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Electron cooling of bunched ion beams
and recent results at the
Heidelberg cryogenic storage ring (CSR)

Patrick Wilhelm
for the CSR Team

Max Planck Institute for Nuclear Physics

COOL 2017
Bonn



Outline

The Cryogenic Storage Ring
Rotational cooling of stored molecules

The CSR electron cooler

Photocathode
setup

Beam Time 2017: Recent results

Z
a4
(S
N4
[
)
(-
iy
—t
=
=
o
Z
L !
®
Z
<
e
Ql‘
>
<
b=

Outlook: Electron-beam collision studies
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Outlook: Electron-beam collision studies
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The CSR — motivation

Eagle nebula

Cold molecular clouds
in the ISM:
Astrochemistry




The CSR — motivation

Cold molecular clouds
in the ISM:
Astrochemistry

Temperature <10K ~10-150K
Density ~100 cm?3 ~10-1000 cm™3
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The CSR — motivation

CSR interstellar clouds

Temperature <10K ~10-150K
Density ~100 cm?3 ~10-1000 cm™3

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

- merged beam experiments at low collision energies

Cold molecular clouds
in the ISM:
Astrochemistry

Goal:
Rotationally resolved
state-to-state studies
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The CSR — overview

beam energy:

Electrostatic ion optics Fully cryogenic temperature:

(mass independent) (10 K) beam line
res. gas press.

(@ < 10 K):

circumference:

)

20 keV x q ...
300 keV x q

. 300 K

10" mbar
(~100 cm?)

Full set of _ ,

diagnostic tools

Beam profile monitors (3x)

Current pickup

Electron cooler . Schottky pickup

phase space cooling

up to 160 u/e : : Position pickups (6x)

m/q range:

... with electron cooling

1...160 u/e
(@ 300 kV)

R. v. Hahn
M. Grieser
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The CSR — electrostatic beam optics

fully electrostatic storage = mass independent

24 optical elements
4 x 2 pairs of quadrupoles (10 kV)
4 x 2 6°-deflector electrodes (30 kV)
4 x 2 39°-deflector electrodes (30 kV)

4 field-free straight sections (2.4 m each)

6 kV/cm

39° deflector

3 kV/cm

6° deflector

Quadrupoles /

Steerer

betatron tunes:
qQ, = Qy = 2.59




The CSR — cryogenics

| Cryostat frame
Multi-layer cryostat : T
2 Cryostat

— |Inner vacuum chamber <10 K gy S W olter vacuum

Inner vacuum
— 2 radiation shields (40 K & 80 K) || == - e

— Multi-layer insulation . e B Camber

and supports

— Isolation vacuum chamber | TR - 2 ciation shield

80 K
radiation shield

40 K plate
and supports
— lon optics

Cryostat support tube
base plate
lon optics
alignment

___Concrete
support

cooled by closed-cycle
helium system
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A
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First cooldown
April 2015
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The CSR — cryogenics

Multi-layer cryostat
— Inner vacuum chamber £ 10 K
— 2 radiation shields (40 K & 80 K)
— Multi-layer insulation
— Isolation vacuum chamber

cooled by closed-cycle
helium system

[~
A
<

First cooldown
April 2015
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temperatures of exp. vac. chambers [K]
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time [days]




The CSR — Experimental Setup

Reaction microscope (2018):'. €1 *
very thin internal gas target - Multi-coincidence MCP

Merged 1 l i Imaging detector for

heutral neutral particles

beam

ASTROLAB
H. Kreckel ‘

b 4

K. Spruck et al.
Rev. Sci. Instrum.
86, 023303 (2015)
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C. Krantz et al.
Nucl. Instr Meth. A
851, 92 (2017)

Movable particle counter
for charged fragments




The CSR - residual gas density

OH + X - OH + X’ restgas

Photodetachment diagnostics

OH + yv > OH + e Llaser

; | : “F- 1/k = (425+9)s
Laseron. | ceron. | EA(OH)=1383eV

~ ilaseron:

hv

-
(]
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Laser off
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Laser off
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von Hahn et al.,
Rev. Sci. Instr. 87 (2016) 063115

