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What is generally understood with „cooling“? 
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What do we mean with „cooling“? 
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Motivations for laser cooling:

• fundamental aspects of very cold ion beams

 coupling, ordering  coherence in fluorescence?

• advantages of cold ion beams

 low momentum spread, low emittance  longer lifetime

• applicable at almost any circular accelerator

(laser in/out, bunching, fluorescence detection) 

opportunity: laser spectroscopy

 find transition, measure it precisely

dream: sympathetic cooling

 laser-cooled ions cool other stored ions
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light ions

low charge states

low energies

~Z3

Study simple (few electron) systems

to compare theory & experiments.

intense laser

laser spectroscopy

& laser cooling

t

y

p

i

c

a

l

heavy ions

high charge states

high energies

s

p

e

c

i

a

l



Seite 7

Contents

1. motivation

2. laser cooling collaboration

3. principles, techniques, exp. setup

4. ESR & CSRe results

5. 3D laser cooling?

6. outlook



Seite 8

laser cooling people:

GSI, Darmstadt

Sebastian Klammes§, Thomas Kühl, Rodolfo Sanchez, Peter Spiller, Markus Steck, 

Thomas Stöhlker#, Danyal Winters 

(§auch TU-Darmstadt, #auch HI Jena & Uni-Jena)

HZDR, TU-Dresden

Michael Bussmann, Markus Löser, Mathias Siebold, Ulrich Schramm

TU-Darmstadt

Tobias Beck, Gerhard Birkl, Oliver Boine-Frankenheim, Lewin Eidam, Daniel Kiefer, 

Benedikt Langfeld, Wilfried Nörtershäuser, Benjamin Rein, Thomas Walther

IMP-CAS, Lanzhou, China

Dongyang Chen, Zhongkui Huang, Xinwen Ma, Weiqiang Wen, Hanbing Wang, 

Dacheng Zhang 

Uni Münster

Axel Buß, Volker Hannen, Johannes Ullmann, Ken Ueberholz, Christian Weinheimer, 
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Laser cooling of stored coasting ion beams was first demonstrated at the 

TSR in Heidelberg (Germany) [5], and at ASTRID in Aarhus (Denmark) [6].

Laser cooling of stored bunched ion beams was demonstrated a few years 

later at ASTRID [7], followed by studies at the TSR [8, 9]. Experiments on 

laser-cooled ion crystal structures were performed in circular Paul traps [10] 

while ion beam crystallization was studied at the table top storage ring

PALLAS [11, 12] in Munich (Germany). At the experimental storage ring (ESR) 

in Darmstadt (Germany), first laser cooling experiments with relativistic ion 

beams [13] were conducted. Transverse laser cooling has been studied in 

detail at the S-LSR [14] in Kyoto (Japan). At the CSRe [15] in Lanzhou (China) 

experiments with relativistic ion beams have been started. 

For a good review of the topic, see [16].

16O5+
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2P

transition

l0=155 nmlp=93 nm la=257 nm

ESR example: 

C3+ ion energy ≈ 122 MeV/u

(b ≈ 0.47, g ≈ 1.13)

2S

The ion absorbs many directional momenta from the photons and 

decays each time with a random recoil, averaging out to zero. 

The principle: laser cooling of stored

bunched relativistic ion beams

In our case, the cooling laser force is counteracted by the 

restoring force of the `bucket´ when the ion beam is bunched.
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bunching the ion beam counteracts the laser force

fbunch = h x frev → h bunches

„bucket“

potential

vions

ions

laser force

The ions (repeatedly) pass through a cavity to which an rf-signal is applied, 

which frequency is a multiple of the ion revolution frequency (~MHz). 

The bunching amplitude is typically low, but all ions need to be in a bucket.
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`phase space´

The ions perform synchrotron oscillations inside the bucket potential.

Lewin Eidam
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Laser cooling can, in principle, be done at many circular accelerators! 

Difficulties are: 

- spatial and temporal (pulsed laser) overlap of laser beam & ion beam 

- linewidth (MHz) and scan range (GHz) of laser (rep. rate) 

- initial velocity spread of ion beam (Dp/p) 

- detection of fluorescence from ions

 laser systems which have enough power, stability, reliability, rep. rate, and `tuning´

to allow for proper and fast ion beam cooling.

`red side´`blue side´
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llaser = f(Br, Q, M, l )  for a fixed accelerator

ion

visible laserUV laser
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Ions for laser cooling @ FAIR

Calculations by Shevelko: (accuracy Dl/l =10-2) 

transition energies and rates – many elements!

Calculations by Borschevsky / Yerokhin: (accuracy Dl/l =10-4) 

transition energies and rates – selected species!

All transitions are between a ground state and the nearest upper state, 

mostly s1/2  p1/2 & 3/2. These are Dn=0 transitions.

(Dn=1 transitions are possible, but have not been calculated yet.)

