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‘ High-energy and low-energy storage rings

Storage Rings for Physics with Exotic Nuclei

SN

Low-energy

- TSR @ ISOLDE
- CRYRING @ ESR

- RI-RING @ RIKEN

Highly-charged ions at low-energies

- CR @ FAIR

- HESR @ FAIR Rl beams originates
from opposite side of

- NESR @ FAIR the energy spectrum

- RESR @ FAIR

- HIAF
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Courtesy Y. Litvinov




Test Storage Rings at Heidelberg

experiment

* In operation since 1988

* Mainly for atomic physics
studies and accelerator
development

* One nuclear physics
experiment — FILTEX
(internal polarized

H, gas target)
Courtesy MPI-K
Circumference: 55.42 m Multiturn injection: mA current
Vacuum: ~few 1E-11 mbar Electron cooler: transverse T_, in order of 1 s

coo
Acceptance: 120 mm mrad RF acceleration and deceleration possible

Typical energy 12C%*: 6 MeV/u ip -
www.mpi-hd.mpg.de/blaum/storage-rings/tsr/index.en.html 3 ."“_“
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Advantages

e Higher intensity
e Cooler beams / Shorter cooling time

Compared to direct” beams

® Less background
(target container, beam dump)

e Improved resolution
(smaller beam size, reduced energy
straggling in target)

e CW beam

® Luminosity increase for light beams

‘thick’ target after linac

Compared to in-flight storage rings

* reaction experiments with non-circulating,

A storage ring at an ISOL facility

Physics programme
Astrophysics

® Capture, transfer reactions
® 7Be half life

Atomic physics

® Effects on half lives

® Di-electronic recombination
Nuclear physics

® Nuclear reactions

® Isomeric states

® Decay of halo states

® Laser spectroscopy

Neutrino physics



The injector

y



ISOL basics

RADIOACTIVE ISOLDE - CERN

~4_" LABORATORY

| Pulsed (100 us)
proton beam

Standard ISOLDE target unit
(courtesy S. Marzari)

Miniball * <3.3E13 protons per pulse every N*1.2 s (N=1,2,3...)
J' * <2 uA average proton current on the target
* Target material: UCx, SiC, Ca0O, YO, molten Pb etc

* Material diffusion, effusion and sticking time
govern the release time

* Magnetic separator ¢




HIE-REX post-acceleration

Miniball

* Energy boost from 60 kV to few MeV/u
* HetoU

* Fewions/s to 10° ions/s

* Repetition rate 2 Hz to 50 Hz

Miniball
Low-multiplicity Ge array + Si pixel
particle detectors for Doppler correction

REXEBIS

9-GAP 7-GAP
RESONATOR  RESONATORS IHS RFQ ISOLDE
@ 202.56 MHz @ 101.28 MHz :
Beam X
P LT
MASS
3.0 MeV/u 2.2 MeV/iu 1.2MeViu 0.3 MeV/u SEPARATOR REXTRAP 60 keVv

Experiments




HIE-REX post-acceleration

» 32 SC QWR (20 @ /4=10.3% and 12@ /3=6.3%)

» Energy fully variable; energy spread and bunch length
are tunable. Average synchronous phase ¢.= -20 deg

» 2.5<A/q<4.5 limited by the room temperature cavity
» 16.02 m length (without matching section)

Courtesy HIE-ISOLDE Linac working group

Nb sputtered QWR

Cryostat with 5 high-3 High-B cavity

cavities and 1 SC solenoid

REXEBIS

9-GAP 7-GAP
RESONATOR  RESONATORS IHS RFQ ISOLDE
@ 202.56 MHz @ 101.28 MHz :
Beam X
P LT
MASS
3.0 MeV/u 2.2 MeV/iu 1.2MeViu 0.3 MeV/u SEPARATOR REXTRAP 60 keVv

Experiments




Machine performance




Ring beam energy

Storage

energy TSR magnetic rigidity
range: 0.25-1.57 Tm
,g —25 MeV/u
< T 20Mev REX linac 2<A/q<4.5
5 =15 MeV/u
_:_:n =10 MeV/u
—5 MeV/u

T Men \ Lifetime studies and nuclear
structure studies using

decay at 5 MeV/u

19 ' - AJqZ25
- AQ=45(0,=-20)| W =14.5 MeV/
—x— Alg =25 (p, = -20)

