Laser cooling of stored relativistic 'iﬁ% eafy

full ion beam diagnostics
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Motivation &f“.? i%’f‘.’:,f_-‘f-i

* spectroscopy of high-Z Li- and Na-like ions (sis100/300, NEsR)

* only cooling method for SIS300...
» study laser cooling without pre-electron cooling

« set up fluorescence detection to determine the
lower limit of the longitudinal momentum (Ap/p<10-7)

« study ordering of the ions in the beam at very low
momentum spread

* use broadband pulsed laser cooling for fast
cooling of many ions
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The principle: laser cooling of relativis&wli'&%d

C3*ion energy = 122 MeV/u , _ Be

A
Ao = ———
I f}f(l - d)
transition| < ————————
A,=93 nm Ao=155 nm A,=257 nm

In our case, the cooling laser force must be counteracted by the
restoring force of the "bucket” when the ion beam is bunched.
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Experimental setup (2004/2006&,‘;‘% S

i
:
i

Experimental Storage Ring

at GSI

§ Photomultiplier

Electron
cooler

lon Species: C3*
E =122 MeV/u
=1.47 GeV
(p=0.47,y=1.13)
f., =1.295 MHz
Tpeam ~ 300 S

(no cooling)

beam

Ar* ion laser (cw)
SHG

A = 257.34 nm

laser

28, — 2P,,
Arest = 155.07 nm

Trest = 3-8 NS

Danyal Winters

4th EMMI Workshop — plasma physics

4 May 2011 Darmstadt



o

) Nhd

Laser cooling of C3* at 122 MeV/u in the ESR

in 2004 and 2006

2004: "simple" laser system for first tests
on the 2s - 2p transition @ ~155 nm

2006: scanning laser system to improve the
cooling scheme

measurement of 2S5, 2 2P, 5 31

Uncertainty in
absolute jon energy

L=
u"_;

Results of previous beamtimesii‘;;? '

Schramm, Bussmann et al. ® (2S,, — 2P,;,)

]

® (25,2 N2P32) [nm]

ESR C3* experiment

155.0705 (39) (3)

154.8127 (39) (2)

Theory (I. Tupitsyn, V. Shabaev) 155.0739 (26)

154.8173 (53)
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Limitations at previous beamtimiég ' ." 51

» pre-electron cooling was required ®
* laser force - small momentum spread ®

 bucket frequency was scanned, not the laser

« Schottky detection is limited in sensitivity ®
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Experiment improvements “1}!?-’ s

] :

UV Laser Beam
’: | | I» l:

Experimental Storage Ring
at GSI

new PMTs
3 (mmm+ channeltron

i
i
i

sed

Laser

ing
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Tools for the next beamtime XT “q ié‘:ﬁ:?_}

* new pulsed laser system (HZDR)

* new "fixed" CW laser (DL, 1024 nm)

* new "scanning” CW laser (ECDL, 30 GHz / ms)
* new Schottky pick-up system (pill-box design)

* new beam profile monitor (MCP - CCD / ms)

* new UV-PMTs and UV-channeltron (in vacuum)

* new data acquisition and control system (NI compact RIO)
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New Schottky pick-up system QJa I—’ ‘;.gq

.h.-|

Two identical step
motor drives for
symmetrical
frequency tuning

Resonator, air filled

ceramic gap

dismountable assembly

coupling loop cable
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New beam profile monitor (BPI\@’L
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New optical diagnostics

Drift tube

lon beam Laser
z@‘ 'L beam

};2 £ 4
|:: HV (-5...5kV) ::|

fast scan of the velocity PMT
distribution Moveable
T | Photo-channeltron
in vacuum
trigger with
bunching frequency
TDC
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cage with
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New data acquisition and control syﬁ%‘iﬁﬁg

» compact
 modular

» flexible (FPGA)
» stable & robust
» easy to use

HOST PC
("« Use LabView with network to control the system A
» data transfer between the controller and the chassis, and
between the controller and the host PC
\_* Save the data in controller or host -PC )
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transition wavelength A (nm)

—-— Y "
Laser cooling of Li-like ions at the S@Kﬂ}ﬁ'ﬁq

The transition wavelengths strongly depend on the atomic number Z!

