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CRYRING@ESR

FAIR ==

Complements ESR by a dedicated cooler storage ring for
low energy (< 10 MeV/u) highly-charged ions.

Commissioning (from 2017) almost complete.

Serving FAIR experiments since 2020.
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CRYRING@ESR
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Highly-charged ions: e.g. 28U°*
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Electron cooling
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transverse velocity:
Betatron motion

longitudinal velocity:
momentum deviation dp/p
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Merged, single-pass electron beam
with (v ) = (v)).

Any relative ion velocity u = (u,, u, u)is
damped by a “stopping” force F:

F =-a -u (trans.)
X,y X!y X,y
F, =-a, u, (long.)
With
a < a
X,y z
and

~ 2.
ax,y,z qi ne '

(g = ion charge, n_ = electron density )
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Electron cooling: Low energies F-\|R =51

m
From (v_) = (v, follows that Ekin,eN#-Ekm)i

Highly charged ions: cooler voltages U, = few kV

---------
""""
-

~ 10 MeV/u ﬁ" . =5500 eV

~o _'
_____
--------

k/n i

acc e g U91+

‘ —  pretty standard, much experience (also
M [ Y from other cooler rings).

-
--------
PR ~

e.g. ®Mg*: E,, , = 155 keV/u - Ek,.me ~85eV

% - Ultra-low-energy electron cooling is a

young field!

TSR (MPIK, 2007 ... 2012). 130 ... 31 eV
ELENA (CERN, 2018 ...): 355...54 eV
CSR (MPIK, 2017 ...): 50... 5eV
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Electron cooling: Low energies F-\|R =51

Space-charge of beam partly screens

. — Electrons are faster near edge of beam.
electrons from acceleration voltage:

26000
EMN=eU_-e¢_(
25900 | _
i % 25800 | |
pipe jemazmmmmm e e g
" ‘\ " ‘\‘ é
rbeam ," S ! M < 25700 F |
v : — : U =200V
I| 1 \ 1 25600 L acc |
‘\‘ ':' ‘\‘ ':' : l — 100 m A
TTdmmmmmmmmmmnnnnnn 25500 | 1 | | |

r (cm)

1 —~ Not all ions “see” the same (v)!

. Possible effects on cooling are
known in principle ...

s.c. potential (V)

Bosser, NIM A 441 (2000), 60
Beutelspacher, NIM A 512 (2003), 459
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Electron cooling: Low energies F-\|R =51

... relatively, space-charge effects tend to become more important for low-energy beams.

2 I I
U, : n_(10°% cm3):
96 V, 1.7 mA 4.6
1.5 500V, 19 mA § 4 22.6 .
L 1.4kV, 89 mA ' 63.4
—
_— -
o 2 kV, 100 mA 58.4
>
> 3 kV, 100 mA 47.0
0.5 ]
5 kV, 100 mA 36.1
7 kV, 100 mA 30.5
0 | |
-2 -1.5 1.5 2

r(cm)

Reason: Need to approach “space-charge limit” to keep acceptable n_(Child-Langmuir-Law).
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Experiment: 2#*Mg*
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24Mg* and 2°Mg* for in-ring laser spectroscopy.

Maximum Bgo: 168 keV/u and 155 keV/u.

Electron cooler: U, =102 V and 96 V.

ECR source
(35 kV)

E © =168/ 155 keV/u

kin,i

(BOy, = 1.44TmM) _ 1§
& 5:- 7. A A& E‘j:‘ R
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Transverse cooling (neutral imaging):

Apeamx = 3.9 mm
dpeamy = 2.8 mm

4O-det y

ks,

£~ 1.90 pym
€,~ 0.87 um

~4.5 mm . ‘_ g

40det,x

y =6

7 mm

t=0s

peamx = 1.1 mm
dpeamy = 0.8 mm

4o-de1, y
~1.3 mn’

4Jdet,x
X ~ 1.8 mm

T—»x

& ~0.13 um
€,~0.07 pm

24M g+
168 keV/u

t=7s

E. B. Menz in prep. | C. Krantz, Proc. IPAC 2021

Longitudinal bunch cooling (pickup):

=
s

Bunch FWHM (us)
o
o

(1)t=0.0s

Q)t=2.7s

i 25Mg+
0.19 155keV/u
o 2 4 & 3 ' 10
29/03/2022 8

Claude Krantz — DPG 2022 Mainz / AKBP



Experiment: 2#*Mg* FAR z=nx

A B no electron cooling Fluorescence signal
o from laser-irradiated ions.
g u 400 IHW“I‘I‘ ‘ 1 ‘\ I
S| = | Laser frequency tuned
® | E a0 w to synchronous particle
S| ¢ W* velocity.
[ =]
S @ 200 ‘
Q AE -,
5 synchroton oscillation - Very sensitive
100 probe of bunch
. structure vs.
| B 0 2 4 6 8 20-10°  60-10°  80-10° storage time!
laser coupling tower (LCT) time /s pmisignal /arb. u - 108

collinear geometry anti-collinear geometry

scraper pair 1 scraper pair 2
. d=2925mm \

>ion beam K. Mohr, Dissertation,
TU Darmstadt, 2022

concrete shielding

laser transport line
laser laboratory
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Experiment: 2#*Mg* FAR z=nx

pmtsignal / arb. u.

