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The CSR — Motivation

Temperature <10K ~10-150 K

—> storage times ~ 1000 s
—> electrostatic: mass-independent storage of ion beams
- molecular ions in well-defined quantum states

> veIocitP/_-matched merged-beam experiments:
low collision energies

06.02.2019 AVA Workshop

Cold molecular clouds
in the ISM:
Astrochemistry

Rotationally resolved
collision studies
are possible




The CSR - Overview

Manfred Grieser:

» 1he electrostatic storage ring CSR"

Ele&/rostatic ion optics Fully cryogenic
(mass independent) (10 K) beam line

| Full setof —
diagnostic tools

Electron cooler
phase space cooling
up to 160 u/q
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CSR Detectors
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circumference: 35m
beam energy: 20 keV % q ...
300 keV x q
temperature: 10... 300 K
res. gas press.
(@ < 10 K): 10" mbar
(~100 cm)

- Beam profile monitors (3x)
- Current pickup
- Schottky pickup

- Position pickups (6x)

... with electron cooling

m/q range: 1..160 u/e
(@ 300 kV)
I m
— von Hahn et al.,

Rev. Sci. Instr. 87 (2016) 063115
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CSR Detectors

Cold Movable Particle Counter
(COMPACT)

K. Spruck et al.
Rev. Sci. Instrum.
86, 023303 (2015)

C. Krantz et al.
Nucl. Instr Meth. A
851, 92 (2017)

06.02.2019

Neutral Imaging in Cryogenic Environment

AVA Workshop

(NICE)
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CSR Detectors - COMPACT

Cold Movable Particle Counter

L

I

Fragmentation Parameter

_ 9a/ma

1
Qp/mp

Detection Range

—14<n<+1.1

06.02.2019

(COMPACT)

MCP Stack

/ Heated to 30 K

Converter Plate

* Manually movable to desired fragment position

* Movement in cryogenic and UHV environment

AVA Workshop



CSR Detectors - NICE

Heated to 30 K

* Multi-coincidence imaging detector

* 3D fragment imaging under development

200~ . R

| | L]

| | Lo Lo by o 1
300 320 340

PRI AT A SAERTEN BN A
18000 220 240 260 280
X [pix]
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The CSR - Electron Cooling

Liouville‘s theorem: / \

lon beam emittance is constant in absence of
external forces

BUT : vinns

* Low beam emittance desired
 Diffusion processes increase emittance

electrons

Benefits of electron cooling at CSR :

products

* Narrow beam profile — defined collision geometry

* Low energy spread — defined collision energies

* Increased beam lifetimes

Friction force
A
A F
cool,||
cooled beam
p (V- v,),

06.02.2019 AVA Workshop 10



The CSR - Electron Cooling

Me E_[eV] ion
Ee — ' Ei 163 for 300 keV p*/ p
m; _
1 forM_=160u

1
e , 3/2
d_u — F - - .A":[ * Te/
dt M, cool 72 . Ne
Challenge:
e assurert,  <<T

cool store

- electron beam with
high density & low temperature
(@ low kinetic energy)

06.02.2019 AVA Workshop 11



The CSR electron cooler

High Temp.
Superconductors
in cryogenic region
ion beam
. m:;%;ng\ - ’ room temperature
superimposed e - ———— ___ copper solenoids
sc?lenmq interaction solenoid / e S -~ \ electron beam
and dipole field drift tubes gl NS

\ -

ion beam Gy
correction coils ﬂ
F

-

|

second expansion
interaction region (a ~2) first expansion
(length ~ 0.8m) (e ~10)

photocathode
electron electron gun

collector

ion beam
correction coils
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The CSR electron cooler

1/a
——
Bint
. TJ_,int - B : TJ_,cath
High Temp. cath
Superconductors N ing = (gmt ) Mg oath
in cryogenic region cath
ion beam
) m:;%';g\ ’ room temperature
superimposed 22 ___ copper solenoids
sc?lenmq interaction solenoid / ' \ electron beam
and dipole field drift tubes

correction coils

second expansion
interaction region (a ~2) first expansion
(length ~ 0.8m) (e ~10)

photocathode
electron electron gun

collector

ion beam
correction coils
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The CSR electron cooler

