~
z
=
13
4
=4
=
3
=
=)
=
=
W
Z
o
O
4
<
-
o
<
<
=

Molecular ions in a storage ring

lon
beam

lon “recycling”
o
Long storage times

U
lon deexcitation
to ambient temperature




A\
N\

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

Molecular ions in a storage ring

lon “recycling”

+
AB*+e — A+B Long storage times
Dissociative recombination U

lon deexcitation

to ambient temperature

Electron
beam

Detection
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Electron cooling

A

N

- cooled beam

\ N\ p
>

Electron
beam

(v1) = (ve)

in a bath of
cold electrons

Hot ions [
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Electron cooling

A

N

P cooled beam

K\r P
>

Electron
beam

<vi> — <Ue>

— Improved energy resolution

Hot ions POACICEN T |
in a bath of [“—’ e -'] — Defined overlap geometry
cold electrons & «*e% o voel oo




TSR @ MPIK Heidelberyg,
decommissioned 2012

Molecular-ion physics in TSR

Detectors

4

MeV ions



Molecular-ion physics in TSR

Detectors

T
x . ’?,‘ Singly-charged

molecular ions
+
R Q Limited dipole strength
e i —
kTe~13 meV Slow beams
) —
4—

Weak electron cooling

TSR @ MPIK Heidelberyg,
decommissioned 2012




Molecular-ion physics in TSR

Ve = Vl
‘. , Detectors
| Iy "
x; I i Qx, Photocathode
electron beam
kT _~1 meV N
photocathode Improved electron cooling
V.=V,
kT-~13 meV
Largest M/Q
® electron cooling:
m_ Thy / Ecool ~30 eV
e | D.CI* (41 ule) @ ~2.3 MeV

MeV ions

TSR @ MPIK Heidelberyg,
decommissioned 2012
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Molecular-ion physics in TSR

Ve = Vi
| Ve # Vi‘. L Detectors
:x!‘-i!r’x =
300 K radiation field
kT, ~1meV — lons NOT relaxed
photocathode to ro-vibrational ground state
V.=V,
kT.~13 meV
$ Cryogenic storage ring
xm_ 3 ‘x needed...
Aﬂi\ < [/
MeV ions
TSR @ MPIK Heidelberyg,

decommissioned 2012
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Ultra-low-energy electron-cooling at CSR

- The CSR facility

- Low energy electron-cooling challenges
- CSR electron cooler
- Electron cooling performance

- Inelastic “electron cooling”




The CSR facility —

High-voltage

ion-source platforms

Transfer

Electrostatic
cryogenic
storage ring
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The CSR

300 keV

as in magnetic
storage rings

o :

wH o
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e ectrostatic Ion optics eam line Et H H
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= electrodes |
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von Hahn et al., Rev. Sci. Instr. 87 (2016) 063115



CSR cryogenics
Inner vacuum chamber (< 10 K)
2000 kg, cooled by superfluid He (20 W).

2 radiation shields (40 and 80 K)
cooled by 5-K He (600 W)

Multi-layer insulation

Isolation vacuum chamber
Bakeout to 200 °C
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300 keV

Injection energy: 20 ...

Cryogenic
Electrostatic ion optics
(mass independent)

1| - Full set of

pickups

l‘ _ RF bunching
‘ electrodes

Electron

(6 K) beam line

Circumference:

Beam energy:

Temperature:

Res. gas dens.
(RTE pressure):

Storage times:

m/q range:

The CSR

35m

20 keV % q ...
300 keV % q

3...300 K

~> 1000 cm?
(~>10"* mbar)

1>1000 s

unlimited

Cryogenic operation: since 2015

von Hahn et al., Rev. Sci. Instr. 87 (2016) 063115



The CSR

300 keV

Cryogenic .
Electrostatic ion optics (6 K) beam line et Expe rimental toolbox

(mass independent)

e Laser beam

Full set of
RF bunching pickups
electrodes |

Injection energy: 20 ...