Neutral product count rate (s™)

200 300 400 500
Time after injection (s)




The CSR - residual gas density

Photodetachment diagnostics

OH + X - OH + X’ restgas

\};1/k=(42-5¢g)3 OH + Y - OH + e Laser

b :
Laseron: : ;
Ge.ilaseron:

~Laseron: ]

-
o
™

EA(OH)=183eV

Laser off Laser off

N
Q

[
i

N
o
©

Neutral product count rate (s™)

von Hahn et al.,
Rev. Sci. Instr. 87 (2016) 063115
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200 300 400 500
Time after injection (s)

R <0651
R n <140 cm-

o> 6X%x 10710 cn?
N - > 1.5 X 10? Nionvion ngG PRTE ~ 5.8 x 10-15 mbar
ion .
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The CSR — storage lifetime

Agy (60 keV) + v (1.9eV) —» Ag, + e

:>T(bR:2T1T(M Js

180008 =50 ]

i

5000 10000 15000 20000

time after injection [s]

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

25000

EA (Ag,) = 1.02 eV
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The CSR electron cooler
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setup
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Outlook: Electron-beam collision studies




Rotational cooling of stored molecules

CSR * “antenna”: stored molecules
* p<10' mbar equilibrate with black body
e 7>2500s radiation field
T,.1~6K

wall

: rotational level

* What is the internal temperature of a stored molecular ion?

* Whatis the radiative field in the CSR?
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* Space (ISM) conditions?

measuring the population of rotational states

—> internal state thermometry
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Rotational cooling of stored molecules

state-selective
OH- photodetachment

X

5/2
3/2

j!l;m

Cross section (arb. un.)

EA(OH)=183eV

60 keV 2>

-
o

o]

»

o~

N

12600 14650

| i
14700 14750 14800 14850
Wave number (cm-1)

Photon energy
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Rotational cooling of stored molecules

EA(OH)=183eV
state-selective

OH- photodetachment 60 ke >

Cross section (arb. un.)
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Rotational cooling of stored molecules

EA(OH)=183eV
state-selective

OH- photodetachment 60 ke >

-
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Cross section (arb. un.)
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] Rotational cooling of stored molecules
. Meyer

S. George

H. Kreckel L

0. Novotny state-selective EA(OH)=1.83eV
A. Wolf OH- photodetachment

(MPIK) 60 keV =2

Measured photodetachment rates
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Normalized photodetachment signal S,(t)

C. Meyer, Phys. Rev. Lett. 119, 023202 (2017)
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Normalized photodetachment signal S,(t)

Rotational cooling of stored molecules

C. Meyer
S. George
H. Kreckel
O. Novotny
A. Wolf
(MPIK)

state-selective
OH- photodetachment

Measured photodetachment rates

TETL A
llit.ixi}
T+ I3

P

1
I
;

600 800 1000 1200

Storage time ¢ (s)

200 400

C. Meyer, Phys. Rev. Lett. 119, 023202 (2017)

EA(OH)=183eV

60 keV =2
OH

Population of ~90% in J = 0
~ 15 K effective blackbody field
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Normalized photodetachment signal S,(t)

] Rotational cooling of stored molecules
. Meyer

S. George

H. Kreckel L

0. Novotny state-selective EA(OH)=1.83eV
A. Wolf OH- photodetachment

(MPIK) 60 keV =2

Measured photodetachment rates

OH

Population of ~90% in J = 0
~ 15 K effective blackbody field

_ 1st direct pure-rotational lifetime
NI ST AT TR ST in-vacuo measurement

HHINHEN :
8 1 ‘

OH- rotational level lifetimes

200 400 600 800 1000 1200 and dipole moment

Storage time ¢ (s) T = A_l (s) M (D)
— J 0

193(7) 0.970(17)

C. Meyer, Phys. Rev. Lett. 119, 023202 (2017) 20.9(2.1) 0.952(48)

5.30(37) 0.997(35)
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Normalized photodetachment signal S,(t)

Rotational cooling of stored molecules

C. Meyer
S. George
H. Kreckel
O. Novotny
A. Wolf
(MPIK)

state-selective
OH- photodetachment

Measured photodetachment rates

EA(OH)=183eV

60 keV =2

OH

Focus: The Coolest Molecular lon Beams

August 14, 2017 » Physics 10,93

Two research teams have created the coldest molecular ion beams ever, putting molecules in their ground states

of rotation and providing imp stand-ins for interstellar gas clouds.