1/a
——
Bint
. TJ_,int - B : TJ_,cath
High Temp. cath
Bint
Superconductors Ne.int = (Bm ) e cath
in cryogenic region cath
ion beam
) migiil{sng\ _ | room temperature
superimposed - ___ copper solenoids
sqlenmq interaction solenoid / electron beam
and dipole field drift tubes

ion beam
correction coils

second expansion

interaction region (a ~2) first expansion
(length ~ 0.8m) (e ~10)

photocathode
electron electron gun

collector

No additional correction of the CSR
lon beam settings necessary!

ion beam
correction coils
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The CSR electron cooler

AVA Workshop
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The CSR electron cooler

Magnetic steering coil pairs

06.02.2019

AVA Workshop 16 -\\g}-



The CSR electron cooler

Magnetic steering coil pairs

06.02.2019

‘ Wire Scanners

-

N N

>

AVA Workshop

17

NN



The CSR electron cooler

Magnetic steering coil pairs

06.02.2019

Set of drift tube
electrodes

AVA Workshop
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The CSR electron cooler

Magnetic steering coil pairs

Set of drift tube
electrodes

‘ Wire Scanners

-

<—| Faraday Cups
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The CSR electron cooler

Magnetic steering coil pairs

06.02.2019

Set of drift tube
electrodes

‘ Wire Scanners

-

<—| Faraday Cups

AVA Workshop
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Longitudinal Cooling Demonstration — Bunched Beam

ion beam

L+

RF system actively manipulates
longitudinal ion beam structure

T _-"|‘\
i LN >
"\\
: \I . o~ d——— RF voltage
I I
AE o | |
L Sl
~ I | ., —— AF bucket
i y/—'_‘—\q :} -
e SO
i Bunch

06.02.2019

ions

How to demonstrate and optimize electron
cooling without an imaging detector?

CSR beamline

"

3| rf cavity

yosung uol

-

fbunch = h ’ f
h: number of stored
bunches

revolution

AVA Workshop



Longitudinal Cooling Demonstration — Bunched Beam

ion beam

L+

How to demonstrate and optimize electron
cooling without an imaging detector?

5

7 4

N II
2 /7
%

ions .
CSR beamline
A 1(1) 1,(1)
. fbunch = h ’ frevolution
cavity | p: number of stored :lechm
bunches 1

RF system actively manipulates
longitudinal ion beam structure

- i _-"|‘\
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Longitudinal Cooling Demonstration — Bunched Beam

ion beam

L+

RF system actively manipulates
longitudinal ion beam structure

T _-"|‘\
i LN >
"\\
: \I . o~ d——— RF voltage
I I
AE o | |
L Sl
~ I | ., —— AF bucket
i y/—'_‘—\q :} -
e SO
i Bunch

06.02.2019

How to demonstrate and optimize electron
cooling without an imaging detector?

ions .
CSR beamline
‘ A 1(t) Lo(t),
A\ ¢ : . fbunch = h ) frevolution T
& rf cavity h: number of stored w)l C'le

bunches
R |U@®)

S — U(t) = %1@)
T capacitive
3 current pickup |A
ol AT
v e_ H/\/\
A t
AT
<>
Electron Cooling — compressed longitudinal /\ /\ /\ R
density profile of ions "t
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Longitudinal Cooling Demonstration — Bunched Beam

A-‘

I\

rf only

A

v

1/AT 2/AT f

06.02.2019

AVA Workshop
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Longitudinal Cooling Demonstration — Bunched Beam

Al rf Oﬂ]'y
AT
/N \
A M

1/AT 2/AT f

06.02.2019

A}
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rf + electron cooling

A.‘

I
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¢
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1/AT W 3/AT f
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Longitudinal Cooling Demonstration — Bunched Beam