 Electron beam

* Neutral atomic beam

&

Electron T s . .
5&; cooler * Reaction microscope

i
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* Cryogenic detectors
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von Hahn et al., Rev. Sci. Instr. 87 (2016) 063115




lon beam lifetime

Ag, (60 keV, 216 u) + photon (1.9eV) — Ag, + €~
EA (Ag,”) =1.02eV

103
) 102 ot > ~|* (no laser) = 45 min
2 e . _ hv Ag*
E
-§ 10 ....... ~~“ ...... ............ / SRR ............................
g . So_ g
S 100 L ....................... S "'&3‘,‘, .......................... ............................
o @ ; 5
S | |
C_U _ : : : HH
107 (206 laser) = 207a21) s TR dﬁ%ﬁ n <140 cm3
Q T (40% laser) = 1676(18) s T i
] 10_20 50i00 10600 15(500 20600 25000 PRTE - 58 X 10 . mbar
Time after injection (s) - ISM condltlons
¢ .
5 hours

von Hahn ef al.,
Rev. Sci. Instr. 87 (2016) 063115




Radiative ion cooling in CSR radiation field

OH + hv - OH + e-

I I I I I T
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Effective black body field: 15.1(1) K
2-component model: 0.6% @ 300 K, rest 6 K

Meyer et al., Phys. Rev. Lett. 119 (2017) 023202

O’Connor et al., Phys. Rev. Lett. 116 (2016) 113002
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Ultra-low-energy electron-cooling at CSR

- The CSR facility

- Low energy electron-cooling challenges
- CSR electron cooler
- Electron cooling performance

- Inelastic “electron cooling”




Electron cooling

Electron-cooling force

F

lon beam

table point

'
Vion_<Ve>

lon-electron
velocity

Celiagiia iy | Friction force between
*iasc w2 %] “hot” ions and “cold” electrons
v =v
electron ion



Electron cooling

Phase-space compression Electron-cooling force
(energy and angular spread reduction) e

lon beam

— High energy-resolution studies

— Defined target geometry

table point
>
V.~V ~>
lon beam draggmg lon-electron
. ] velocity
— lon beam manipulation
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Low-energy electron cooling

Electron-cooling time Electron-cooling force
Electron lon F
temperature }SS lon beam
¢ M- table point
Tecool Ox 1212 22 -
€CoO0 e ,
22 ne Vion <Ve>
\ lon-electron

velocity
Electron
lon charge density

Challenge:
Low-energy electron cooling
of heavy molecular ions

N\
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Low-energy electron cooling

Electron lon
temperature }SS
T3 /2 TMion
Tecool X L4 9
/4MNg
lon charge Eczgﬁgﬁ;

* Electron source @ Tcatn

* Kinematic compression (acceleration)

— kBT|| ~ Tcath2/2Eacc

* Expansion in guiding B-field

— kBTJ_ ~ Tcath / (0



Cold electron source - photocathode

p-GaAs on sapphire kT ~ 10 meV (~100K)
Cs-O surface layer
down to ~100 K

Negative Electron Affinity

GaAs _:=|.

Vacuum
|

Cathode voltage

GaAs

/

‘— sapphire substrate l
i,, ‘<— titanium holder

|
Transmission-mode
GaAs photocathode

D. A. Orlov et al., J. Appl. Phys. 106, 054907 (2009) LN , supply lines
high pressure unit (10-20 kg)

LN o reservoir
Cu cooling head

D. A. Orlov, C. Krantz, A. Shornikov @ TSR
A. S. Terekhov, Rzhanov Institute of Semiconductor Physics




Maximizing electron density

Perveance law

Perveance

/
7 :pU3/2

f

Extracted

current Extraction

voltage

3/2
Tecool X T /

mlon
Z%n,




Maximizing electron density

Perveance law

Perveance

/
[ = pij/tQ

f

Extracted

current Extraction

voltage

Space charge limit

Ground
potential A

Uext
ener
Cathode Y P I 5 N g.y .
tential 0 10 20 30 40 50
bo * \ Radius, mm A
e-beam e-beam Chamber
center edge wall

High density — e-beam reflection!