14t

12r
HIE stage 2a © Beam can be accelerated (and

S 10} .. .
3 decelerated) inside the ring
z 8f
i Alq=4.5 |
6 W = 9.3 MeV/u @ Takes several seconds though
al 6y=0.140 |
Courtesy M. Fraser
: s . y | Al
T N 12919

Cavity Number



E-cooling needed for:

1. Reducing momentum spread
Stacking of multi-turn injection

Compensate for energy loss in target

H w N

Reducing beam size

Before cooling

L P ETY WY Tk
—40 —20

40

M. Beutelspacher,
| Diploma thesis,

After cooling

}1997

| University Heidelberg,

O 1 1
—40 —=20 0 20
x (mm)

40

Radial beam extension

T ecooling (s)

11

1.4

1.2

0.8

0.6

0.4

0.2

e-cooling

Ap/p ~ 5E-5 (rms)
Ap/p < 1E-5 (rms) for N<1000

Light elements easiest

LA
\\ \ - - A ®A/g=2.5
\ \ \ cool 1 r12 Alg=3
\ \X\ "' X AJq=35
mA/g=4

cool

50 100 150 200 250
A

— horizontal cooling time for beam with

large diameter ‘5"‘_‘2




1.

H w N

counts
[AV]
o
T

E-cooling needed for:

Reducing momentum spread
Stacking of multi-turn injection
Compensate for energy loss in target

Reducing beam size

e-cooling

Assembly of 4 movable DSSD positioned
up- or downstream of target point

Before cooling

ki s mare

40
From T. Davinson
and P. Woods

|
} M. Beutelspacher,

| Diploma thesis,

| University Heidelberg,

}1997
|

After cooling

1 1 1

—20 20

Xo(mm)

40

Radial beam extension
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In-ring experiments!

* SAS allows for either electron, gas-jet or no target to be installed.
* Experimental setups installed on precision rails, moveable in and out from ring.

Superconducting
magnet coils

Faraday

cup with Electron E Adlal‘:‘at\c‘
energy analyzer beam | B8 acceleration
= electrodes

detectors €

Valve [ | Coupling

section

(photocathode) Valve

Fig. 83. ETS magnetic and vacuum system in the thermocathode configuration [170].

Electron target section

* Existing, delivered to CERN

* Offers an independent merged cold
electron beam dedicated for collision studies

%1 dc

1. See M. Grieser et al., EPJ Special Topics May 2012, vol 207, Issue 1, pp 1-117




In-ring experiments!

* SAS allows for either electron, gas-jet or no target to be installed.
* Experimental setups installed on precision rails, moveable in and out from ring.

Layout of the
new target inlet
chamber design
with the existing
interaction
chamber and

© >~ % Heavy-lon
<~ Spectrometer

[— Neutrons /
(it Charged Ejectiles ta rget dump
system for the
15 Recaoll .
} Detector 21l
: Darmstadt.
Gasjet | geamin
Storage Ring
From EXL collaboration Gas-jet target
* Not existing, being studied
TSR gas-jet study group being formed * Targets with thicknesses of

~ 10* atoms/cm? for light gases
as H,, d, 3He and “He

19%1dc
1. See M. Grieser et al., EPJ Special Topics May 2012, vol 207, Issue 1, pp 1-117




@ Extraction times
between 0.1sand 30 s =
. . =
@ Efficiency (cooled beam) =90% o
b
@ Properties similar to those k>
of the cooled beam g
5
S L
induction &
accelerator ' ”
. resonator
: 0% cooler ’Q
o e
vy
oti mjection
cooling =0.5 s
injection N——

Slow extraction
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Normal procedure for 12Co*

Inject at Q,=2.64

e-coolfor1ls

Shift Q, close to resonance 8/3

Apply 30 kHz noise on injection septum
Emittance increase -> beam extraction

~105I0nSI t t t

)

stackmg =T 15

¥

extraction =5 s ‘5'[‘_‘




Beam life times

Internal gas target

Survival times 100000 gy - —
Storage life time, Schlachter+Dmitriev,
* Coulomb Scattering 10 MeV/u,H2 target 3E13 atoms,/cm2
7
1000.0
electron Capture and strlpplng u
* Residual gas, electronsinthe | 2 100 . ¢ Fullystripped
E . W Stripping 10 MeV/u
cooler and gas target g . N
S 10.0 -
2 *
- *
1.0 B =
E E m
M. Grieser et al., EPJ Special Topics May
2012, vol 207, Issue 1, pp 1-117 ¢ 01 , , , , ,
. . .. _ _ 20 40 60 80 100
Table 1: Parameters of beams circulating in the TSR. See text for details.
z