The range of transition energies has been selected as follows:

step 1: fix laser wavelength (l), fix magnetic rigidity (Br)

step 2: calculate Q/A (charge-to-mass ratio) for Z=1 to 92    range Q/A

step 3: calculate g and l0 as a function of Q/A   range l0

step 4: within range l0, look for the possible Z-range

For those ions, also transition rates (Hz) have been calculated.

Weiqiang Wen / Michael Bussmann

laser saturation intensities 

fluorescence yields
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This table gives an overview of all types of ions

which satisfy the requirements (llaser & Br). 

These are lithium-like ions, beryllium-like ions, etc. 

Ergo: At the SIS100, Z = 60 is the maximum (theoretically, for Li-like ions)

However, Li-like xenon (Z=54) seems to be more realistic.

approx.

by Slava

Shevelko



Seite 20

There is (still) an interest in Li-like ions 

2020

2017
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for cw laser for pulsed laser

in order to saturate the transitions in PSI, 

high laser intensities are required

Lewin Eidam
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@ESR @SIS100 @SIS100

Lewin Eidam

cooling times of only a few seconds are expected,

and so are very low momentum spreads

single pulsed laser

two pulsed lasers

(for Ti19+)
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Show the two movies

by Lewin Eidam.
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Doppler-boosted wavelength and fluorescence direction

b ~ 0 b ~ 0.4

b ~ 0.8
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Doppler „boost“ 

of the transition  

wavelength

Doppler „boost“ 

of the emission 

directionfo
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12C3+

155 nm

b=0.47

g=1.13

12C3+

155 nm
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At high g, the ion beam emits like a `searchlight´  Gamma Factory
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Electron

cooler

Ions

Experimental setup @ ESR

scanning laser

pulsed laser

scrapers

(hor & vert)

diagnostics:

- Schottky resonator

- fluorescence detection

- ionization profile monitors

coupling in

laser beam

coupling out

laser beam

bunching 

of the 

ion beam



Seite 28

moveable CsI-cathode for XUV fluorescence detection

 BMBF funding: group of Prof. Christian Weinheimer (Uni Münster)
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moveable CsI-cathode for XUV fluorescence detection

 BMBF funding: group of Prof. Christian Weinheimer (Uni Münster)
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ECDL scanning cw laser system
(20 GHz IR, 3 GHz needed)

BMBF funding: group of Prof. Thomas Walther (TU-Darmstadt)    
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Daniel

Kiefer

Photograph taken before 

the test beamtime at the ESR
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Photograph taken before 

the test beamtime at the ESR

The group in Darmstadt is currently working on a 

high rep. rate (~10 MHz), high energy (~1 mJ) 

pulsed laser system @257 nm
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Pulsed laser system 
frequency-selective intra-cavity grating

 BMBF Funding: group of Prof. Ulrich Schramm (HZDR, TU-Dresden)    



Seite 34

Photograph taken before 

the test beamtime at the CSRe

(IMP, Lanzhou, China)
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Laser

light

x - scraper

y - scraper

available

view ports

Lasers at the ESR

scrapers scrapers
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Laser beam transport and stabilization

 BMBF Funding: group of Prof. Wilfried Nörtershäuser (TU-Darmstadt)    

 ARD M&T – SIS100 (GSI)
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ESR results

Darmstadt
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coasting beams
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Two ion species stored: 12C3+ (88%) & 16O4+ (12%)

12C3+ 16O4+

50 kHz span

@ 189th harmonic
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coasting beams cannot be laser-cooled to a stable fix point
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burning a hole in a coasting beam (C3+)
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coasting ion beam (no bunching), no electron cooling, scanning CW diode laser (~12 GHz, ~10 s)

 the laser pushes ions from a large momentum range into a narrow band 

 scanning over the whole bucket acceptance  Df/f ~ 10-5

 the UV-fluorescence from the ions is detected in vacuo, and peaks when the laser is resonant

( 189th harmonic )

scanning

laser

fluorescence

„Schottky image“

2012 ESR data
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laser cooling vs. electron cooling
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bunched beams
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laser frequency scan < initial momentum spread @ high currents
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p

t

fbunch

laser

laser

Experimental demonstration at the ESR of two possibilities:

1) scanning the bunching frequency at a fixed laser frequency (2006)

„Schottky image“
hor: frequency

vert: time

color: Intensity

2004/2006 ESR data
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Experimental demonstration at the ESR of two possibilities:

2) scanning the laser frequency at a fixed bunching frequency (2012)
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„Schottky image“
hor: frequency

vert: time

color: Intensity

2012 ESR data
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intra-beam

scattering
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10 s

hot beam

cold beam

C3+ ions stored in the ESR, 122 MeV/u, scanning the laser frequency
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laser-cooled ion beam  250 s
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time

&

intensity
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momentum spread reduction independent from ion beam current

because it is a scan, this is also a time axis2012 ESR data
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CSRe results

Lanzhou
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Laser system, RF-buncher and Schottky pick-up 
at the CSRe in Lanzhou, China

