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Overview FAR ==x

Introduction ACC
PERATIQNS

f What are “low energies”?
10% - = Energy down to 4 MeV/u
E ESR (low) & CRYRING (mid)
106 |- Energy down to keV/u
CRYRING CRYRING (low) & HITRAP (mid)
3 Energy below keV/u
104 |4 Precision experiments
: lon handling changes dramatically
102 |- device sensitivity changes
] intensities are reduced
eViu HITRAP different time scales
104 Different techniques & different goals
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Why HCI at low energy? FAR ==ux

Introduction ACC
PERATIQNS

e" in Hydrogen m, F(F+1)—II+1)—jj+1)
AEHFS = J’JI m.,c
o: ) m, 2j(j + 1)
A2 2z ‘
b Nuclear Mass || Relativistic Breit-Rosen- | Bohr-Weiss- QED
Effect Effects thal Effect kopf Effect Contribution
HFS spectroscopy in: H 20982+
transition energy ~ Z3 A~2lcm A ~243.9 nm
. . 7 ~
state lifetime ~ 1/Z9 r~10"a 7 =400 s

needed relative accuracy 41/1 < 10 only with low energy!

QED validity test under extremely strong both E and B fields
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Producing HCI @ MeV/u range FAR ==ux

CRYRING @ MeV/u ACC
PERATIONS

1 » GSI (a low-charge IS + an accelerator facility)

~ 10 keV/u ~ 400 MeV/u

2 > ECRIS (a high charge IS + a small accelerator) ~ 4 MeV/u

~ 10 keV/u ~ 300 keV/u low-E

storage
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Local IS + RFQ: production limits

CRYRING @ MeV/u

your personal little accelerator, but with limits...

ECRIS
analyzing
magnet

A/lq <3 => accelerate
=> transport

pulse: 0.5ms@ 1 Hz
input: 10 keV/u
output: 300 keV/u
dp/p: +1.0% (0.5%)
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to the ring

>
2 keV/u
300 keV/u
10 MeV/u
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Ion injection at low energy FAIR ==u

CRYRING @ MeV/u ACC
PERATIONS

septum magnet Injection limits 2 / 300 keV/u
— [T -5
20r300 keViu —_ ——— —
el. bumper el. bumper 1077108 g
+2.3 kV o
» o5 ity
M E o k
5 !
R
lonisation Profile g 3 T
Monitors (IPM) | | | | |
deflect low- S0 o
-2.3 kV energy beams 0 2 4 6 8 10
Number of turns
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Ion detection at low energy FAIR ==u

CRYRING @ MeV/u ACC
PERATIgNS
LCl @ HCl @
300 keV/u | 4 MeV/u
current 0.3 pA 3 uA AR PEN
: ecooler off
velocity 2% c 14% c | ‘
eCOOI 100 V 5495 V -10.0 -9.0 -8.0 -7.0 -6.0 -5.0 -4.0 -3.0 2.0 1.0
lifetime 10 sec 10 sec |
BPM. XV v zero-span
Schottky XV v ecooler on
AC Transf. v v '
DC Transf. ) ¢ v
PM 9, ‘/ .......

» lifetime dominated by: e capture for HCI; stipping for LCl| = vacuum crittical
» measured pressure 5:10!! mbar (250°C baking + 10 ion pumps + 60 NEG pumps)
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Ion storage at low energy FAR ==u
CRYRING @ MeV/u

laser fluorescence as a function of
electron cooling al low-E

300

r-l:i w0

- No other diagnostic element & 250
offers sufficient sensitivity % 200l &
a unique combination of 2 Z
Bt

sensitivity (1 mm, 0.1 V) and
energy range (0.17 MeV/u) 100

dispersive effects of the 0 2 4 6 8
electron cooler excite Speicherzeit/s

SynChrOtron oscillations of ions courtesy of K. Mohr, PhD Thesis, TU Darmstadt 2022
LCl in CRYRING HCI in CRYRING
H,*, D*, Li*, C*, 1 keV/u (inj.) Ar18* Ag46*t Au’® 1 MeV/u

02..5+, NeZ..3+’ 24Mg+, 170 keV (Mg+) Pb78..81+, U91+

2Mg*, Art 20 MeV (D) 15 MeV/u
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Producing HCI @ keV/u range FAR ==ux