Ton Nuclear Energy Cooling Beam

lifetime (MeV /u) time lifetime in

residual gas
"Be 3% (53 d) 10 2.3 s 370 s
IS g+ 100 m 10 0.7 s 280 s
26mA] 13T 6.3s 10 0.5 s 137 s
52Ca 201 4.6 s 10 04s h8 s
TONj 28+ 6.0s 10 0.25 s 30s
TONi 25+ 6.0 s 10 0.3s 26 s
1328p 30+ 40 s 4 04s 1.5s
1328 45+ 40 s 4 02s 14s
1329n 39+ 40 s 10 0.25 s T4s
1328p 45+ 40 s 10 0.2s 10 s

186pY 46+ 48 s 10 0.25 s 4s

186Ph 64+ 48s 10 013 s 5s




Beam life times

Survival times

* Coulomb scattering,
electron capture and stripping

* Residual gas, electrons in the
cooler and gas target

M. Grieser et al., EPJ Special Topics May
2012, vol 207, Issue 1, pp 1-117 ¢

Storage time (s)

Internal gas target

Table 1: Parameters of beams circulating in the TSR. See text for details.

10000.0 Al
Storage life time, Schlachter+Dmitriev,
10 MeV/u,H2 target 3E13 atoms/cm2
1000.0
[ |
® 4 Fully stripped
100.0
. W Stripping 10 MeV/u
. REXEBIS
10.0 .
*
- *
1.0 B =
E B m
0.1 T T T T 1
20 40 60 80 100
Z

Ton Nuclear  Energy  Cooling Beam H, target Beam Eff. target
lifetime (MeV /u) time lifetime in ~ (atoms/cm?)  lifetime  thickness
residual gas in target  (pg/cm?)
"Be 3% (53 d) 10 2.3 s 370 s
IS g+ 100 m 10 0.7 s 280 s 1 x 10 236 s 31000
26mAl13Y 63 10 0.5s 137 s 5 x 104 23 s 4200
52Ca 20t 4.6 s 10 04s 58 s 5% 10 9.6 s 3000
TONj 28+ 6.0s 10 0.25 s 30 s 2 x 104 12 s 1600
TONi 25+ 6.0 s 10 0.3s 26 s 2 x 1013 21s 60
1328 30+ 40 s 4 04s 1.5s 1 x 1012 14s 1.2
1328n 45+ 40 s 4 02s 14s 5 % 102 16s 7
1328n 39+ 40 s 10 0.25s 74s 2 x 1012 36s 9.5
1328 45+ 40 s 10 02s 10 s 5% 1013 1.3s 90
186pY 46+ 48 s 10 0.25 s 4s 2 x 1012 1.5s 4
186Ph 64+ 48 s 10 0.13 s 5s 1 x 1013 1.7s 20

Fully stripped ions
-> improved lifetime

Effective target thickness:
(gas target thickness) x
(revolution frequency) x
(lifetime)

~100 ug/cm? for direct target



Many different ways of operating the machine InjECtion rate

e-cooling
injection =05 Reaction measurements
'\r—*—\
o [ [
\
measurement 4

>

=]1-2s ‘

REXTRAP trapping + cooling

intocti cooling 0.2-1s
injectio
J n\ A
\ J \ )
\ \
e-cool stacking measurement, acceleration,
(no target inside the ring) mass separation

Based on R. Raabe presentation



* Ring injection repetition rate T

T

400
350
300
250
200

150

Breeding time {ms)

100

Lo
o

Storage in REXTRAP essential

<5 Hz

_rep_rate

rep_rate < 0.5 Hz not unusual due to e-cooling and/or in-ring beam exploitation
______E_B_!_S__t?_r_e__e_(_j_in_g_:t_im_e_-_--_-_--_.'_____. Tbreed < Trep_rate in many cases
-—-#---—----——- + ample time to reach high charge states
B S - keep them in BIS or 2. REXTRAP
T T Ty T e Radioactive /
adioactive
""" _i""_";_;_"i"_,__"""___"""i_‘_-::iéb_lé_"""" q+ dependent
@ Al A
0 50 100 A 150 200 250

Holding time in REXTRAP?

