."_.*___.: . - - .... 5
\ E?%‘-; | A)J0LICH 7 Hidens B o it CIT 8]

A% s IFOHSCUNGSZENTRUM ¥ s fi Baakin , . -
T W

MATTER AND - S Zontrum Ber
TECHNOLOGIES

HELMHOLTZ

Overview on GSI

e 0 e e S i S e

Heavy lon Accelerator Facility
ARD ST3 Annual Meeting September 2022

For peace
and freedom

.l"b‘
Solidarity
with Ukraine

ﬁ HELMHOLTZ

| ASSOCIATION



The GSI Accelerator Facility =50

Synchrotron, Bp=18 Tm, dB/dt up to 10 T/s
E,iay P: 4.7 GeV & U: 0.9 GeV/u
Achieved e.g.: Arl8*: 1.1011

u28+.3.1010 & u”73+:1.1010

N

ESR: Bp=10 Tm
® CRYRING, Bp=1.4 Tm

———

-

UNILAC: allionsp-U
Energy: 3—12 MeV/u
Pulse operation: 50 Hz, max. 5 ms

Nuclear Physics
Atomic & Plasma Physics
Bio Physics

Up to 20 mA current

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 2 GSI Overview



Beam Time Schedule Feb.-June 2022: Exemplarily for March

1 2 3 4 5 6 7 8

Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri  Sat Sun

Mon

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun

Mon Tue Wed Thu

MAR
3 ion SN
sources | *°
ECR
LINAC UNILAC
users UNILAC
UNILAC
UNILAC
Synchr. | ss
users SIS
SIS
Storage | .
rings Ry

S518 Stroth 1-H; HAD

5488 Winkler; 1-H; HHT(1)

5483 Nociforo;
12-C; HTP

S447 Saito; 6-Li; HFS

5514;
" = S522; 12-C+6-Li; HTC
HTD

CH4 /1-H CH4 [/ 12-C 238-U
6-Li nn 56-Fe
1-H 48-Ca
proton beam light ions Li&C medium & heavy ions U
e Tm?;m UNILAC rf conditioning

LINAC rf power [Tyl
. M1-3
Increase

for U beams

op
Training

S514 Sturm; 56-Fe
+238-U; HTD
E137 Brduning-Demian; 238

U; ESR-HTA

E137 Brauning-Demian; 2384
U; ESR-HTA

E141 Bruna; 16
0; LOC-CRY

E153 Biela; 6-Li; LOC-CRY

(1) only if parallel operation possible /// (2) only block mode

LINAC beam current in front of synchrotron

--E-WE_-

0.05 0.025 0.025 0.5 0.015 0.5

Current [mA]

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022
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Beam Ability 2022 =510

Features: Beamtime 2022

L

» LINAC with 50 Hz pulsing, max. pulse length 5 ms
» ‘parallel’ operation,
i.e. each LINAC pulse can have different source and target
» Synch SIS18 is filled by LINAC, typical cycle time ~ 3 s
» Storage ring might have hours storage times = Beam on Target

m Interruption

March: previous slide
1 Setup

l

d Proton beam l I
700 (ma|n|y behlnd SIS) I -
Ll&C —

1.0%
“ 15.0 %
rf cond. ...
11U°f'
168h=1week
equivalent time - 0%
for 230‘}
beam-on-target I . . . l

= Failure Setup == Beam on Target

>

z
S

Event Duration [h]

=
&

2
=1

3
S

G T I 190%- 150%
0 I I i I I

02.02.-06.02. O7.02-13.02. 14.02.-20.02. 21.02.-27.02. 28.02.-06.03. 07.03-13.03. 14.03.-2003. 21.03.-27.03. 28.03.-03.04. 04.04.-10.04. 11.04.-16.04, 09.05.-15.05. 16.05.-22.05. 23.05.-26.05. 30.05.-05.06. 06.06.-12.06. 13.06.-19.06. 20.06.-26.06