Trick: high U..«« — Expansion — Deceleration



Maximizing electron density . shomikov

PhD thesis
Univ. Heidelberg
Perveance law 2012
108 i ' | I | | | ' 1 ' 1 ! |
Perveance = R Deceleration |
J 3/2 E oL Standard .
I =D U / 2 T
eXt 8 10° _‘x\ ______________________ p=4.1 pperv 1
/ 1S SN, T -
Extracted S : ]
current Extraction 2 il P=0.58 pperv ]
voltage S toev E
— : 2 eV 1eV -
Lu 104 l I N N B l| L A B l|

0 .20 40 60 80 100 120 140 160‘180
lon mass [u]

Trick: high U.x — Expansion — Deceleration




Electron-ion beams merging geometry

Usual electron cooler:
lon beam passing a toroid field

Dipole correcting magnets

XL X XX

ions central orbit

Low energies (magnetic rigidity) —
higher order distortions
cannot be corrected!

N\
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Electron-ion beams merging geometry

Usual electron cooler: CSR electron cooler:
lon beam passing a toroid field combined solenoid and dipole field
Solenoid

------------ TR + dipole Toroid lons

Dipole correcting magnets

XL X XX

................. G 1

ions centrzﬁ orbit

Electrons

K Dipole
nt " correction
_ C nteraction coils
Low energies (magnetic rigidity) — solenoid

higher order distortions
cannot be corrected!
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Ultra-low-energy electron-cooling at CSR

- The CSR facility

- Low energy electron-cooling challenges
- CSR electron cooler
- Electron cooling performace

- Inelastic “electron cooling”




CSR
electron
cooler

A. Shornikov et al.,
PRSTAB 17, 042802/(2(ﬂ 4)

/

1 eV photocathode electron beam .
deceleration/transport:

\“\
~ /

= \\
T f \‘\\x
— < /
e -
s
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erged electron beam at CSR

. 7 _lon beam
=i

Photocathode

Interaction zone
with drift tubes N

/il R . GaAs
- photcathode

Cryogenic
electron / ion beam line
_(HT superconductor, ~32 K)

Room temperature
electron beamline
(Cu coils)




CSR electron cooler — merging region

S. Vogel

PhD thesis

Univ. Heidelberg
2016

Structure contained in CSR cryostat:
— 10 K, <10-"® mbar & bakeable to 200°C

(1) Last low-field guiding magnet, toroid, consisting of (2a) a solenoidal extension, (2b) horizontal 90- bend, and (2c)
vertical 30° bending, (3) longitudinal merging solenoid, (4) four vertical merging coils, (5) interaction solenoid, (6-7) two
pairs of ion beam compensation coils, (8) charcoal cryopump, (9) NEG-pump
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Ultra-low-energy electron-cooling at CSR

p ’“ = ol

1/

- The CSR facility

- Low energy electron-cooling challenges
- CSR electron cooler
- Electron cooling performace

- Inelastic “electron cooling”




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup

Damping of synchrotron oscillation

Bunch lon phase |
Separatrix space orbit T Av=v-v, A A
A A RF only A | + electron cooling
Z 1.0f
- 0.0 P
: /\/\
> —0.5¢F
< > >
-1.0f
s N Lo Lo
-3 -2 -1 0 1 2 3

Electron cooling
friction force



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
-1000.0 ms
Damping of synchrotron oscillation RE onl
0.03 1 on
Bunch lon phase | y
separatrix space orbit / [Av=v-v,
1.5,IIII\ IIIIIIIIIIIII ‘IIII'I‘I‘I‘II—
o 0.02 /\
g 05 F A —
g iy [Av] S
5 09| > 0.011
-1.0¢
=15} . )
-3 -2 -1 0 1 2 3

A frad] |
Electron cooling 0.00
friction force

—-0.01 . . . . .
0 2 4 6 8 10 Al2
t [ps]
f_, ~ 88.28 kHz t =11.32 us




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
-700.0 ms
Damping of synchrotron oscillation
Bunch lon phase | 0.03- RF only
separatrjx space orbit t Av=v-v,
] ” 0.02- A
L FIA] S
Pt > 0.011
-1.0f
-1.5¢