Population of ~90% in J = 0
~ 15 K effective blackbody field

In the deep freeze. Four curved electrodes around the central beam axis keep the cold molecular ions
on track in their orbit around the Cryogenic Storage Ring (CSR).

C. Meyer, Phys. Rev. Lett. 119, 023202 (2017)

1st direct pure-rotational lifetime
in-vacuo measurement

OH rotational level lifetimes
and dipole moment

o (D)
0.970(17)

T = A}l (s)
193(7)

20.9(2.1) 0.952(48)

5.30(37) 0.997(35)
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Outlook: Electron-beam collision studies




The CSR electron cooler

Cooling time
3/2
MionT,
D
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I ~10 mm
CFrat E.=46eV, TSR data
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The CSR electron cooler

E /eV |ion Photocathode in
Me . £ space-charge-limited
Ee = — .k for 300 keV p™ current operation:
my; )
~20 | for most 1ons I — - U3/2
1 for M, = 160u

—
Cooling time \>

3/2
- MionTe /

2
Zionne
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CFrat E.=46eV, TSR data
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Storage time




The CSR electron cooler

E,/eV

Photocathode in

101 =
space-charge-limited

for 300 keV p* current operation:

for most 1ons I — - U3/2

du
dt

main challenges:

* assure T,

- ~ eV electron beam with

I < tstore

for M, =1060u

.
Cooling time \>

3/2
MionTe /
72

ion

~

Ne

I ~10 mm
CFr at E.=46eV, TSR data

PR TR TR ST T T TN N N N TN SN WA NN RNN NN NN NN RN T RN Y

Transverse beam position

Storage time

high densities & low temperature

* cooler must be contained in CSR cryostat
= 10 K, 1013 mbar, bakeable to 250°C
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The CSR electron cooler

High Temp. Superconductors

in cryogenic region merging
coils \ =&

ion beam

room temperature
copper solenoids

I
interaction - : | electron beam
solenoid g o . | -

ion beam
correction coils

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

photoelectron
electron gun

collector

ion beam
correction coils
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The CSR electron cooler

High Temp. Superconductors

in cryogenic region merging
coils ™\

ion beam

room temperature
copper solenoids

: I
interaction ~ : 3 | \ electron beam
solenoid T |

\ _ ) |
. : ion beam
* correction coils

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

photoelectron
electron gun

collector

ion beam Magnetic guiding and merging of beams

correction coils
Compensation of ion beam disturbance

Variable electron energy (drift tube)

Beam diagnostics (two wire scanners)
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The CSR electron cooler

. « 70

. \g
~‘_'z.ﬁ‘\i%_} .

electron
collector

2ag

Photo cathode electron source (TSR) :
~ 10 x lower T_compared to thermionic emission

GaAs cathode Extraction electrodes

LN, supply




The CSR electron cooler

~32 K toroid coi ‘
s Room temperatur

solenoids

P, | >

~32 K dipole inflectors
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~32 K solenoid




The CSR electron cooler

steering copper coil pairs located
inside aluminum body for toroidal
drift compensation

High-temperature superconductor
attached onto cooled copper strips
distributes ~ 60 A currents to the
magnets
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The CSR electron cooler

Independent HTS coil-cooling system 30W @ 30K

provides sufficient cooling power for the
HTS magnets

Cold Head

LPCS cryostat

VG2
Analog redout: CH BH T1
Pressures -PT 1-4,
Temperatures - T 1-6, D1
Flow - MFM Load cryostat
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Low cryogen inventory, forced flow Ne cooling system with room
temperature compression stage and heat recuperation

A. Shornikov *, C. Krantz, A. Wolf
Max-Planck-Tnstitut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

ARTICLE INFO ABSTRACT

Article history: We present design and commissioning results of a forced flow cooling system util