Operation weeks June

February
Operation weeks in 2022

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 4 GSI Overview



UNILAC at GSI: Overview = I

To SIS ,;
73+ //
.frf= 108 MHz U=y Foil Stripper

Alvarez DTL 4

%—lﬂﬂ—t

g ) J - :-:,-:
S .
ol \ RFQ , IH1 IH2 U4+L\ U2+ Gas Stripper 2
1.4 MeV/u 11.4 MeV/u \? 5 : §
2.2 keV/u B =0.054 B=0.16
B = 0.0022 '
120 keV/u Constructed in the 70th, Upgrade 1999,
B =0.016 — Injector for FAIR ion operation
Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 S GSI Overview



Proton Generation by molecular lons =51

UNILAC: Built for heavy ion acceleration, e.g. 15t LINAC part 238U% i.e. A/q=238/4=59.5
For protons H*: Reduce of rf-voltage by factor ~60, But: Outside of amplifier regulation

A. Adonin, R. Hollinger, et al.

| lon source ' CH,
H—?—H >
H - cr CH,
[ /
C,H,
Methan JU jh A /
et b 3 Ay A /\. e NM\A :
1,6 1,8 2 2,2 2,4 2,6 2,8 3 3,2
hall voltage [V]
C%*, 6 emA
— lqw préssurc
CH;* acceleration .
Use of HSI heavy ion beam
capabilies to acclerate Jl
2

hydro-carbon compounds
Dissociation of CH-compounds + stripping

GSI Overview

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 6



Proton Beam Dynamics with low Voltage & large Phase Offset ESK

UNILAC: Built for heavy ion acceleration, e.g. 15t LINAC part 238U% i.e. A/q=238/4=59.5
For protons 1H*: Reduce of rf-voltage by factor 60, BUT: Outside of amplifier regulation
Relfaetgence phase

Center
Early ALVAREZ Rf-voltage < 1V (®s = -30°)?
/duced synchr. — ®s~-57° (U~ 1.5V) &
™ phase? time .
7 X — Ps~-65° (U~ 2.0V) ©
" — Ps<-65° (U, >2.0V) $
% pros and cons of large negative phases:
Synchrotron Motion for 10,20,30,40,50,60 degree phase ofTsets - SmOOth rf-operatlon é é
o ! ! — — slightly reduced transmission ©
L s S S, - s ]
N ) 0 — emittance blow up ¢
VA i U ' — longitudinal phase space? ¢
% 005 f / : \
A //O \ Achi t
2 \ \ / ya chievement: N
Y U e S » ~3 mA before SIS18, sufficient for actual users
PP SR SR S SN PR R— » Typical emittance reached
L 410 m 0 L . (High current x50 mA by planned proton LINAC)
dphi in degrees

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 7
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Gas Stripper for efficient Change of Charge State: Hardware =51

UNILAC: lon source high current, low charge state e.g. 238U%
— 15t LINAC part 238U% up to 1.4MeV/u (B=5.5%) — gas stripper 238U#% N 23828+

— 2" part of LINAC 238U28* yp to 11.4 MeV/u (B=15.5%)
However, only = 15 % for g=28+ depending on gas and pressure

Pulsed gas
valves

Interaction zone
1 =44 mm
@ =21 mm

Interaction zone Power supply Automotive

Gasoline
Injector

» High pressure super-sonic gas jet required, inlet p = 120 bar, light molecules deliver small jet
» Contradictory requirements: high density — good stripping, low density — lower straggling
» Pulsed inlet to reduce gas load inn vacuum chamber

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 8 GSI Overview



Gas Stripper for efficient Change of Charge State: Results

Results:

» Higher yield of 238U28*
for pulsed H, jet

» Lower emittance

due to lower straggling

25

2,0 |
U4+
15

1,0 1

N,-pulsed

N,

U28+

B ex (norm_90%_4xrms)
B ey (norm_S0%_4xrms)
=1 average

——jon current

0.90 emA

£ (90%, 4rms, norm.) [mm - mrad]

emittance [mm mrad]

05 1

N == B

UH1

UA4

TKS

TK8

Particle-stripping efficiency [%]

16,0

[Ywa] juaiind weaq
emittance [mm mrad]

o
=]

24 .
T " N2
20 i I il s
E v H2(12 MPa)
/1%
16 \
i\,
12 - i = § _
. / 57\ ¥
! v‘\
8- / \
3 ¢ “ g
421 \'. 8_‘
@ » N $ i
O ? ] Y T ] T 1 1 M 7 L}
20 22 24 26 28 30 32 34 36

£ (90%, 4rms, norm.) [mm - mrad]

ion source

Peter Forck on behalf of Acc.

wbehind stripper
distance

synchr.