B e R R Y
A frad] |
Electron cooling 0.00
friction force

—0.01
0




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
-400.0 ms
Damping of synchrotron oscillation RE onl
0.03 1 on
Bunch lon phase | y
separatrix space orbit t Av=v-v,
1.5:“'\ IIIIIIIIIIIII HIII'”HHI',
1 0.02
g o F[A -
g 0.0 A ‘i] >
5% D 0.01-
-1.0f
=15} . ) . ‘ .
-3 -2 -1 0 1 2 3
A¢ [rad] i
Electron cooling 0.00
friction force
_0.01 T T T T T
0 2 4 6 8 10 12

t [ps]




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space

Damping of synchrotron oscillation

0.03 1
Bunch lon phase |
separatrix space orbit / [Av=v-v,
1.5,IIII\ IIIIIIIIIII ‘IIII'I‘I‘I‘II—
o 0.02
g 05 F A —
,ng 0.0 L \i] >
5 09| > 0.011
-1.0¢
=15} . )
-3 -2 -1 0 1 2 3
Ag [rad] 000_

Electron cooling
friction force

—0.01

Beam charge pickup
-100.0 ms

RF only




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
200.0 ms
Damping of synchrotron oscillation RF + elect '
0.03 1 + electron coolin
Bunch lon phase | 9
separatrix space orbit t Av=v-v,
1.5:“'\ IIIIIIIIIIIII HIII'”HHI',
1 0.02
g o5 F[A -
g 0.0 A ‘i] >
57 | > 0.011
-1.0f 1
=15} . ) . ‘ ]
-3 -2 -1 0 1 2 3
A¢ [rad] i
Electron cooling 0.00
friction force
—0.01 - . -
0 2 4 6 8 10 12



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
500.0 ms
Damping of synchrotron oscillation RF + elect '
0.03 1 + electron coolin
Bunch lon phase | 9
separatrix space orbit t Av=v-v,
1.5:“'\ IIIIIIIIIIIII HIII'”HHI',
1 0.02
g o5 F[A -
g 0.0 A ‘i] >
57 | > 0.011
-1.0f 1
=15} . ) . ‘ ]
-3 -2 -1 0 1 2 3
A¢ [rad] i
Electron cooling 0.00
friction force
—0.01 ;
0 2 4 6 8 10 12



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space

Damping of synchrotron oscillation

0.03 1
Bunch lon phase |
separatrix space orbit / [Av=v-v,
1.5,IIII\ IIIIIIIIIII ‘IIII'I‘I‘I‘II—
o 0.02
g 05 F A —
,ng 0.0 L \i] >
5 09| > 0.011
-1.0¢
=15} . )
-3 -2 -1 0 1 2 3
Ag [rad] 000_

Electron cooling
friction force

—0.01
0

Beam charge pickup
800.0 ms

RF + electron cooling

ﬂ




Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
1100.0 ms
Damping of synchrotron oscillation RE ¢ '
0.03 1 + ejectiron coolin
Bunch lon phase | ﬂ 9
separatrix space orbit t Av=v-v,
1_5:“'\ IIIIIIIIIIIII HIII'”HHI',
i 0.02 ﬂ {\
g o F[A -
g 0.0 A ‘i] >
5% | D 0.011
-1.0f 1
=15} . ) . ‘ ]
-3 -2 -1 0 1 2 3
A¢ [rad] i
Electron cooling 0.00 f\_//
friction force
—0.01 ;
0 2 4 6 8 10 12



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
1400.0 ms
Damping of synchrotron oscillation RE ¢ '
0.03 1 + electron coolin
Bunch lon phase | ﬂ 9
separatrix space orbit t Av=v-v, ﬂ ”
1.5:“'\ IIIIIIIIIIIII HIII'”HHI',
1 0.02
g o F[A -
g 0.0 A ‘i] >
57 | > 0.011
-1.0f 1
=15} . ) . ‘ ]
-3 -2 -1 0 1 2 3
A¢ [rad] i
Electron cooling 0.00 J\-V/) \ /
friction force
—0.01 ;
0 2 4 6 8 10 12