A @ ® ® 25-10°  5-10°
= 500 with With electron cooler active ...
O
S| 2 w0 e-cooler
n ~ .
< g 300 ... bunches cool down at first
S| @ (<25s)...
>
Q g 200
c
©
100
... but then synchrotron
1 0 : y : . : : oscillation slowly restarts
laser coupling tower (LCT) time/s (> 28) r)lr)
collinear geometry anti-collinear geometry
scrapqr pair 1 scraper pair 2
>ion beam K. Mohr, Dissertation,
_,d=2925mm TU Darmstadt, 2022
l—ﬂ,- g

concrete shielding

_______
-
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4 .
4 . .
+_detection region )

-~

~ -
--------

laser transport line

laser laboratory
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Experiment: 2#*Mg*
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Fix:
' \ : .
| . : Small horizontal shift of
electron beam
@
@
- beam pipe: @ 100 mm
/ ‘/./ electron beam
v : : @ 23 mm
T — ring outside
storage
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Dispersive heating by e-

600
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K. Mohr, Diss., TU DA, 2022 time/s
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cooler

FAR E=x
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Dispersive heating by e-cooler F-\'R 51K

600 ' '
= @ 0.1 | synchronous
a s ion L7
@ 5008 0.05 ]
o § 2 0 slow ion: ~fastion: 4
5 400 g 2 accelerated
E g ® ,0s L furtther ¢ further! |
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4 12 500 0.1 + synchronous
8 & 400 005 L slowion: 'on
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3 = . E electrons 4%
) = " -0.05 ]
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E -0.1 . |
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Horizontal acceptance for e-cooling F-\'R 5=

. 600 For (dv/v).' > (dv/v).':

g ol E

% 2 — Longitudinal heating by electron beam.
% 400 g

E N° 4 Ein, . €

300 Critical e-beam displacement: x <

2
D,e n,

200

— T |
¢_______________e:???_”lq'?lm?E?f_ ............... >
1.5 | . electron dv/v .
: long. . (space-charge):
9 1 L heating _
2 : :
3 05 . . jon dviv .
i . (dispersion):
0L . D =16m) i
= P ;
_05 | | - | ] |
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Horizontal acceptance for e-cooling

betatron motion

For (dv/v) ' <O:

FAIR ==

X / N
ring [ \‘\ [ \‘\ : : : : .
outward N N ri 1\ / \1 Cooling kicks orbit away from ion position.
[\ ]\ e kicked 4E
)\ TTA T kin,e €0 . .
ring — ifl - — > stable For x>———— -, breaks horizontal cooling
inward ‘m‘ fi Ap”\ gff '\\ x’ \ / S orbit Dxe n, a,
Vo \V \/ E
Beutelspacher, NIM A 512 (2003) 459 Hor. acceptance for cooling: | A X, ~——"
D,n,
2 . T |
e<beam diameter
D LR e e P T T LT PP PP PP >
1.5 | N electron dv/v
horizontal _ long. (space-charge):
9 1| heating cooling: heating ion dv/v
> : ~ 4 mm (dispersion):
3 05 : D,=16m)
0 r \
A\
-0.5 | | | | |
-10 -5 5 10 15 20
X (mm)
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TECHNISCHE

UNIVERSITAT
orsmoror FAIR as

Summary

« Singly charged ions at CRYRING@ESR require low-energy electron
cooling.

* High e-beam space charge and dispersive ion optics limit horizontal
acceptance for electron cooling.

« Ultimately, control of dispersion at the cooler may become necessary.

Thank youl!
Z. Andelkovic?, C. Dimopoulou?, F. Herfurth!, R. Hel3!, C. K.%,
M. Lestinsky?, E. B. Menz?!, K. Mohr*?, W. Nortershauser?, A. Reiter?,
J. RoRBbach?, R. Sanchez!?, G. Vorobjev!

1 GSI Helmholtzzentrum fiir Schwerionenforschung
2 Institut fir Kernphysik, TU Darmstadt
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