A rf only
AT
/N \
t
A.l"'.
I -
1/AT 2/AT f

2" harmonic signal
(zero span mode)

", no electrons
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o o o o
w
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AVA Workshop

June 2017
lon energy: 1.34 MeV
lon current: 300 nA

Cooling energy: 38.7 eV
Electron current: 14.5 pA
Electron density: 1.7-10°cm™

3
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Longitudinal Cooling Demonstration — Bunched Beam

AL rf only " rf + electron cooling June 2017

AT
AT N A
— * lon energy: 1.34 MeV
/\/\ * |on current: 300 nA
t

* Cooling energy: 38.7 eV
* Electron current: 14.5 pA
* Electron density: 1.7-10°cm™®

A.-"'. Aa‘\
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06.02.2019 AVA Workshop 28 <o




Longitudinal Cooling Demonstration — Bunched Beam

May 2018
HeH"*
* lon energy: 250 keV
* lon current: 300 nA
* Cooling energy: 274 eV
* Electron current: 27.0 pA
* Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz

ions <

rfcavity| f =4 xf el L
bunch N TV
_ Rl |U(t)
o
> oy
o capacntl've U = C{_ol(t)
= current picku -
>
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Longitudinal Cooling Demonstration — Bunched Beam

: : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
-1000.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ OFF * Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
rf cavity fbunch =4 xf ,,,(,)l(TTl,(,(,)
0.00- S
o capacitive o Lo,
S current picku "= e,
5
—0.01
0

2 4 6 8 10 Al2
t [us] T

t  =11.32 s

re
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Longitudinal Cooling Demonstration — Bunched Beam

: : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
-700.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ OFF * Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
rf cavity fbunch =4 xf ,,,(,)l(TTl,(,(,)
0.00- S
o capacitive o Lo,
S current picku "= e,
5
—0.01 - . - - -
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

: : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
-400.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ OFF * Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
rf cavity fbunch =4 xf ,,,(,)l(TTl,(,(,)
0.00- S
o capacitive o Lo,
S current picku "= e,
5
—0.01 - . - - -
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

: : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
-100.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ OFF * Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
rf cavity fbunch =4 xf ,,,(,)l(TTl,(,(,)
0.00- S
o capacitive o Lo,
S current picku "= e,
5
—0.01 - . - - -
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

: i May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOIIng @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
200.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ON * Electron density: 3.7-10°cm™°
* Revolution Frequency: 88.28 kHz
0.02 1
. ions <
2, L
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- S
o capacitive o Lo,
S current picku ST
S
_0-01 T T T T T
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

: i May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOIIng @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
500.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ON * Electron density: 3.7-10°cm™°
* Revolution Frequency: 88.28 kHz
0.02 1
. ions <
2, L
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- S
o capacitive o Lo,
S current picku ST
S
_0-01 T T T T T
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

_ ] May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
800.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ON * Electron density: 3.7-10°cm®
ﬂ * Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- S
o capacitive o Lo,
S current picku "= e,
5
_0-01 T T T T T
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

: : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
1100.0 ms * Cooling energy: 27.4 eV
Cooling * Electron curre.nt: 27.0 p,sl-\ 3
0.03{0ON ” * Electron density: 3.710°cm
* Revolution Frequency: 88.28 kHz
0.02- | {\
_ ions <
2, .
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- g
j\_// g‘ capacitive v = L0
S current picku Cv
S
_0-01 T T T T T
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

. : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
1400.0 ms * Cooling energy: 27.4 eV
Cooling * Electron current: 27.0 pA
0.03{ON n * Electron density: 3.7-10°cm®
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00 N \ | M )
o capacitive o — Lo
S current picku "= e,
5
—0.01 .
0 2 4 6 8 10 12
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Longitudinal Cooling Demonstration — Bunched Beam

. : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOIIng @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
1700.0 ms * Cooling energy: 27.4 eV
Cooling | * Electron current: 27.0 pA
0.03{0ON * Electron density: 3.7-10°cm™°
* Revolution Frequency: 88.28 kHz
0.02 1
. ions <
> L
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00 __/U U U \ S
o capacitive o Lo,
S current picku "= e,
S
—-0.01 . . . - -
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

. : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
2000.0 ms * Cooling energy: 27.4 eV
Cooling H * Electron curre.nt: 27.0 p,sl-\ 3
0.03{0ON * Electron density: 3.710°cm
* Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- | | | g
M g‘ capacitive v = L0
S current picku Cv
S
—0.01 .
0 2 4 6 8 10 12
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Longitudinal Cooling Demonstration — Bunched Beam

. : May 2018
Averaged (40 ms) Current Pickup Signal HeH* y
(COOImQ @ 0 ms) * lon energy: 250 keV
* lon current: 300 nA
2300.0 ms * Cooling energy: 27.4 eV
Cooling n * Electron curre.nt: 27.0 p,sl-\ 3
0.03{0ON * Electron density: 3.710°cm
n * Revolution Frequency: 88.28 kHz
0.02 1
_ ions <
2, .
D 0-01 7 EE(ON I AGN
rf cavity fbunch =4 xf Wl(TTlm
0.00- | | g
___A.v-—} L o capacitive vt = i
S current picku Cv
S
_0-01 T T T T T
0 2 4 6 8 10 12

t [us]
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Longitudinal Cooling Demonstration — Bunched Beam

Bunch Widths over Time

800

700 A

600 - T, = 1464 £ 34 ms

cool

007 g--p--o--gs

400 A N

~ w__~198 ns

~ exp
300 A D W ~143 ns

~, space charge

Bunch width [ns]
V4

200 - - 0o--0o-2

100 A
Cooling OFF Cooling ON

0 I 1 | 1 1 |
-1000 -500 0 500 1000 1500 2000

Storage time [ms]
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Longitudinal Cooling Demonstration — Bunched Beam

Theoretical cooling rate estimated
from temperature relaxation time

in an isotropic Maxwellian plasma
1 L

4 - Tcool ,plasma CO

Tcool bunchsize —

Tcool plasma =

3(4meg)’mem; 1 (kBTe)?’/Q
8y/(2m)et 22 neLe \ me

L. Spitzer, Physics of Fully lonized Gases

Coulomb logarithm:

Lo = [ db/b = In(buax /buin)

06.02.2019

Cooling rate [1/s]

Longitudinal Cooling rate vs. Electron density

1.0
— Theoretical cooling rate

o
(00]
1

o
(o))
1

ksT, =2 meV

S

0.0 I I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Electron density [1e5/cm?]

©
o
1

o
N
1

Impact parameters:
EokBTe Z€2
= = bnin = —————————
bmax )\D neez e 47T803kBTe
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Longitudinal Cooling Demonstration — Bunched Beam

Theoretical cooling rate estimated
from temperature relaxation time

in an isotropic Maxwellian plasma
1 L

4 - Tcool ,plasma CO

Tcool bunchsize —

Tcool plasma =

3(4meg)’mem; 1 (kBTe)?’/Q
8y/(2m)et 22 mele \ me

L. Spitzer, Physics of Fully lonized Gases

Coulomb logarithm:

Lo = [ db/b = In(buax /buin)

06.02.2019

1.0
—— Theoretical cooling rate
——=~ Theoretical cooling rate scaled by factor 4
0.8 1
0 X
—
— 0.6 X -7
@ -
4 -
1) -
— -
X ksT, =2 meV _-”
o e -
—0 0.4 T /,’/
(o] -
U /,’
0.2 - _-TX
/x’/
0.0 += : ; : :

Longitudinal Cooling rate vs. Electron density

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Electron density [1e5/cm?]

