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In storage rings intensity issues are mainly related
to high brightness, rather than high intensity

Beam cooling plays an important role
to prepare high quality beams for experiments
including internal targets
to support efficient operation

to achieve long beam lifetime (minutes to days)
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Test Storage Rlng TSR MPI Heidelberg from: https://www.mpi-hd.mpg.de/blaum/
storage-rings/tsr/tsr_intensities.de.html
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high intensity cooled beam: achieved by intentional degradation of cooling
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a==\1 Coherent Behavior of Schottky Noise

intensity dependence of large coherent frequency at maximum intensity
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fitting curves of coherent signal
to extract beam parameters
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pick-up time domain signal revealing
transverse coherent oscillations
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electron cooling
energy 3-430 MeV/u
electron current 0.001-1 A

\ quadrupole

injection from
. N?

magnetic field upto 0.2 T
stochastic
cooling electron
Schottky N cooling
pickup Schottky 1o S
resonator | Y
gasjet target +Q 1 \\ electron
FCT : \ cooler
\
BTF exciter 'l ‘\ o
beam profile mgnitor ',
1 \
1
1 \
1 \
1 \
1
1
dipole b 'I
bending magnet 1
1

MWPC detector

e _ o MWPC detector/\
2 e
>

to CRYRING
and target hall

stochastic cooling
energy =400 MeV/u
cooling acceptance:
op/p < +/- 0.35 %

€ <10 Tt mm mrad

circumference 108.36 m
bending power 10 Tm
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stochastic pre-cooling + final electron cooling Accumulation of
immediately after injection secondary beams
550 1 One trace every 120 ms o .
] WJ 552 s in total 1) s.c. on injection orbit
200; \\w..., i «— Ds 2) rf stacking .

e e e w%/r\% 2 3) electron cooling of stack
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. ] 06" pe—
-0.25% -0.15% -0.05% 0.05% 0.15% 0.25% ' 0.4 — WWW’MJ
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Primary Uranium beam :
heated in thick target Ot . . ]
0 50 100 150 200 ts] 250
Stochastic pre-cooling reduces the
total cooling time to a few seconds, Intensity increase for
electron cooling only takes 10 -60 s secondary beams
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beam quality is limited
by intrabeam scattering
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Equilibrium Beam Parameters of
Cooled Heavy lon Beams in the ESRIE = 1L

Electron cooling results in
smaller momentum spread and
smaller emittance

compared to stochastic cooling.

The equilibrium is a balance between
the cooling rate and the heating rate by
intrabeam scattering.

calculated IBS-heating/cooling rate [s-]
CERN code INTRABT

longit. transv.

stoch. cool. (Palmer) 09-2.2 0.5-1.3

elec. cool. [250 mA] 18 -58 7-10

— |Electron cooling is most
powerful for cold beams.

stochastic cooling time increases o N,
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0%3,%%3 Observation of Ultra-cold Beam —

temporal evolution of Schottky

reduction of momentum spread noise allows independent
determination of particle number
4 238U%2* 360 MeV/u | =250 mA
1 U®"360 MeV/u P = 10t | e
B .0. LI decay time due to REC
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4 T T ]
; 79+ particle number
35| Au”* 290 MeV/u — i
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frequency [MHz]
The frequency (momentum) spread can be derived from the distribution.

The integrated noise power is proportional to the particle number.

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH M. Steck, HB2018, Daejeon, Korea, June 17-22, 2018



ACC
PERATIONS

@ - %
" .....e
10 - ¥
a, : o
E 2L
) o
3 5 7
10 10 10 10° 10
T 1
g
E -1
F 10
£
St
=]
._:: -
10
= 1
€
(7]
= -1
S 10
&
+
S 2
-
10 1=0.25A
3 4 5 6 7
10 10 10 10° 10

number of stored ions
GSI Helmholtzzentrum fir Schwerionenforschung GmbH

Plasma parameter I =

Plasma Parameter

Ucou _ q262
ks T 4meoaksT
aJ_ = Xrms a|| = YC/N

typical values (meV) of beam parameters
below transition:

Cé+  Zn30+ Y9+
KT, 014 1.0  0.93
ke, 026 1.5 5.0
u, 194 3960 84260
u, 0.002 01  0.63
ChsTy = st = s 320
ksl = gmof = %méﬁ%%)Q
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staarons  High Intensity Cooled ESR Beams

| December 1993 e
20 mA (2 x 10° ions)
Kr3¢* 245 MeV/u EEm et s

= - -qh_—_n T ——————»

| | 505

high intensity attempts

transverse coherent Ionrgitud‘in'al Schottky signal
Schottky signal 0-90 MHz with central coherent peak

observations and attempts to apply
feedback were not conclusive
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December 2005
18 mA Xe’** 350 MeV/u bunched (h=2, B=0.40)
corresponding to over 40 mA coasting beam

bunch signal from BPM ~ v.-100v

I}=C|25A

AN
AR}

time [s]
cooling = emittance, momentum spread
orbit, tune, chromaticity, impedances

voltage [V]
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basic idea: confine stored beam to a fraction of the circumference, inject into gap
apply strong electron cooling to merge the two beam components