*0Nj* and 8/Rb* kept for >1.5 s
* 3E7 ions/s injected
* Additional losses <20%

Concerns

- Short-lived ions /o 200 200 600 800

- Space-charge effects (o, changes; eff. decrease)

+  expontial fit
AI' T~145 ms

/

number of ions (arb. units)

cooling time (ms)

- Noble gases and ions with high I.P. such as F, Cl, Br P. Delahaye et al., Nucl Phys A746 (2004) 604



Ring injection time

* High injection efficiency of outmost importance Slide from M. Grieser
* Multi-turn injection

transverse phase space
1

0.004
I
| EROB! et
collisions with ! - *." " collisions with
0.002 g theseptumfoil  _ ,1" [+ the acceptance
.“5 0'6: ,” °° i [
2 | L ..-' /. At=length ! \A/
G ’ 4 P
o 0.4 7 R ! injector pulse 0 \\
0000 - E /' ... // !: »* \ \
a ’ A ’ 1 *®
< [ 4 ) ’ ! -\ \
Q 0 2 // ... ,/ B | \. \
. -’ : o\
0.002 A ; Ve
-0. 0.0t -~ : L%
N~
10 20 30 40 50 60
turn
~0.004 .
! closed orbit at At ~ 25 turns
_07 e 0[.!b(; AL R the septum foil typically ~ 33 us at 10 MeV/u
X [m

closed orbit &= 4 mm-mrad
+ o Q,=2.8

20




Ring injection time

* High injection efficiency of outmost importance
* Multi-turn injection

550
- 08 EROB! el
o ~ collisions with I - *." " collisions with
v z  the septum foil T [*, the acceptance
@ 450 ’ S 0.6/ 2t ; ie N
i S| 278 /. At=length
E J;rext(looo) ] 1 10% % { e ,’ | .. g } ° \\
YR i ) 10% ® 04l S injector pulse [, *
M‘WWIW [[[offset ER .~ .o°. e < o \
% '/ o. /, 1 I \ \
350 T T T T T T T © 02 // .'. ,/ I \. \
120 140 160 180 200 220 2410 :/’ ..' /’ ' -
Time (us) i oo R 1 oy
00 - ..
TOF after REX charge breeder 10 20 30 40 50 60
turn
Adapt EBIS Textraction closed orbit at At~ 25 turns
to fit beam pulse into the septum foil typically ~ 33 15 at 10 MeV/u

transverse acceptance

%1 dc

21




Beam-line layout

22




Building layout

Presently at MPI-K, Heidelberg, a large hall is housing the TSR with enough space around it
for experiments and equipment that need to be close to the ring. The basement
underneath the ring is used for power supplies and other necessary equipment.

-
o ~
_T -

“ .
- L.
»

Proposed layout to fit the TSR:
Installation above the CERN service-tunnel
Tilted beam-line coming up from the machine.

Y/ Courtesy E. Siesling
12919




Beam-line layout

- 35m = :
TBR . Positionat_|"}’ 1. Achromatic injection line
: /(/Q HEIde|berg VE\ 6 86 m * Links HIE-ISOLDE to TSR ring via XT04
A . * Considers HIE-ISOLDE and TSR
—— 12.73 m — — .
P i floor level difference of 4.73 m
. T N In-ring |
extractlo;n | § ’ exper ment 25 m 2. Standard HIE-EBIT elements
=| lines @ 1] ? ‘
L1 3. Tentative layout for two
N experimental stations.
'.c‘l'l"._ | ¢
g
N
\ S
TSR 20.9.2010 _ e
Win32 version 8.51/15 16/05/11 14.3816
: TR 1 B | M. Grieser
I ~ | = 164 | | (I 1 l' f
- ’ H_]E'" | VI L || L ||
‘ B TIOETE __1_______}:-.;';&;*)22;: - 72 ] ||| I|| ||| |‘ | | || |
g T | e : wl || |l I|| | |
b HIE-ISOLDE| . L[l 7] ST Ve
v M A BEaaYWs B SRl IR AAN
-f . HEBT area |- | | E N\ SRl ERaN L N
£ neaz - T | 8 P ' . AT T R R W oY £71 T I (AN
i o et O WO || Y A 55 _;r_;Tl'—_:',__;;r i ﬂ; ____W |} vertical ‘j' 1 'ull'-,lfl"'-_-'l "-__.-"l'rl-\-",' IR (Y YA V] \
e | e B R R I B ——-&-11 © achroma PSSV VA A VA
e L] = | ol 3 - g L ! | [\5. 100 Iy 200 250 NO. 35 40.\%5. 50. 55 60.
- L T /NN N
Ve = . N, ¥ Nl N sc ;
_ | N\ N ';{y@ RE Beam Injection e-cooler Target
== rzﬂ “r?_;;,_.,-__‘,',';___,ﬁs":f:‘;;r"i__.a-_’.i"_!’___,"!z’_i_'__ =1 5 system profiler septum station
-HIE- |SO|_DE| ‘ Heidelberg layout P y
192%1dc
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Charge breeder upgrade