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
1700.0 ms
Damping of synchrotron oscillation =F % ¢ i
0.03 + e¢lectron coolin
Bunch lon phase . J
separatrix space orbit / [Av=v-v. ﬂ N
1N ~ ] 0.021
— 1.0+
£ 05 F[A —
L o >
5 05 ’ - 0.01"
-1.0¢ ]
-15F e . ]
=3 =2 =] 0 1 2 3
A [rad] 0.00 1
Electron cooling JU
friction force
—0.01 '
0 2 4 6 8 10 12



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
2000.0 ms
Damping of synchrotron oscillation RE % ¢ '
0.03 + glectron coolin
Bunch lon phase | 9
separatrix space orbit tAv=v-v, | |
R AN I | E 0.02 1
— 1.0f
g 05 F A .
g 0.0 A ‘i] >
> 0.01-
-1.0f
-1.5¢

R e B Y
A [rad] 0.00 1
Electron cooling

friction force

—0.01
0



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
2300.0 ms
Damping of synchrotron oscillation RE % ¢ '
0.03- + @lectron coolin
Bunch lon phase | 9
separatrix space orbit / Av=v-v, M n
50\ I | E 0_02 i
— 1.0F
g 05 F A .
g 0.0 A ‘i] >
> 0.01-
—-1.0F
—-1.5¢

A [rad] 0.00 1
Electron cooling ___/\_‘,__} \_J U L

friction force

—0.01
0



Electron cooling demonstration - longitudinal

HeH* ions at 250 keV, RF bunched
Ecool - 273 eV, ne - 37 X 105 Cm_3, N|=2X1O7

Longitudinal phase space Beam charge pickup
. i RF onl + 2.3 s electron coolin
Damping of synchrotron oscillation y 9
Bunch lon phase | . a
separatrix space orbit / [Av=v-v, 0.02 0.02
150\ > >
1.0f = 0.011 S 0.011
g 0.5
g i Fe[A‘i] 0.00- o.oo-J\J
> —05¢
<
—1.0t -0.01 T T T T y -0.01 T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
=15} . . : ‘ 5
-3 -2 -1 0 1 2 3 t [US] t [US]
A¢ [rad] .
Electron cooling 800
friction force B ZZ Bunch amplitude
2 ol ] cooling time
= eyTee ‘o ~1.5s
= RN
% 20 A ‘\.\\
C 4 ‘\'"-o--.._
S -
m

o
o o
L

2000 2500 3000 3500 4000 4500 5000
Time after injection [ms]



Space-charge and IBS limit e

F°* ions at 1.34 MeV, RF bunched
Eco =38.7 €V, n_=1.7 x 10° cm=®, Ni=1x10°

Longitudinal density profile of
space charge ion bunch

As)

T A
t (us)

S

Reached bunch width: w =535 ns

exp

Synchronous particle Space charge limit: w = 597.5 ns

space charge



Electron cooling demonstration - transverse

Fragment imaging
for transverse beam-profile measurements

HeH"
H
2
.
Fragmentation He
(charge exchange, recombination...) .
Imaging

detector



Electron cooling demonstration - transverse

Fragment imaging Projected
for transverse beam-profile measurements center-of-mass distribution
HeH* ,g, 100 e
Momentum E %
" conservation S ®F
I + -'t% 702_
@) C
Fragmentation He known % eof -

(charge exchange, recombination...) . fragment masses 8 sof
Imaging T

detector > %50 e0 70 80 90 100

Horizontal position [mm]



Electron cooling demonstration - transverse

HeH* ions at 250 keV, coasting (DC) beam
Ecoo| - 273 eV, ne - 37 X 105 Cm_3, N|=2X1()7