Received 11 October 2013 cryogen is pumped through the system by a room-temperature compression stag|
Received in revised fonm 4 December 2013 yone From the = tage 3 recunerating floaa tuhe in tuhe heat e
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The CSR electron cooler




The CSR electron cooler —temperature spreads

W GaAs photocathode

. Thermocathode:J T2
X CXP ———
Per

- higher I, needs higher T 04 ( ~ 1300-1800 K)

Photocathode: || — n - U3/2

G0 layer YT

space-charge-limited current operation

Photocathodes as electron sources for high resolution
merged beam experiments

— GaAs(Cs,0): effective negative electron
affinity (NEA=E_-E

VaC) D A Orlov,' F Sprenger,! M Lestinsky,' U Weigel,' A S Terekhov,? D Schwalm'
and A Wolf'

Z ~ ! Max-Planck-Institut fiir Kernphysik, 69029 Heidelberg, Germany
| m e 2 Institute of Semiconductor Physics, 630090 Novosibirsk, Russia

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

adiabatic magnetic expansion kinematic compression

e acceleration of electron cloud
Tf,J_ = Ti,J_ /Ol by potential difference U

" room temperature

P "c"opper!\sm?mds electron beam ( kB TC ) 2
2el
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Ultra low energy electron deceleration scheme

* difference of contact potentials ~E; . ~U eV !

space charge

Interaction region
|

Drift tube

Transport region

20 eV electrons

- 2D profile analyzer

Expansion -
region | g 1

Collector

Gun |:

scheme developed

Cathode in tests at the TSR e-target setup

A. Shornikov et al., Phys. Rev. ST Accel. Beams 17, 042802 (2014)
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Outlook: Electron-beam collision studies
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Electron cooling of F°*

F6+ acceleration voltage = 223 kV
- E(F6+) =1.34 MeV

- Ee=38.7eV

F6+ current ~ 300 nA

N ~ 1e6 particles

rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz

capacitive current pickup
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Electron cooling of F°*

F6+ acceleration voltage = 223 kV
- E(F6+) =1.34 MeV

> Ee=38.7eV AN rf only
F6+ current ~ 300 nA
N ~ 1e6 particles AT

. ) <>
rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz

capacitive current pickup
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Electron cooling of F°*

F6+ acceleration voltage = 223 kV
> E(F6+) = 1.34 MeV Ji
> Ee=38.7eV AN rf only R cooling

F6+ current ~ 300 nA AT

N ~ 1e6 particles
P AT «—>

) ) <>
rf bunching frequency = 2nd harmonic of

revolution frequency ~ 214 kHz

capacitive current pickup
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Electron cooling of F°*

F6+ acceleration voltage = 223 kV
- E(F6+) =1.34 MeV

- Ee=38.7eV

F6+ current ~ 300 nA

N ~ 1e6 particles

rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz

capacitive current pickup

1 second: lon beam injection
+3 seconds: Electron beam on
+5 seconds: Electron beam off




Electron cooling of F°*
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Electron cooling of F°*

F6+ acceleration voltage = 223 kV
- E(F6+) =1.34 MeV

- Ee=38.7eV

F6+ current ~ 300 nA

N ~ 1e6 particles

rf bunching frequency = 2nd harmonic of
revolution frequency ~ 214 kHz
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Space charge limitation of bunch length

space charge ion bunch

longitudinal profile Ueﬁ(A(I)) = U- Sin(A(‘H‘(I)S)"‘US(A(I))

A(S)

behind in front of U, (Ad) = E (Ad)-C,
synchronous synchronous

particle = _particle 1+2In(£)oN(s
E Ey(s) = — r) OA(s)

dmegy?  Os

synchronous particle
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Space charge limitation of bunch length

space charge ion bunch

longitudinal profile Ueff(Aq)) = U- SiIl(A(])-l-(I)S)-l-US(A(I))