The Doppler boost of the SIS300 shifts wavelengths to "normal’ lasers!

c L 2 SIS300
=
2 Q_ 2
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0] 20 40 60 80 100 0 20 40 60 80 100
atomic number Z atomic number Z
needs fast transition: 2S,,, > 2P, vy 2 Bp

U. Schramm, M. Bussmann et al.
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Laser spectroscopy at the SIS3OQ_ 7! S '»gq

QED in lithium-like systems v=25.68

152 2p —~ X2y

280.6 eV ‘ l

Laser*
152 25 4 X2y 5.465 eV ions

micro-calorimeter

Up to a factor 4 better resolution! ~10- re§olution crystal
(now still ~103 | monochromator
(AE/E of the transition) at few keV)

H. Backe, Hyp. Int. 171, 93 (2007).
* 454 nm frequency doubled
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EXTRA SLIDES
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channeltron connections, 15 March 2011
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New data acquisition and control systei

\ Data files
Pick-up
\ [ Computer ] Data f||e)[ GSI Network ]
BPM ‘
Schottky Trigger Data file
DAQ-CS
CompactRIO
Laser system > ~
e
ngh {Oligge Fluorescence rate Buncher
drift tube
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a. lon beam injection will
be the trigger signal

and et LA
Ton Beam Inject onl| Laser Cooling-—lon Beam Current Measurement.

b. Display lon beam current

=g SERNAEN EEREN e ‘.1A;Iu.”.}.:.‘...y....... I ‘:-_;;_1-4"“2‘

A b THH

. 2w {jf*: cianm) Data Fitting ||
lon Beam Life Time(S) | ¥

0. 0553 c. Online data fitting

< EEE] (B
Ion Beam Current (uA) | (35

0. 0318

50852

d. Display ion beam life-time

e. Display ion number

f. Save the data sheet for
offline analysis

4 t ) a2 I _ )
— 10N
1(t) = 1(0) - exp(——) Nion = -
T rev g-€
\ _/ \ _/
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30m
~ 6.5m
'l Scraper 1 Scraper 2

20m 7 2]
photonic "{/_
Sh-Fiber Ef Photomultiplier

C3*ions :
Fligh, ceeae.. o0 02
TLi*-beam

A

ESR

analysis section
0 5m
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CaF2 viewports
UHV CF63, 1.9" view
| /JPF Excimer 157 nm
Transmission at 157 nm > 85%
Max Bakeout 200 2C

Photomultiplier tube
9423B (51 mm diameter) - Csl coated, MgF2 window

PTG spectral range: 110-230 nm
elecn'on‘tubes QE @ 157 nm: several percent
- dark count rate: 20 Hz

Photo-channeltron
Mass Analyzer Products

PHOTONIS MAP 215-50, CEM 4869 cone Csl

26mm diameter
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"detecting UV light
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8.4W @ 1028 nm
Zx SHG (o 257 nm
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Reconfigurable input and output modules (hardware) for
different signals

Small and stable embedded real time processor

Rapidly design custom hardware reconfigurable FPGA
chips provide the flexibility, performance, and reliability of
custom hardware

LabView graphical development tools for rapid
development

Control and communication via ethernet, complete
system can be controlled by LabView (via network)
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Spectroscopy at the ESR

Injection Energy

400 MeV/u e-cooler
X-ray detector :
T y = ijgdetector i
Q X particle
RF acceleration }p} . &~ detector
deceleration >/ /
o
Experiment |
4-400 MeV/u _
e, RF acceleration
ﬁé deceleration
particle /' ) *E > .
detector '«5\""“5 g~ _ particle
t ) — ~ detector
> :
N gas jet
%\,\\ = |Oser
Scho‘rrkyT
pick-Up ' 4 \ bolometer

X-ray detectors
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Schottky diagnostics at the ESR,!'® i»-i‘,f-_:]

pick-up

ion electrodes

Abthe relativistic\energies in the ES

shift is so large thatronly OIN

local
oscillator

coohﬁ&q%%%?fo U
the buc'R'@QwhemlE tmcl)nt?;n '

1000 -500 0
f, - 25.8948 MHz [Hz]

Image reject mixer

1000
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lon beary

Electron cooler at the ESR ﬁlﬁs‘){p

I: 5-500 mA
U: 10-200 kV

Gun (cathode)