Fragment imaging
for transverse beam-profile measurements

HeH*
Fragmentation Heb‘
(charge exchange, recombination...) .
Imaging
detector
Beam-projection evolutlon in storage tlme

-gnooE ............................. J [T T T
Eo t=0-04s —;;t—1.1—1.5s t=22-26s t=6.2—6.6s
5 K
"'c% 705— —
8 o F - L
8.
S
> 4ttt bbb b b b b boodbond Do b b bbb ] Db b b b b

40 50 60 70 80 90

40 50 60 70 80 90

Horizontal position [mm]

40 50 60 70 80 90 100
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Vertical position [mm]

Electron cooling demonstration - transverse
HeH* ions at 250 keV, coasting (DC) beam

Ecoo =27.3 eV, n_ = 3.7 x 10° cm=3, N=2x10" Equilibrium 20 emittance:

~ 3 mm mrad

Fragment imaging Betatron amplitude cooling times
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Electron cooling demonstration - transverse
HeH" ions at 250 keV, coasting (DC) beam

Ecoo = 27.3 €V, n,= 3.7 x 10° cm=3, N=2x107 Equilibrium 20 emittance:
~ 3 mm mrad
Fragment imaging Betatron amplitude cooling times
= 9 DL AR RS RN RS R —_ 9 SRR RARRE LA LALAS RARAE RARAN RARAN R
for transverse beam-profile measurements E 5 _ 1 E 8§
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First electron cooling
in electrostatic
storage ring!

Previous lowest cooling energy:
E =30eV

cool

D.CI* (41 ule) @ TSR



B=0.009T (typ.)
kT, ~2 meV
kT|| ~ 0.1 meV

L/C,=0.9/35=0.025

Cooling rate [1/s]

Electron cooling rates P. Wilhelm

PhD thesis
Univ. Heidelberg

HeH* ions at 250 keV, coasting (DC) beam (2019)
Ecoo =27.3 €V, n_=3.7 x 10° cm™, N=2x10’
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Toward phase-space cooling of heavier ions

Plasma Model
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Cooling time vs. ion mass TR TRT AN TN TR RT
12 3 4 5 6 7 8 034567891011
10— | | | | | T time [s] time [s]
9 O+ CH*
8 (]
+
, CH

Cooling
slows down!

—_ no w S~ il Loz
TTTTTTT T

Big beam axis size [mm]

Cooling time [s]

0‘- ||||||||||||||||||||||||||||||||||||||-
0 2 4 6 8 10 12 14 16 18 20

time [s]
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Dispersive electron cooling / heating

Az =Dy - Apll/pH Api/pi A
bHorizonr’:.a]\c!( DiSersion Longitudinal
eam sh function momentum change
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\ Dispersion curve

M. Grieser
MPIK



Dispersive electron cooling / heating

Aa; — Dm . ApH/p”

/ N

Horizontal Longitudinal

beam shift Dispersion

function

Electron beam self-shielding
— Space charge profile

— lon beam dragging

momentum change

Electron beamx
space charge

parabola

Apy/ pi A

/

-4+—— Stable point

>

AX

\ Dispersion curve

M. Grieser
MPIK
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Dispersive electron cooling / heating ™ Srese

Low electron energies: AP/ Pi A

— Deeper space charge parabola

— Dispersive heating possible

Instable point

Electron beam

space charge a—— Stable point
parabola /
>
AX

\ Dispersion curve

N\
S



M. Grieser

Dispersive electron cooling / heating - Grieser

Horlzontal betatron oscillation Api/ P A

X

outward /\ /\iA /\ A

A S

Instable point

T - \ Electron beam »yp~
space charge &— Stable point
: New closed orbit parabola /
Ring Z{
inward Az = Dy - Apy/p)
\ Dispersion curve
A
X

Gradient in cooling force

AN ,
ol

w2

Exchange between longitudinal
and horizontal degrees of freedom

Ap|

See: Beutelspacher et al., Nucl. Instr. Meth. A 512 (2003) 459-469 or ask Manfred Grieser @ MPIK =R



lon beam energy [keV]

