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A long-term effort Cycnsys
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Why laser cooling of relativistic ion beams?
Cold relativistic beams, precision spectroscopy, crystalline beams

= Achieves higher cooling rates than other techniques

= Grows stronger with increasing ion energy (using more laser power)
= Reaches smaller longitudinal momentum spread than other techniques
= Produces interesting spectroscopic data ,for free“ from many ions collectively

= May lead to beam crystallization
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Cooling transitions

nP;,

We need a fast (see below) cooling transition 1+1, j+1
1+1, j+0

= Li-like or Na-like, needs a certain charge state Q
NS, n=23

Tirans ~ 1--100 ns

ﬁ’

(transition wave length in rest frame, UV, VUV, ...)

[rans AExcitation Probability
trcms 1/ Ttmn (natural line width in rest frame)
[Cgrans~ 10..100 MHz
-1
z-t,mns z‘mns/ 7/ < rev ﬁ ¢ / C f rey Photon
’Frequency ®
(transition life time) (beam revolution time in lab. frame) Transition Frequency

(Dtrans
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Photon absorption and emission
/ (transition wave length in rest frame
Z’tmns ﬁ,]asw [asf,r ((l T /8) ) vs laser wavelength in lab. frame)
V4 i >A /(2/1 ) (matching energy)
res laser frans K .cer Excite an Atom by
/\/_ / absorbing a Photon
7 <7, =\(BoQe/(m),c)) +1
hk Photon Momentum changes

.ﬁr Atomic Momentum in Direction
! _ ' _ ' Pexc of the Laser
pphot hk phot ~— h / ﬂ’ phot — (1 T /8)74'7/ phot

Emission of Photon in

— (1 + ﬂ)}p poc )2%9 random Direction
h h
phot phot 7.%; Avering means net Reduction

(photon momentum in rest/lab. frame) $Z\ em of Atomic Momentum
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Saturation intensity and cooling rate
5’ = a);')oppler — C();mm (detuning in rest frame)
4 — ! ! — ! (Doppler shift and transition freq.)
a)Doppler _ a)phot pzon phot /m on tzans 27:6./}776!715
|=|k|_aser Excite an Atom by
, 3 / absorbing a Photon
Sat = 72'/10/ 3& T ot (saturation intensity)
SO [ ) /] (saturation parameter) hkL Photon Momentum changes
aer p.~—=*  Atomic Momentum in Direction
Pexc of the Laser
' ' ttering rat
R = thns . L (scattering rate)

Emission of Photon in
.1 ST

/2) 7 ~ random Direction
=1 ' rans .,(/pex: Avering means net Reduction
m
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Averaged laser force
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Laser force acceptance and maximum cooling rate
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Relativistic coasting beams need more than lasers
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How to laser cool (relativistic) ion beams

Betatron oscillations broaden the effective laser force acceptance
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Using the bucket force on a bunched beam to counteract the laser force
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PRA 100, L010803 (2024)
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Using pulsed lasers for broadband cooling of ion beams i

CW Laser (514 nm) SHG

UV Laser Beam

f-stabilized Af :
SHG ‘
merged UV =8
e Elm ey e
cw laser

Match Laser Force to

sed ,
Initial Momentum Spread “ Schottky ">

without Electron Cooling
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A pulsed laser is many cw lasers working in parallel

A on,ho C 1
N, BW = p oy for ,
I 2 p ion (1 + ﬁ )}/ ﬂ'tmns

(bandwidth of laser pulse needed to cool ion beam)

'
T _ 2S tbp ion (1 T /B )7/ trans
pulse
“ ﬁCA}?i(m,hot
_ , (laser pulse duration)

AfBWTpulse = Sz‘b ~ 05
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How to laser cool (relativistic) ion beams
Pulsed laser cooling prevents instabilities for intense ion beams

d[1e-4]

—

z[m]

For intense beams pulsed laser cooling
)\, { also prevents the microwave instability
predicted for cw laser cooling

COOL25 14
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(Dsat = [Satz-l‘i’anS (fluence at saturation)
monochromator
175 fs, 38 MHz, 1033nm, 1W AM~30pm, 38 MHz, 1028-1038nm, 30uW
Ppeak pulse / Tpulse (peak intensity)
burst mode:
1ud, 258nm 5ud, 516nm 30uJ / pulse, 1W (avg) mw w 10Hz, 0.1ms
SHG SHG Pockels cell — |,2
Epulse o laser(Dsat (pulse energy)
/ = /(ﬂ'Wz ) / Af ( ) (peak laser intensity)
peak peak laser sat—J BW trans
— < 7w (average laser power)
])av E pulseR — /aser] sat tmnSN bunchJ rev
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Towards high ion beam energies and highly charged ions

magnetic rigidity Bp [Tm]

rhombs/solid: Li-like
circles/dashed: Na-like

IlllllllIIIIIIIIIIIII]II]I[]IIIIIIIIIIIIIIIIIIIII

0

20

40

nuclear charge Z

60

80

100

F} = h rtmns / (2/’Llaser)

V=V res 5
(X: Q CX: 7/7'@5

(maximum laser force in laboratory frame)

T,é OCWI’ la z_r—2 OCQ

oppler ion” “trans * trans

aser,max

(minimum temperature in rest frame)

Example:
Li-like U%* at y=25.86 means scattering of
roughly 4 photons per turn
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Laser cooling at SIS100
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A dedicated laser cooling infrastruture

area for
laser cooling

Linear accelerator Ring accelerator
UNILAC SIS18

Ring accelerator
SIS100

laser cooling area

(& laser spectroscopy)

/
/

V.

Production of
new atomic nuclei

Production of
antiprotons

100 metres
' Existing facilit:
Experimental and i Il Existing facility
Boiags (K B Planned facility

[l Experiments
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20m overlap vs. 1084m circumference (2%, 277,000 times a second)

T=24.20cm=44.60m

=

e - : . - e = f‘;]ﬁ 1y 7 _: | s
L g ERE e E T Nt B

1.00cm= 1.843m
24.20cm =44.60 m

1534 1533 1532

= -
@ ol } _——
e 'l i

cavities cavit es cavities

. fluorescence detection scraper 1
laser in scraper 2 (Uni Munster) (DSA

(ILBI) (DSB)

laser out
(ILAO)
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The SIS100 laser cooling collaboration
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Fun with fluorescence Cycnsys

Photon time of flight

= Depends on orbit, at best transversally cold beam

= Depends on lifetime, at best the lifetime is much shorter than one roundtrip

= Few photons in a single roundtrip, so must accumulate — beam lifetime, magnet stability
= Largerion distances help, so shallow buckets should help

= Synchronization of laser pulse and bunching could make photon arrival correlations visible




ﬁ CASUS

L 4 CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

Why cooling relativistic ion beams with lasers is fun

Precision spectroscopy meets ultracold ion beams

Intrinsic Properties of
heavy, ‘few-electron’ lons
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