Impact parameters:
€0 kB Te A 62
= = bnin = ———————
bmax )\D neez e 47T803]€B Te
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Longitudinal Cooling — Coasting Beam

Charge fluctuations

ions /
S L“g
‘ 10

N L),
[H(f)l C lf("(f)
L
R| |U(t)
capacitive
current pickup

Ut) = %I(t}
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Longitudinal Cooling — Coasting Beam

Charge fluctuations

ions /

— - Background subtracted
el CTIlm Schottky noise spectrum
R| |U(t) 10
capacitive Lo |
current pickup M =5, 08
e — 0.6
2
E 0.4
2
i 0.2
Estimate of ion beam momentum spread: 0.0
88650 88i00 881|50 SSéOO 88é50 88:1300 883|50
Ap 1 Af 4 Frequency [Hz]
— = _T ~ 1.7-10
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Outline

Reminder: The electrostatic Cryogenic Storage Ring (CSR)

CSR Detectors

The CSR low-energy electron cooler

Cooling Observation and Optimization
> Longitudinal

> Transverse

Lifetimes of electron cooled ion beams

06.02.2019 AVA Workshop
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Transverse Cooling — Detection Principle

-
Fragmentation He
(charge exchange, recombination...) :
Imaging
detector

Center-of-mass distribution of two-body events
- transverse emittance of stored ions

Fragmentation processes

Dissociative Recombination: HeH*(v, J) +e > He+H

Residual gas charge transfer: HeH* + H2 > He + H + H2+

06.02.2019 AVA Workshop 48




Transverse Cooling — Coasting lon Beam

Beam-projection

—
=
L=

evolution in storage time

t=0-04s { t=11-15s |} t=22-26s | t=62-6.6s

%op 1F 1F s

0
(=
T

L

0 1F 1k it

Vertical position [mm]
e

JD:....I....I....I....I....I....: :....I....I.. PR A

40 &0 BO FO BO S0 40 50 B8O FD O 8O 80 40 &0 BD VD BOD SO 40 &0 B0 FOO BOD 80

E 9 T | ' 1 — 9 :' | ' 1
E s} _ {1 E s} ]
EID 7 — Tcool =13s = 'E' 7 F ] HeH+
c 6F 1 16§ 3 * lon energy: 250 keV
T 5F 1 S5 E * lon current: 311 nA
Z 4t 1 T4} E * Cooling energy: 27.4 eV
'E SE 1 w3 E * Electron current: 26.0 pyA
R 2F E E 2 F E * Electron density: 3.7-10°cm™3
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Transverse Cooling — Coasting lon Beam

HD*

lon energy: 250 keV

lon current: 182 nA
Cooling energy: 45.7 eV
Electron current: 34.7 pA
Electron density: 2.6-10°cm >

lon energy: 250 keV

lon current: 602 nA
Cooling energy: 8.57 eV
Electron current: 31.2 pA
Electron density: 5.3-10°cm

06.02.2019
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Transverse Cooling — Density Comparison

Plasma Model

3/2 HD*
M - Te * lon energy: 250 keV
Teool ™ 72 * lon current: 182 nA
' @ * Cooling energy: 45.7 eV

06.02.2019 AVA Workshop



Transverse Cooling — Density Comparison

Plasma Model

o 3/2 HD*
M - Te * lon energy: 250 keV
Teool ™ 72 * lon current: 182 nA
' * Cooling energy: 45.7 eV

Cooling Rate vs. Electron Density

1 . 4 B L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] i

: —l— Horizontal Cooling Rate :

1.2 Vertical Gooling Rate -

— - Plasma Model Cooling Rate -1
n 1 —
~ B — E _
A L -
[ - I } ]
= 0.8 .
o [ T ]
2 06f i =
g [ -
0.2 | -

| APEPIFEN EPEPEPEPN BRI BT EPEPRPEP PR
0 0.5 1 1.5 2 2.5

Electron Density [10°/cm?]

w
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Cooling Rate [1/s]

1.4

1.2

0.8

0.6

0.4

0.2

Transverse Cooling — Density Comparison

Plasma Model

M1

Teool ™ 72 _

Cooling Rate vs. Electron Density

== Horizontal Cooling Rate

Vertical Cooaling Rate

Plasma Model Cooling Rate

1

05 1 15 2 25
Electron Density [10°%/cm®]
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HD*
* lon energy: 250 keV
* lon current: 182 nA