Dispersive electron cooling / heating ™ Srese
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Dispersive heating
above ion beam size limit



Dispersive electron cooling / heating ™ Srese
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Dispersive electron cooling / heating ™ Srese

I
CSR 07.05.05 Ap”/p” A
Win32 version 8.51/15 09/05/05 09.45.52
' 2.50 = : : : . : :
E 2.25 §
= 290
f =
Q 1.75
1.50
1.25 ] Standard mode
1.00 - o
0.75 - 8 Electron beam
0.50 A Ll space charge J Zd— Stable point
0.25 - parabola >
0.0 T T T T T T T
0.0 5. 10. 15, 20. 25. 30. 35 40. AX
s [m] \ T
Dispersion curve
CSR, Matrix Call

Win32 version 8.51/15 09/12/19 16.45.57

~
e 2 — 4 quadrupole families

Achromat mode . : :
e Zero dispersion in e-cooler

Ecool

* Fixed cooling geometry!
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Working point studies - tune shifts
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Working point studies - tune shifts

CSR working diagram Electron-beam induced tune shifts:
Q@ SO/ 71— —T— — T = ]
29 NN — — Electron beam lensing
2.8 1 ST
271 O N Tune shiftae—7— (E-beam presence)
ol [ orking point — lon beam coulomb repulsion
23 [T/ - (Electron cooling condition)
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Working point studies - tune shifts

3.0 ==

Tz CH* @ 280 keV,
i coasting (DC) beam
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Working point studies - tune shifts
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Working point studies - tune shifts

CH* @ 280 keV,
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Slow intense ion beams

HeH* @ 85 keV, Ni~1x10°8
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Low-energy electron cooling — pushing the limits

Pre-CSR lowest cooling energy:
E_ =30eV

cool

D.CI* (41 ule) @ TSR



Low-energy electron cooling — pushing the limits

Pre-CSR lowest cooling energy:
E_ =30eV

cool

D.CI* (41 ule) @ TSR

Also electron-cooled: Xe** @ 900 keV
HeH* 85 keV Mass =129 u — 43 ule
HD* 250 keV E_ =38eV

o 250 keV n, =4x10%° cm?
CH* 280 keV N = 3x107

OH* 280 keV

Fo+ 1.68 MeV

CF* 300 keV
Ne*™ 600 keV
Xe** 900 keV
H.D* 300 keV
D.H* 300 keV

electron-cooled
ion beam!




Low-energy electron cooling — pushing the limits

Pre-CSR lowest cooling energy:
E_ =30eV

cool

D.CI* (41 ule) @ TSR

Also electron-cooled:

Xe** @ 900 keV ArH* @ 300 keV
HeH* 85 keV Mass =129 u — 43 ule Mass =41u

HD* 250 keV E. =38eV E., =40eV

o 250 keV n, = 4x10%° cm n, =4.1x10%° cm?
CH 280 keV N = 3x107 N. = 7x10°

OH* 280 keV

6+ 1.68 MeV

ArH* 300 keV HeH™ @ 85 keV
CF* 300 keV Mass =5u

Ne* 600 keV. B =938V
Xe*t 900 keV N, = 2.5x10° cm?
H.,D* 300 keV N __ = 1x108

D,H* 300 keV




Low-energy electron cooling — supporting techniques

Cooling force measurement
(bunch-phase-shift method)

30

Cooling force [eV/m]

-0.04

-0.05

Detuning velocity [km/s]
Method: Caussyn et al. Phys. Rev. Lett. 73, 2696-2699 (1994).

Jonas Bechtel
Bc thesis
Univ. Heidelberg (2022)



Low-energy electron cooling —

Cooling force measurement
(bunch-phase-shift method)

30

Cooling force [eV/m]

-0.04

-0.05

Detuning velocity [km/s]
Method: Caussyn et al. Phys. Rev. Lett. 73, 2696-2699 (1994).