Dep., ARD ST3, 7t Sept. 2022 9

2,5

2,0

10

0.0

Charge state
Talk by Simon Lauber: Novel beam dynamics for heavy ion acceleration

\

U“

1 Nl

UH1

ion source

H,

B ox (norm_90%_4xrms)

H,-pulsed

. ey (norm_90%_4xrms)

kdaverage
y28+

—|0n current

3.50emA | .,

J I
usa

uAa

TKS

TK8

behind stripper
distance

synchr.

GSI Overview



The GSI Accelerator Facility: Synchrotron

lonenquellen
Hochladungsinjektor
Transferkanal

SIS 18

HITRAP

ESR

CRYRING

Target Halle (Hochenergie)
Experimentierhalle (Niedrigenergie)
UNILAC
Hochstrominjektor

1.
2.
3
4.
5.
6.
7.
8.
9.
10.
11.

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 GSI Overview



GSI Heavy lon Synchrotron: Overview

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022

Important parameters of SIS-18

rf cawty, = B

Ion (2)

192 (ptoU)

Circumference

216 m

Inj. type

Multiturn

Injection energy 11 MeV/u
Max. final energy ~ 2 GeV/u
Ramp duration 0.1 - 1.5s

Acc. RF

0.8 - 5 MHz

Harmonic

4 (= # bunches)

Bunching factor

0.4 — 0.08

Beam current

10 pA to 100 mA

commissioning 1991

11

-

-

deOS \

= 2
L S {..‘.s.

GSI Overview



Slow Extraction: Principle and Micro-Structure

Slow extraction for t_, =
Gentle excitation of a beam third order resonance
Beam physics: Extraction as ‘slow losses’
» Particle crosses

stability-boarder sequentially

ele.-stat. septum

thickness

.10s frequently used: Stored beam phase space at electrostatic septum

IXT

shrinkage of Ag;qp1e
by tune scan
Q,(t)>nt1/3

» Exponential amplitude growth

extr.
~ 50 ... 1000 turns channel
reaching septum and is extracted
Problem: Sensitivity to any .
unintended resonance condition, e.g.: Napll

last spiral step x,
after 3 turns

Change of tune:
unintended quadrupole current ripples

Example Cé* at 300 MeV/u at GSI

step

transit time T,

EQ(t)_) 0 (Qm - Qres)2
Astable X T
%

x X « ()"
\
\

o
o
[
® . .
unintended quadrupole current ripple
= tune ripple

= bursts extracted

transit

Sextupoles: non-linear fields
lon’s amplitude growth per turn
= & x

transit step

500 200
3 2s extractlon 2 10 ms tlme wmdow
8 called ‘spill’ S
300
8 B 100f
w 200 @
5 100 5 50 M
o ] 8

0 ]
0.5 1.0 1.5 2.0 2.5 %000 1002 1.004 1()06 1.008 1.010
time [s] time [s]

Spiky structure is one major problem for users as it increases the detector dead time

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 12
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Slow Extraction: Micro-Structure Improvement

Possible mitigation:

Smaller horizontal emittance by crossing
shortly a coupling resonance Q,= Q,+1
= Significant improvement

Other methods also tested related to
linear and non-linear beam dynamics

Enti ill
100+ _nlre P Without EmExch
%]
3 . Nmax: 73.00
= Nave: 16.91
.8 50 o: 13.78
= ]
2
O 251
0

0.832 0.834 0.836  0.838

Time from extraction starts [s]