A(s)
behind in front of U, (Ad) = E (Ad)-C,

synchronous synchronous

particle _particle Fite 1+ 2In(£) 9x(s)
1(s) = —

dmegy?  Os

synchronous particle
parabola profile: only distribution to

compensate the synchrotron motion of
Proceedings of COOL2013, Murren, Switzerland WEAMI1HA03 eaCh |0n (fo r Aq) << zn)
COOLING ACTIVITIES AT THE TSR STORAGE RING

M. Grieser, S. Artikova, R. Bastert, K. Blaum, A. Wolf U A _0
Max-Planck-Institut fir Kernphysik, D-69029 Heidelberg, Germany ef
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Space charge limitation of bunch length

space charge ion bunch U, {(Ad) = U- sin(Ad+d,)+U (Ad)

A(s)
behind in front of U, (Ad) = E (Ad)-C,

synchronous synchronous

particle E _particle By (s) 1+2In(£) 9A(s)
I\5) ==

dmegy?  Os

synchronous particle
parabola profile: only distribution to

RF resonator voltage is compensated by space compensate the synchrotron motion of
charge voltage of the ion beam each ion (forA¢ << 2m)

frozen synchrotron oscillation

Electron cooling creates a stable, space charge Ueff(Aq)):O
limited bunch length



Space charge limitation of bunch length

10 sec after injection,
7 sec after cooling

beam width at space charge limit: 10
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Outline

The Cryogenic Storage Ring
Rotational cooling of stored molecules

The CSR electron cooler

Photocathode
setup

Beam Time 2017: Recent results
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Outlook: Electron-beam collision studies
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Outlook: Electron-beam collision studies

Electron capture and dissociation
Dissociative recombination

ABC*

Fast (stored)
molecular ion beam

Fragment detectors
c

E =% m,(v,—V)?

can be scanned from ~ 1 meV ... 50 eV




Outlook: Electron-beam collision studies

Benchmark experiment: DR of HD*
HD*(v, J)+e'—>H+D

bl T

0, J=12,3,4,5
0, J=0

a(E,)EL? (108cm3 s~Tev12)
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10 12 14 16 18 20 22 24
Electron collision energy (meV)
Waffeu-Tamo ef al., PRA 84 (2011) (0 K)
TSR data (KT ~1meV, T ~300K)

CSR prediction ( T =10 K)
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Outlook: Electron-beam collision studies

internal cooling/heating by

ABC'(J) +e — ABC(J)+ e inelastic electron collisions
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Outlook: Electron-beam collision studies

internal cooling/heating by

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

HeH* (v=0)+ e

FE (J=0-1)

cm?)

Collaboration:

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

arXiv:1705.10153

Cross section
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Outlook: Electron-beam collision studies

internal cooling/heating by

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

HeH* (v=0)+ e

PE (J=0-1)

cm?)

Collaboration:
C. Greene, S. Kokoouline, R.
: ] Curik,
] Cooling only : arXiv:1705.10153
; at low energies .
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Normalized photodetachment signal S (t)

Special thanks to

S umma ry Stephen Vogel Oldrich Novotny

ion-beam storage lifetime up to ~1h
molecular ions cool down to 15 K
facilities for cold molecular collisions with
* photons
electrons
neutral atoms

Photodetachment:
OH™ beam stored over 20 min

- ety

[N .
S,'S,'S,(J20)

Marius Rimmler ANDREAS WOLF

June 2017:
First (bunched-beam) electron cooling
in an electrostatic storage ring

in preperation:
Low-temperature inelastic
electron-ion collision studies

Benchmark experiment: DR of HD*

Radiative rotational level lifetimes HD*(v, J) + & — H + D
& dipole moments '

S, (Uz1)

= 47" (5)

Ho (D)

193(7)

0.970(17)

20.9(2.1)

a(Ey)ES? (108cm3s~Tev12)

0.952(48)

5.30(37)

0 2 4 6 8 10 12 14 16 18 20 22 24
0997(35) Electron collision energy (meV)

400 600 800 1000 1200

Storage time £ (s)

Waffeu-Tamo et al., PRA 84 (2011) (0K )
TSRdata  (AT,~1meV,7, ~300K)

CSR prediction (T,,=10K)
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