Jonas Bechtel
Bc thesis
Univ. Heidelberg (2022)

supporting techniques

Enhanced dynamic range
of cryogenic MCP detector

# Counts

10° s impact rates, also for imaging
Fast MCP bias voltage switching
avoids saturation

Selina Gaisser
Bc thesis
Univ. Heidelberg (2022)
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Ultra-low-energy electron-cooling at CSR

- The CSR facility

- Low energy electron-cooling challenges
- CSR electron cooler
- Electron cooling performace

- Inelastic “electron cooling”




Inelastic electron collisions with molecular ions

Reactive collisions
(Dissociative Recombination)

A+B
AB* + e —
) < AB* + e

Internal-state-changing
collisions



Radiative cooling of CH*

Probing by resonant photodissociation

CH*(J) + hv — C*+H

o o o e — e— e—T I T 4
® 0.8} J=0 .
c -
Nk —
2
0 04f _
8 ool _ 2
Qo > o B
c | J=3 J=2 _ ‘ 1
0.0 ——=a___» — o , ~ 3.5 meV

0 100 200 300 400 500 _ 600
lon storage time (s)
Eff. black body temperature ~17K

O’Connor et al., Phys. Rev. Lett. 116 (2016) 113002




Inelastic electron-CH* collisions

+ i o |’ i Electron induced
CHY(J)+e = CH'(J) + e Rotational cooling
10° !
& CSR collision energy distr. 4
s f (no detuning)
2 10 kT, = 2.25 meV
6_ 10_1 3 3
T E
a| Calculated
10
& 910 90—1 " dipole- Born approx. 2
Emz_ 3.5 meV\ e
g 4 “0 S ~ 3.5 meV 1
8 10 2—1 (7 1—2
| | | | | , Eff. black body temperature ~17K
10° 10" 100 107 10 10"

Collision energy FE' (eV)




Relative populations

0.8}

0.2}

0.0

Rotational electron cooling measurement
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—e_—_a 328

J=2
| —

100 200 300 400
lon storage time (s)

500 600

>50% inJ=0:
~150 s without electrons
~ 50 s with electrons

Electron induced
Rotational cooling

0.5 , 3 0 : 4
: ; :
J=0
i
® 0.0
é — + ' : } ; ; 3
T
205}t \ *
8- |
e | 2
% 0.0— — 1
= | ~ 3.5 meV
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Modeling with theoretical collision cross sections

o O O O
o o o o

Relative populations

o
o

0.0

50 100 150
lon storage time (s)

Dashed: Inelastic collisions in
Coulomb-Born approximation

Full: Inelastic collisions from recent
R-matrix molecular calculations

J. R. Hamilton, A. Faure, and J. Tennyson,
Mon. Not. R. Astron. Soc. 455, 3281 (2016).

First quantitative measurement

In-ring cooling of ions
without dipole moment possible

A. Kalosi et al.,
PRL 128, 183402 (2022)




CSR experiments
with low-energy electron beams



CSR experiments
with low-energy electron beams

... are challenging

Experimental wishes
* Long storage times
e Strong ion beam
* Phase space compression
* |Inelastic electron collision cooling

Electron cooling

* |s slow

* Tune shifts

* Recombination depletion

— Complex measurement schemes
(timing, Ee, Ne, ...)



CSR experiments
with low-energy electron beams

... are challenging

Experimental wishes
* Long storage times
e Strong ion beam
* Phase space compression
* |Inelastic electron collision cooling

Electron cooling

* |s slow

* Tune shifts

* Recombination depletion

— Complex measurement schemes
(timing, Ee, Ne, ...)

... but well possible!

HeH* + e-(dissociative recombination)
O. Novotny et al., Science 365, 676-679 (2019)

CH* + e (inelastic electron collisions)
A. Kalosi et al., PRL 128, 183402 (2022)

CH* + e-(dissociative recombination)
D. Paul et al., ApJ 939, 122 (2022)

OH* + e (dissociative recombination)
A. Kalosi et al., to be submitted in ApJ

Papers in preparation:
ArH*+e CF'+e
H.D* + e- D,H* + e-
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