0.830

Duty factor, i.e. normalized fluctuations

FA — Crznean — <C>2
t — —
C'gnean"' Oc (CZ)

Part of EU-project IFAST-REX with

Counts in 21 Us

=]

g /\ —— Hor. Beam Size
— ——  Ver. Beam Size
o 10 |}

= \

= Tune Crossing at 660 ms

:-E \ 1

2 5

b=} - i

m l T e——
O 1

m :

500 750 1000 1250 1500
Time [ms]

ntire spill

100+ —— with EmExch
75 Npmax: 58.00
0.0 0.5 1.0 L5 Ngaye: 16.05
0110 ms time window o1 1060
251
%46 1248 1350 1352 1.254

Time from extraction starts [s]

——  with EmExch

------ Poisson Limits - with EmExch
—— without EmExch

------ Poisson Limits - without EmExch

Duty factor

Collaboration: CERN, GSI, Medical lon Therapy Centers " fime fom extraction sarts [s]

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022
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The GSI Accelerator Facility: Storage Rings

lonenquellen
Hochladungsinjektor
Transferkanal

SIS 18

HITRAP

ESR

CRYRING

Target Halle (Hochenergie)
Experimentierhalle (Niedrigenergie)
UNILAC
Hochstrominjektor

1.
2.
3
4.
5.
6.
7.
8.
9.
10.
11.

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 14 GSI Overview



Electron Cooling: Improvement of Beam Quality ==

Electron cooling: Superposition ion and cold electron beams with the same
electron collector E xamp/e;

electron gun
l l "“9""°"ajﬁp'a“°’"’ ! | Electron cooler at ESR U,,,,, = 300 kV
@ @

L
T e.g.: 220 keV electrons

cool 400 MeV/u ions

magnetic field
electron beam

< ion beam

S . B s
electron B a\: . 7.\ > « | inthe beam frame: - ‘NG
temperature /: :.f*;,\‘ ;«/\‘ ,//‘ cold electrons interacting with |

s & - #o N # . %) i |
KeT = 0.1eV [\<\%7 (%7 75| hotions

kBT" ~0.1-1meV

Physics:

» Momentum transfer by Coulomb collisions
» Cooling force results from energy loss in the cold, co-moving electron beam
Cooling time: 0.1 s for low energy highly charged ions, 1000 s for high energy protons
Also Stochastic Cooling available at ESR

Peter Forck on behalf of Acc. Dep., ARD ST3, 7" Sept. 2022 15 GSI Overview



Electron Cooling: Improvement of Beam Quality =50

Electron cooling: Superposition ion and cold electron beams with the same
electron collector E Xamp/e;

electron gun
l I ""9"‘”“3919,"'*‘“““’ | | Electron cooling at ESR: 10® proton
at 400 MeV

o] e.g.: 220 keV electrons o
cool 400 MeV/u ions

magnetic field

electron \,‘: 4\; : _:' : T'Tmf in the beam fra
temperature |/ 7 e + 1 cold electrons
s \:/ m W s P 5

keT, = 0.1eV |vo\% 7 (L7 (| hetlons

~ - — '5
kBT" ~0.1-1meV : Ap/po =3-10
PhVSiCS: v;oz::;; v. CF: 244.7768 MHz o Span: 200.0 kiz
» Momentum transfer by Coulomb collisionsfeee e ™ = o0 ™ S0 0 E

» Cooling force results from energy loss in the cold, co-moving electron beam
Cooling time: 0.1 s for low energy highly charged ions, 1000 s for high energy protons
Also Stochastic Cooling available at ESR

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 16 GSI Overview



Deceleration of Highly Charged lons ERS R

11.4 MeV/u 400 MeV/u
Slow, highly charged ions ~ UNILAC —)

» Stripping at high energy

400-X MeV/u

to provide sufficient collisional energy ESR

stripper/
production target

> Deceleration: Emittance increase

(Ideally: Conservation of normalized ¢
—> Cooling required

norm)

Atomic physics: lon far away from charge equilibrium linear decelerator
4 4 MeV/u /
/ HITRAP