—> fast increase of intensity (for low intensity RIBs)
#p tau[sec] Energy[eV] at2.000000e+00 [s] Cooling

2 I 3 proposed for the NESR
15 -t52.0.s...... .f[.eﬂ‘ '”.JQEE!,.QP. .......... ) Storage Ring of FAIR
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oY I E— RV ~.".'; RS — P
:" l‘::.. o'.:".‘.’.: . ,:Il E. _ 1 Sn
0.5 ot = .-..:...1'.'.,...13. .; : ..........
> stack | .0y elm 0 T fistagk | & B =740 MeV/u
E. 0 , ‘.‘."" ‘:.'a':..ﬁ._,; :.:’a e . o 0 pd
IE 0.5 ‘,:::;:.":::’.:.;'. : . :'.:. .......... >
TR BT AP R S 1-1 . . .
. RGN o S Longitudinal stacking
oL PR M DA |,  with Barrier Buckets
-1.5 s P S o 'IJ- ..........
2 barrier voltage 2 kV 3 (simulation by T. Katayama)
04 0.2 0 0.2 0.4
T [nsec]

revolution time 0.9 us = rather short bunches of stored cooled beam
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fixed barrier h=1 unstable fixed point
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q’ | I | n
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700 ns fast beam accumulation
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_ _
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5 ]
accumulation schemes work well: = 310}
cooling times close to expectations 0, .
] - - -O
efficient accumulation 2]
high quality timing and kicker pulses required 3 ] Stacking with Bartier Buckls: ]
= = z, 1 =0.
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Intensity limits: rf voltage and instabilities S0 20 30 40 50 80 70 80 %0 100

t(s)
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op%%%%s Intensity Limits of Stacking

Stacking with Barrier Buckets

m V_=120V, T =200ns, 5,=2.79 10"
e V_=50V, T,=200ns, 5= 1.80 10"
20— A V=25V, T_=200ns, 5=1.27 10"
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= 1.6+ n
£ 14+ X I
c 124
.0
w© 1.0+ -
5 0.8+ ®
% 06l @ v b
2 06 .
m 0 4__ v A
? o g
=
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0.0 0.1 0.2 0.3 0.4 0.5
| (A)

barrier height and cooling rate determine the intensity limit
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Stacking at Unstable Fixed Point h=1
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ESR bunch accumulation (SCX024)
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Intensity limit is a trade off between
bunch length (< 200 ns) and
local ion current (< 6-8 mA)
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\s Accumulation of 22Ne'%* at 100 MeV/u

Cooled ESR bunch (h=1) U =200V
ESR bunch accumulation Iel =200 mA
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lon beam current [pA]
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standard multiturn injection fast transverse cooling
o horizontal vertical
— 200 Injection § Profiles Horizontal Profiles Yerical
£ : : ' ' : ' (G R S e e
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fast accumulation by ¢ o Ry o
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emittance growth by space charge

L
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Limits of Beam Accumulation by MMTI

beam lifetime (recombination, vacuum)
must be long compared to cooling time

4 Bi** 11.4 MeV/u :
- . 1,=600 mA i
= 0.3f . .
E fexp- 3 ]
) L ]
h F 4
'™ [ ]
S 0.2 ]
c E ]
L") = |
0.1 , :
L / ]
: , :
E / n
ot // ..................... e :
57 10 15 20 25 30 35 40 45
/ [}
,/ Time [s] !
,/ beam loss due to
/ recombination

saturation due to equilibrium
injection rate — recombination rate
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5
L . 45 AUt 11.4 MeViu — 330 MeV/u
high intensity beams of 4
a few milliAmperes have been P /
accumulated routinely in SIS18 E 3 accumulation |
o b to 330 MeV/u /
3 /
S i /
-- o
1 MpqerPw
05 W“‘“‘WW"  at 11.4 MeV/
: daccumuiation a . ev/u
ol . L
0 1 2 3 4 5 6
time [s]

during operation with

high intensity uranium beams

a limit of around 10 mA

(3 x 10° ions of 238U73* at 11.4 MeV/u)
was encountered,

accompanied by

collective transverse beam oscillations

1730 2585 3460 4325 6180 6B0bBGL 6HB20 7
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Unexplained Loss of High Intensity Beams