Electron beam

Collector

/ Z

A

ion beam diameter: ~2 mm

momentum spread: Ap/p ~10-°

% 1.94m

Cooling section
1

[ \ 2.50 m

[

|
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Cooling: narrowing velocity, size and diy

uranium ions stored in the ESR

250

« after5s

|

200
electron

cooling

AR A anch add

A

[EEN
a1
o

Power [dB/Hz]

WWW%% «— after 3 s

[HEN
o
o

stochastic
cooling

el BRI

50

<« Injection
-0.25% -0.15% -0.05% 0.05% 0.15% 0.25%
op/p
momentum distribution
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How to access the ESR?

30m
6.5m
Scraper 1 Scraper 2
7 (;.' Dl o W E I
phi?&ic -vj/'“"J |ﬁ ;:‘: | -
. F 4
SM-Fiber L/ Photomultiplier
, Flight direction of the
ESR C3* ions
analysis section
o Sm
e g

available — X - scraper
view ports :

Laser
light

y - scraper
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Laser systems for laser coollngb‘g " "‘%

Frequency doubling crystal

Art Laser (514 nm) # 1

frequency stabilised Stabilised double-Z resonator

frequency scan

Frequency doubling crystal

Stabilised double-Z resonator

beating signal

merged UV
(MHz - GHz)

laser beams

(257 nm)

Fluorescence
detection
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Optical Schottky Diagnosis X“T'? »

=/

f Drift tube \
lon beam %’ %
\ j
fast scan of the
velocity I:: HV (-5...5kV) ::l Fluorescence
distribution Detection
IN VACUUM!
trigger with

bunching frequency ’

LA
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Laser cooling specifications

PALLAS TSR ESR SIS 300
o
Ton species 24Mg+ “Bet ( 1203+ ) @
Circumference (m) 0.36 55 108 1080
Neooling (%) 1 8 8 3
Periodicity 900 2(4) 2 ~60
Tune ~60 2.8 2.3 ~15
¥ (Vmax) 1 1.001 1.13 300 (35)
B ~1073 0.041 0.47 0.9994
fuvin (eV) 44 4.08 48 4.8 (4.0)
hung (eV) 44 3.8 7.9% 280
hwont (6 = 0°9) (eV) 44 13.3 19600
Lifetime 7 [ns] 3.7 8.3 3.8% 0.06
Isat 0 (W /cm?) 0.76 0.4 1.3 4 x 10°
S 1-15 1-10 <10 <0.005
Cooling force Fiax out (€V/m) 2.0 0.76 15 160°
réﬁomlg‘m“ [s] 0.001 0.002 1
tcoomlé_gut [s] 0.01-0.1 0.02-0.2 10-100
Relative width (I /wg) [10~°] 4 2 2 4
Ap/p from Iy/ewy [107] 5 0.4 0.4
Tpoppler,out = il out /(2k) (K) 0.001 0.0005 0.001 1.9
E coulomp (10 um) (K) 15 13 000
Ap/p (N = 108, equilibrium) ecool: <107 —
laser; <109 A5 x 1077
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Ultralow Momentum Spread & Strong

B III L] L] L] L] LI Ill
. 30 4 ecool
4 pure electron cooling 51 X both (imA)
w LABeT - -
® pure laser cooling [ © laser+HV -

* |laser cooling +
electron cooling (1 mA)

Dashed lines:
~ N6 ( IBS) _
Solid lines: 04}
~ N13 (space charge)

bunch length o_ [m]
=

10

10 x smaller
Momentum Spread

Strong Coupling observed
(Needed for Crystallization)

momentum spread Ap/p

F~‘I ol I P T A I 211l
10' 10

2

ion current [pA]
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Schottky mass spectrometry \iy :

pick-up local
electrodes oscillator

ion

noise power oc Ng? fg

storage FFT
ring FIF 2z Ci) analyser

Image reject mixer

of _ op (1 \op ) _ 1 _
P 7 (72 O;p) p L R f=vfe
/ W Bp)/(Bp) of _ Alm/q)
fo = (Be)/C / f_ )
(velocity / circumference ) - _7 (Be) mass / charge

( magnetlc rigidity )
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RF field ~
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