* Cooling energy: 45.7 eV
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Transverse Cooling — Density Comparison

Plasma Model

M1

Teool ™ 72 _

HD~*

lon energy:
lon current: 182 nA
Cooling energy: 45.7 eV

250 keV

Cooling Rate vs. Electron Density

60 - 240 : . .
14— B Jongitudinal -
[ | —=— Horizontal Cooling Rate ] . B +.
12__ Vertical Cooling Rate . 45 180 - horizontal e
\w— 1:_ Plasma Model Cooling Hate_ _: T‘ — @ vertical *//!
= | { P L} , .
[ N 30 F 120 } :
5 0.8F I p o - e
2 0.6} i = 15 F 60 | M
9 - . V&
O 04 —
C - oL 0 /!’K '
0.2 - 0 1 2 ] ﬁd 5
- - n_ [em™]| (x](}“}j
o= =iV PRI I PSP IR B : i
0 0.5 1 1.5 2 2.5 3 Beutelspacher et al.,
Electron Density [10°cm?] Nucl. Instr. Meth. A 441 (2000) 110-115
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Outline

Reminder: The electrostatic Cryogenic Storage Ring (CSR)

CSR Detectors

The CSR low-energy electron cooler

Cooling Observation and Optimization

> Longitudinal
> Transverse

Lifetimes of electron cooled ion beams

06.02.2019

AVA Workshop
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Countrate [s]
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Lifetimes of electron cooled lon Beams

_ e May 2018
- t=144s e HeH*
i i * lon energy: 250 keV
* Cooling energy: 27.4 eV
= * electrons off ! E * Revolution Frequency: 88.28 kHz
C 1 m
C 'H+-|+ +‘|+.I+i ‘|'|++ '|ﬁ
0 S T T
Storage time [s]
B ] 10° =
I t=936s I t=T773s ]
et et L ] I(ID "~ ___ ]
= " e e = ek e —
: e E
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= i i
1 =TpA 8 "F .1 =48pA C T
S s © - & H +++++*+++*+H*+“*§
o e i e e i0 i e 0 0w e e o
Storage time [s] Storage time [s]
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Outlook - Different lon Species

20 keV, n_similar to O*

lon m [u] E.[ev]l t,Is]
250 keV p*lp 1 10.9 0.6?
lon m [u] E_.[evl t,I[s]
HD* 3 45.7 1.0 o
Cooling times to be proven...
HeH* ) 27.4 1.4
o* 16 8.6 9.8

250 keV, n_halved compared to O*

lon m [u] E..[evl T, I[s]

Tio* 64 2.1 78.4 7

Xe* 132 1.0 161.8 ?
tps:lupload wikimedia orgiwikipedialcommonsele2lUndecane-stick png CH,* 142 1.0 174.0 ?
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Summary

* CSR electron cooler as prototype low-energy cooler for
electrostatic storage rings.

* lons undergo only small, easily correctable distortions.
* Longitudinal & transverse cooling proven for low ion masses.

e Search for cooling energy and overlap done fast
(within < 1 h for O* beamtime)

e Cooling times: ~s to ~min

* Electron cooled ion lifetimes: up to 1000 s
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Summary

* CSR electron cooler as prototype low-energy cooler for
electrostatic storage rings.

* lons undergo only small, easily correctable distortions.
* Longitudinal & transverse cooling proven for low ion masses.

e Search for cooling energy and overlap done fast
(within < 1 h for O* beamtime)

e Cooling times: ~s to ~min

* Electron cooled ion lifetimes: up to 1000 s

Next beamtime:

March 2019
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Thanks for your attention!