Injection to trap — cooling to 4 K

ring decelerator
4-10 MeV/u
CRYRING@ESR
4 MeV/u ... 100 keV/u
Slow ions are stored and well controlled

Energy range 10 MeV/u to sub eV/ion
T > 7 hi i 91+
CRYRING@ESR 10~ to 10/ highly charged ions. e.g. U

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 17 GSI Overview



ESR Deceleration Cycle 2022

Deceleration: Au’8*: 145 — 30 — 10 MeV/u followed b fast transfer to CRYRING

1 500v/ 2 10.0V¥/ 3

500%/ 4 500%/

-25.00s

5.000s/ Stopp

2D

< -

28 s

high voltage of electron cooler (electron energy)

dipole field strength

beam current

.| electron current (300/100 mA)

‘‘‘‘‘ ol ﬁ»{.‘ﬂ\- el ,),\ )
Jr' —' ’\'IW" I

E S5E6B
- 4E6B

. beam current

2EB

' ‘ 28 5
1E6
--/W-\I

11:16:50

11:17:00 11:17:10

11:17:20
[Time]

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022

Achievements:

electron cooling is applied at all three plateaus

» Optimization of complex beam manipulation

» Intensity below 10’

» Particle loss less than 20 % from 145 to 10 MeV/u

Challenges:

—» Beam instabilities by large space charge

» Lifetime limit by residual gas coll. (p=10"1! mbar)

18
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The low Energy Storage Ring CRYRING S

CRYRING: Significant improved ring from University Stockholm

Injection from ESR or local source, acceleration and deceleration, electron cooling

Parameter Value

Circumference 54.17 m (ESR/2)

Vacuum pressure 1011-1012 mbar

lon energy < 300 keV/u - 14 MeV/u

Rigidity for ions 0.054-1.44Tm

Magnet ramping 1T/s (4 T/s, 7 T/s)

Stand-alone local ion beam

operation (300 keV/u, g/A > 0.25)

Beam injection multiturn and fast

Beam extraction slow and fast
Beam time 2022: Talk by Lorenzo Crescimbeni:
» Beams from ESR Extreme sensitive current measurement
» Beam from local source v

» Atomic physics and material investigations
» Extracted beams

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 19 GSI Overview



The FAIR Facility =SSN

Future Facility for Anti-proton and lon Research FAIR: F-\lR
— Brilliant future as Brillance = Beam Current / Emittance A
$15100: e

Low charge states e.g. U%%*
—> factor 10 more ions p-Linac
High energies e.g. for U%* Unilac

Radioactive beam production:
100-fold better trans.& separation
Anti-proton production & cooling

Novel investigation for up to 30 GeV

FIX ta rgets' w——— Early Science NUSTAR / e
e 515100 to CBM / NUSTAR 'ES NUSTAR
. Rest-10 7
Nuclear-, atomic-, plasma-, o
— G S| existing facility
bio-physics & & material science 3 LEB

Peter Forck on behalf of Acc. Dep., ARD ST3, 7t Sept. 2022 20 GSI Overview



The FAIR Facility E5SK

Future Facility for Anti-proton and lon Research FAIR: F-\lR

— Brilliant future as Brillance = Beam Current / Emittance G-

Research in Europe
0 e W S e S e

4
4
/

Problems due to sanctions

against Russia L 515100
(financial and in-kind) Unilac '
= Significant delays expected o€ L

’ V&\ A

(under considerations....)

w——— Early Science NUSTAR

— 515100 to CBM / NUSTAR
Rest-10

— NON-10

— G S| existing facility

after 2030/
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The FAIR Facility: Present Status =5

s el . :""7‘!’;;?;':-,,
SeStatus May

Conclusion:

> GSI: One of the most versatile accelerator facilities in the world

» Challenging operation with interesting accelerator physics and technologies
» FAIR as a ‘natural’ extension in progress

Thank you for your attention! Do you have questions?

Peter Forck on behalf of Acc. Dep., ARD ST3, 7" Sept. 2022 22 GSI Overview