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIONS

1 » GSI (a low-charge IS + an accelerator facility)

~ 10 keV/u ~ 400 MeV/u

2 > EBIT (a high charge IS + a beamline) ~ 4 MeV/u
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Linear decelerator FAR ==x

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIONS
Double Drift Buncher Interdigital H-type linac (/H) Four-rod radiofrequency Low energy beam transport line Cooler Penning trap
running at 108.408 and with integrated magnetic quadrupole linac (RFQ) (LEET) based on electrostatic (TRAP)in the 400 mm long
216.816 MHz guadrupole triplet and steerer with integrated debuncher einzel lenses and with integrated  homogeneous field of a 6
differential pumping barriers Tesla superconducting
o solenoid.
] ——]
§ AR
g = i ol e e e & T = [ B B30 B0 BREERE = SO0 O ==
M 2 £ 24
w b= ==}
i

Deceleration Transport

|
I
I
Cooling |
Bunching |

I

y——————— ===
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Requirements for ion deceleration
Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook

Deceleration parameters

1-5 pA, 108 part.
0.5 us

4.024(5) MeV/u
0.495(5) MeV/u
0.006(1) MeV/u

|
TTTTT Dt-E Raw Traces Correlations Debug

Interleaved v |Trace1| On || Off Trace2| On || Off X epl=1
o 4.024(15) MeV/u

0.0075

amplitude [V]
& s o o

00000

0.0125

0.00300 0.00400 0.00500 0.00600 0.00700 0.00800  0.0090
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transport to |H
energy measurement
energy adjustment at ESR

deceleration in |H
beam alignment
optimize phase, amplitude

deceleration in RFQ
beam alignment
optimize phase, amplitude

transport in LEBT

energy separation
trap, cool and eject

towards experiments
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ACC-DEC = DHd-DDA ? FAIR == 1

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIONS

Why is a linear decelerator NOT
simply a reversed accelerator?
» the emittance grows

> narrow acceptance

» fast beams stay in

» low repetition rate

dxdx’—ne~x-x'~x-p—x Par—- %
p S¢g Sp 9 B 9% 9 9 9 D I B Iy B > 3
yA

rf power [kW]

One-shot energy
16 On-Line Tests (3-7 days, 45 sec / shot) analyzer
=1 (one) hour of operation @ 50 Hz

b b I

| 2014 |

Beam ¢
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Commissioning of HITRAP FAIR ==u

HITRAP @ keV/u ACC

PERATIONS

Decelerated beam characteristics

Central energy 5-7 keV/u
10 emittance 180 1 mm mrad

~0.5 MeV/u

intensity (a.u.)

ca. 20 m low-energy HCI transport beamline
position ~ energy ™ (a.u.) > energy and mass separation necessary

IH T » focusing & diagnostic every meter
| RFQ » 10° mbar (transport) - 1012 mbar (trap)

i ~6keViu » cooling for precision experiments

1/2

position ~ energy “ (a.u.)
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FAIR - low energy branch FAR ==mux

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIQNS

HITRAP & CRYRING @ ESR
., later @ FLAIR

,%/

production®

&
3z production N

/ MATS / LaSpec ~ "
Low Energy
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FAIR - low energy branch FAR ==mux

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIONS
MATS/

LaSpec_A4

HISPEC/
DESPEC

.////{/\\\/ ,___ ,.1“\

Super-FRS
Experiment

Ready for Experiments

Early Physics: S-FRS Exp., DESPEC, R3B Q3 2025

1
2 Phase 1a: + HISPEC Q1 2026 HES
3 Phase 1b(a): + MATS/LASPEC 2027
4 Phase 1b(B): + ILIMA 2028
~ , . R
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MATS-LaSpec @ FAIR FAR ==x

Introduction ~ CRYRING @ MeV/u ~ HITRAP @ keV/u ~ Outlook ACC
PERATIQNS

5 keV/q _ Investigation of r- and p-
processes, e.g.

N » Laser spectroscopy in the
gas Nt region Zr (Z=40) - Ag (Z=47)
stopping | =- » Mass spectrometry of yet
M unexplored, short lived
isotopes

mass

spectrometer: |~

5 multiplets ; ] i Wﬁ)

3 dipoles S |
N=126

-9 ‘\*" v <
Y 94 s« ions from /
&) SFRS /
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