Max Planck Institute for Nuclear Physics, Heidelberg, Germany

Stored lons / Atomic and Molecular Physics Cryogenic Storage Ring

0. Novotny, C. Krantz, S. George, J. Gck, M. Grieser, R. Repnow, R. von Hahn
A. Kalosi, C. Meyer, D. Paul, S. Saurabh, V. Schmidt, Alumni: F. Fellenberger, F. Berg
D. Schwalm, P. Wilhelm,

A. Wolf, K. Blaum, Molecular lons and Astrophysics (ASTROLAB)

F. Grussie, A. O'Connor, D. Mull, S. Kumar S.,
E. Guerin, P. Herwig, H. Kreckel

Alumni: S. Vogel, P. Mishra, A. Becker, K. Spruck,
S. Menk, M. Lange, H. Buhr, A Shornikov,

C. Breitenfeldt, B. Yang, J. Stutzel, M. Mendes,

A. Petrignani, D. Orlov, S. Lohmann, J. Lion,

J. Karthein

Collaborators

X. Urbain A. S. Terekhov

(UCL Louvain-la-Neuve) (Rzhanov Institute)

D. W. Savin O. Heber, D. Zajfman
(Columbia University) (Weizmann Institute)

S. Schippers O. Trapp, C. Enss,

A. Fleischmann
(Heidelberg University)

W. D. Geppert L. Schweikhard
(Stockholm University) (University of Greifswald)

(University of Giessen)

Funding: MPG, DFG, GIF, ERC (ASTROLAB), NASA, NSF (O.N., D.W.S.), etc.
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The CSR electron cooler

electrons
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The CSR electron cooler

electrons

cooling system —»

Superconductor
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The CSR electron cooler

Cryogenic
transitions

Superconductor

cooling system —»

electrons
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The CSR electron cooler

Cryogenic
transitions

Superconductor
cooling system —»

» structure must be contained in CSR cryostat:
— 10 K, 10-"® mbar & bakeable to 100-200°C

06.02.2019 AVA Workshop 65



Longitudinal Cooling — Coasting Beam

Ue=30.62 eV
1.0 1.0
— background (shifted) — bg-subtracted Schottky spectrum (e~ on)
—— lon beam schottky spectrum (e~ on) —— Gauss fit: fy = 88237.307+0.209 Hz, 0 = 10.454+0.217 Hz
0.8 0.8
— 0.6 — 0.6 1
= =
2 =
£ 041 £ 0.4
o o
o a.
7 AM "
0.0 1 0.0 1
88050 88100 88150 88200 88250 88300 88350 88050 88100 88150 88200 88250 88300 88350

Frequency [Hz] Frequency [Hz]

Charge fluctuations

Estimate of ion beam momentum spread: ions ’
Af

=L x17107 A
f capacitive

current pickup

1
p Y

Ut) = %I(t}
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The CSR Electron Cooler — Temperature Spreads

«  Thermocathode: 5 —W GaAs photocathode
0.¢ T exXp ﬁ
- higher I, needs higher Teathode ( ~ 1300-1800 K &8 lemy
g g thode ( ) N ¥ o, L T

e Photocathode:

] — p . U3/ 2 EF], ________________________ Fermilevel ________

—  GaPR{ES B UAENM REgHRNEIBRRGH N
affinity (NEA= E-E,, )

<
Csl0 layer

Photocathodes as electron sources for high resolution

merged beam experiments
D A Orlov,' F Sprenger,! M Lestinsky,' U Weigel,'! A S Terekhov,2 D Schwalm'

and A Wolf'
~ ! Max-Planck-Institut fiir Kernphysik, 69029 Heidelberg, Germany
| 2 Institute of Semiconductor Physics, 630090 Novosibirsk, Russia

E-mail: orlov@mpi-hd.mpg.de

adiabatic magnetic expansion kinematic compression
* acceleration of electron cloud
Tf, 1= T, n /a # room temperature by potential difference U

electron beam

(kgT,)?

Pl = 2el/

first expansion . | ; ‘
1y~ (10-1 \Y
photoelectron | ~ ( O - O O ) IJ e

gun
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Cross section (cm?)