CW laser, ~40 mW, 

scanning range 20 GHz

laser

UV (220nm)

Toptica cw laser

blue (440nm)IR (880nm)
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Optical diagnostic system at the CSRe
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fixed

wavelength

cw laser

scanning

wavelength

cw laser

position

of the laser

scanning

laser

CSRe @IMP (CAS)

Lanzhou, China
16O5+ (Li-like)

2s1/2  2p1/2 (103 nm) 

276 MeV/u (b=0.64)

220 nm cw laser

coasting ion beam 

NO electron cooling

laser ON

coasting ion beam

NO electron cooling

laser ON

ions are

being pushed

by the lasermore ions

with a slightly

lower velocity

are observed
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injection

• bunched ion beam (h=33)

• NO electron cooling

• laser OFF

• bunched ion beam (h=33)

• NO electron cooling

• laser ON

large amplitude

synchrotron lines

frequency (MHz)
(164th harmonic of the ion revolution frequency)

ti
m

e

small amplitude

synchrotron lines

centre of

the rf-bucket

injection

ti
m

e

frequency (MHz)
(164th harmonic of the ion revolution frequency)

„many lines“

imply hot ions

in the rf-bucket

fs (synchrotron

frequency)

high and

persistent

intensity

of the line

position

of the laser
(red detuned)

ions captured

in the rf-bucket

are laser-cooled

CSRe @IMP (CAS)

Lanzhou, China
16O5+ (Li-like)

2s1/2  2p1/2 (103 nm) 

276 MeV/u (b=0.64)

220 nm cw laser
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Well, as you know (and have cited in your paper), the method of „dispersive cooling“ and 
“betatron coupling” has been demonstrated by Lauer et al. at the TSR in Heidelberg. Indeed, 
this method is 3D. The results are good, although the transverse laser cooling effect is by 
far not as strong as the longitudinal one. 

It think it is important to realize that, at the TSR, they always had the possibility to start with 
a pre-cooled ion beam, using the electron cooler. 
The electron cooler was also used to achieve “betatron coupling”: 
“… by coupling both degrees of freedom by a 40 mT longitudinal field of the electron cooler 

solenoid …”

I do not know if such pleasant initial conditions will exist at the LHC and at the SPS. 
Using a calibrated electron cooler, a known ion orbit, and Schottky diagnostics (measuring 
the ion revolution frequency), one obtains: 
1) a good value for the absolute ion energy and 
2) a low initial longitudinal (and transversal) ion momentum spread 

If one would need to start (first at the SPS and later at the LHC) with a “large absolute 
uncertainty” in the ion velocity (in the LHC and SPS) and a “large longitudinal ion 
momentum distribution” (Dp/p), it may be difficult to 
1) find the transition in the first place and 
2) achieve cooling over the complete ion beam velocity distribution 

In your paper, you wrote: 
“This scheme requires two different lasers and two different photon–PSI interaction points. 

The focal point of the first-laser beam is shifted towards the negative horizontal position with 

respect to the ion beam centre (for a positive value of the dispersion function) by a value of 

∆x. This laser has a broad frequency spectrum allowing to excite the ions over the full spread 

of their energies. The focal point of the second-laser beam is centred on the ion beam axis. Its 

frequency band is tuned to excite only those of the ions which carry the energy above its 

central value. In order to suppress the vertical betatron oscillations, one needs to couple them 

to the horizontal ones using the transverse betatron coupling resonance. To achieve an 

efficient coupling, the frequency of the vertical betatron oscillations should be close enough 

to the frequency of the horizontal betatron oscillations.” 

A few questions: 

- What will be used (at SPS and LHC) for the 
“betatron coupling”? 

- Will it indeed be possible - for a certain (large) 
range of ions – to operate the rings at almost equal 
hor. and vert. betatron frequencies? 

- It is yet another criteria on the experiment, besides 
laser wavelength (and width), transition wavelength 
in the ion, ion velocity (and width), ion-bunch & 
laser-pulse timing. 

- Will there be two interaction points 
available/possible at the SPS and LHC? Or does this 
require a few changes in the rings? 

correspondence with Witek:
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• Laser-cooled relativistic heavy-ion beams (g up to 13 , Z = 10 - 60) 

• Only cooling method at SIS100 energies (Dp/p down to 10-7 ) 

• Extraction of very cold and very short ultra-relativistic ion bunches

cw & pulsed

laser beams

bunched

ion beams

Heavy-ion laser cooling pilot facility
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final depth

will be -18 m

April 2018

SIS100 tunnel
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July 2018

SIS100 tunnel
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September 2018

SIS100 tunnel
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September 2020
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SIS100

area for 

laser cooling

ions
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detector

cave

laser 

lab

ions

laser

fluorescence

maintenance

tunnel

accelerator

tunnel

beamline
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accelerator tunnel maintenance tunnel
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The end.

Thank you for your attention!