CELSIUS Uppsala (Beam Co/g,,llng Montreux 1993) COSY Ju||ch (annual report 2003)

-'I‘_OG
& O T
F S A 134my
oo - - 4 s .00 i
=. s E\ J x L H
- .00 :r . -+ .00 - - countrate
B O ;— - =2 .00 -
=.00 ;._— "lfl'_ =. o0 -
| (11— '
g ; : e .ow = 1.00 1.s50 z.00 f -
RS G- S0P —2-woa i TInE. csEC3 —1.E0x R I '
] BCT
Fig. 3. Measurement of intensity (shown as 10log of Fig. 4. As fig. 3 but for coasting beam of 48 MeV ; : . Tl 51 -
HA) vs. time (from zero to 20 s) for a bunched protons. The best lifetime is without elec- : }\ B SpemR

electron cooling of deuterons in SIS18

- beam of 48 MeV protons (rf. voltage about

200 V), without electrons (best lifetime), with
400 mA electron beam with 4 cm diameter,
and with 100 mA of eleclron beam with 2 cm
diameter (worst lifetime),

wrons. The next curve is with 400 mA elecoron [ ___ _ 1 '_ 1 _3 e _f~ ' esrmorrent < 0

beam with 4 cm diameter. The worst lifetime I |

is with 100 mA electron beam with 2 cm di- feedback °ff ~ feedback on
M T0.08 ChZ 7 1.06% 26 Mar 2003

ameter. chi 5.00¥ EE 100my 07:23 28

Fig. 3: BCT and H'-countrate signals without FB and with
FB switched on. Time scale 10 </div.

: =3 100 mA
5 b 200 mA
E 400 mA

lgs [MA]
I

7E db 11.4MeV/u —> 350 MeV/u

~~~~~~~~~

Losses during cooling of the
initially hot injected ion beam

possible reasons:

transverse instabilities

non-linear resonances

impedance of electron beam
heating due to non-linear fields of
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the electron beam
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cooled highly charged ions
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NN 2 £ 2 S
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ESR decelerates highly charged Cave A

ions or rare isotope beams from \
400 MeV/u to 4-15 MeV/u '
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ns Connecting ESR to CRYRING@ESR

Py YRO9 YRO8
YRID |
A ooy YROSMH

YROTMH YRO7

YRN‘]_MH_L'
1 Cryring
1 Cave B

YRUMH L

YRO4MH

YR11
IBR

YROGMH
YRT186
28 B YROG
o -
YROSMH
YR12MH
YROS
YROTMPI

YRO1

TH.1.023

YROTMH | ¢
110 YRO3MH
I} JRIDH YRO4
YRUQ. i YRO3
UK Decke ‘ UK Decke
+6,40m +5,60m

[

Max. rigidity 1.44 Tm
15 MeV/u U9+
Min. rigidity ~ 0.054 Tm
21 keV/u U2+

M. Steck, HB2018, Daejeon, Korea, June 17-22, 2018



Beam Parameters of Decelerated lons

ACC
PERATIONS
0,001
2 -
§ [ n,=5x107 cm-
>
E. 4 M u
N 1E-4 | ° 'r.
£ < &
= = T
5 F -
5 He
£
1E-5 1 N L
E 1E-5 F
>
w
@
Q
5 IE6E 4 e .
'g .'-..
e 2 b 5
2 1E7 ¢ s " [ T
e
Ll ] L 1 1
E 1E5 F -
& «M $ go0"
S el 4 e g ® wol % "% Co
b= é %= = B 122 MeViu
g @ 75 MeV/u
£ [ 30 MeV/iu
= i " 18 MeV/u
: PRSP | i g wl . 4 6 MeV/u
1000000 1E7 1E8 1E9

number of ions

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

T — . .
B (Am)? Ceedplp (VB

2
AQIB TpZ Ng

Intrabeam Scattering rate
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in case of equipartitioning:
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increases proportional 1/(f2y3)

space charge effects are increased
for low energy cooled beams
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increase of emittance (factor of 5-8) is not proportional to the bunching factor (15-50)

space charge effects are increased for bunched beams

and finally: bunching the beam for deceleration or transfer
is the most critical situation with respect to space charge issues
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* highly charged ions stored at lowest energies
= space charge issues in ESR and CRYRING

« availability of dedicated barrier bucket system for accumulation
of high intensity beams in ESR and HESR

« continue experiments with extremely cold ion beams in ESR and CRYRING
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