Outlook — Electron induced (de-)excitation

internal cooling/heating by

ABC'(J)+e — ABC'(J)+ e inelastic electron collisions

10

—
Q
L
]

I

Collaboration:
C. Greene, S. Kokoouline, R. Curik,

10 |-
- arXiv:1705.10153

104 F COD”ng Only
- at low energies

10l
105 104  10° 102 10° 1

Collision energy (eV)
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Absolute measurement of the electron energy distribution

Me , ) .
Eeo= —eE.z;on velocity matched beams E =v%m (V -V )2 very low detuning velocities:
Mion coll = 72 Tle Ve i electron-ion collision ener i
gy resolution
B \/E z 2 detuning of can be scanned limited by thermal energy spread
1.8
16| KT =15meV E,
14 vy 1= 0.03 meV \
— 7T I , m? m(vy —uw)?*  mot
'E 12} i f('Ue,U): 2 EXp | — -
'-1 - \ (QWkB)BCFHTJ_ QkBﬂ‘ 2kgT |
2 1t |
3 o8t AE, AE| . .
C e anisotropic/flattened
= Maxwellian velocity
04 distribution due to
02 r .
T Ty
0 L 1 I I
] 0.005 001 0015 002 0025 003 0.035
E_ [#V]
recombination process with  pé+ L o _. (F*)" — (F*)" + hv
a very sharp resonance:
Fe*
e- excited energy width strength
F5+ state meV] [meV] [1072°cm?eV]
(2}73;;2 6}?1{;2)1 6.9 Q 415.09
(2p3/26p1j2)s  10.31 @ 388.9
counting (Qplfg Gdgfg)g 52.4 O, 67.6

F5+ detector
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Cooling Rate [1/s]

1.4

Transverse Cooling

Measured Cooling Rates

Cooling Rate vs. Electron Density

— Dispersive cooling effects

Corrected Cooling Rates

Cooling Rate vs. Electron Density
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Plasma Model Cooling Rate
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Rate coefficient (cm’s™)

Outlook — Dissociative Recombination Experiments

—
<
fee]

—
<
[(s]

CSR - Merged electron beam - May 2018

, Low-energy i
%'ran;]\/”) ¢ resonant 30_0 K - .
. Mpatways  J=0.1,23,..

CRYRING' ;
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1 IllIlIII

4
¥ ! ¢t ¥
B Aoty ++ i
= CSR@18K 1 ﬂHﬂ E
- Storage time: :
= 10-50s
- >85% J=0
1 1 IIIIII| 1 JIIIII| 1 1 IIIlII| 1 1 L1 1111 . 1 1l 11
107 1072 107" 1 10
Detuning energy (eV)
' C. Strémholm et al., Phys. Rev. A 54, 3086 (1996)
2T, Tanabe et al., J. Phys. B 31, L297 (1998)
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Outlook — Dissociative Recombination Experiments

CSR - Merged electron beam - May 2018

107 1072 10™
Detuning energy (eV)
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(2] (1 meV) ¥ - J=0.1.2.3 C ¢ 7
E 1081 _yppafways TR ST -y ; ﬁ( .
(&) - e A : - E -
5 Y KT é %  CRYRIN | 1 107 E H T ﬁ ﬁ i
S | ' } 10 meV) 5 - - E
:.g I ' + ++ ‘i ; (10 meV) ——p —~ - Ly ;_
© + - | o - i
o 9| ! + + lk nf !' u | . %
o'0E csR@18K f”m 1 B E e Ky A
s - Storage time: ‘ | ]l = - PR
© [ 10-50s _ - . n’+
- >85% J= 0 lll ny.- H
1 1 1 IIIII| 1 IIII 1 I| 1 1 1 IIIII| . 1 1 ll III 1 1 o §
1 O
g | ]
©

108

' C. Stromholm et al., Phys. Rev. A 54, 3086 (1996)
2T. Tanabe et al., J. Phys. B 31, L297 (1998)
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Outlook — Dissociative Recombination Experiments

T

CSR - Merged electron beam - May 2018

Detuning energy (eV)

' C. Stromholm et al., Phys. Rev. A 54, 3086 (1996)
2T. Tanabe et al., J. Phys. B 31, L297 (1998)

Next beamtime:

March 2019
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