25




Charge states out of REX

Benefits from high q Charge breeding times for a selection of elements of
relevance for TSR@ISOLDE experiments

@ Rigidity TSR
L lon Z q A/q Breeding time (ms)
Storage lifetimes Be |2 3 533 | 20
9

o
@ Cooling times BF |9 2 100
o

7ONj 30 25 2.33 | 350

13250 [ 50 39 3.38 |700*

182pp | 82 53 3.43 |1000 *

182pp | 82 64 2.84 | EBIS upgrade needed

Experiments

* to be tested

© REXEBIS charge breeder capable of producing sufficiently low
A/q (or beam rigidity for < 10MeV/u) for most elements

26




Charge states out of REX

100
20 G. Schiwietz and P. L. Grande, Nucl. .
Instrum. Meth B175 (2001) 125
80
: : : 70 = %
@ But some experiments might require: 60 R N
T 50 —x if +
* [ ~ 40 X%
Fully stripped to 260 o =
20 X 10 MeV/u stripping
* #
Few-electron system, e.g. for Th/U 10 - # Fully stripped
0
0 20 40 60 80 100
YA

Estimated attainable charge states in REXEBIS
and after stripper foil as a function of ion Z

Design parameters HIE-ISOLDE / TSR@ISOLDE breeder

Upgrade REXEBIS
Electron energy [keV] 150 5
Electron current [A] 2-5 0.2
Electron current density [A/cm?] 1-2x10% 100
Trapping region pressure (mbar) ~1011 ~1012
lon-ion cooling needed YES NO

Extraction time (us) <30 >50




HEC? prototype tests at BNL

== . l%
L OROOKNOMENE  First beam time — 08.11.2013-15.11.2013

Anode voltage

BTG MPosddms  CURSOR
: -~ Extracted current
(1V=1A)

BNL, built by CERN being

tested at BNL by joint HEC? ultimate spec 10-20
team at BNL TEBIS Achieved in 1-st run 30 1.54 tba
REXEBIS 5 0.4 0.2

* These activities supported by HIE-ISOLDE design study will continue in 2014
* Hopefully a continuation within ENSAR2 . -
2%1dc
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Technical integration study

29




Technical integration study

Two approaches 1. CERN homologation (full-fledged ‘standardization’)
2. Keep-system-as-is (low-budget option with minimal changes)

Dismantling and

reassembly General safety
Control system Civil engineering 1. Obsolete electronics
and applications and infrastructure Improve sensitivity
_ 4
Inj-ext J s i 2. Change for Finement® type
septum Induction
Beam accelerator 3. Exchange bakeout system
diagnostics?!
g 18 work packages 4. Improve electrical safety
Alignment
5. External targets on elements
and survey? Power :
converters
3
Vacuum Radioprotection
Scrapers Red: fully replaced

RF2  E-cooler Blue: complemented and improved
Green: accepted or minor upgrades

Recommendations by CERN specialists

50 12%4 9




Technical integration study - conclusions

v" The radiological concern of importing the ring is minimal.
v" Well advanced civil engineering plan with associated infrastructure exists.
v" No technical show stoppers for the implementation — standard solutions identified.

CERN integration proposal Keep-system-as-is

a. First cost and manpower estimate believed a. Would need to keep all subsystems as they are
to be conservative. However, no contingency since many are interlinked with the control system.
included.

b. Would have limited / no support by CERN groups;

b. Most CERN groups have insisted on longer dependence on MPIK Heidelberg.

hardware changes and CERN standardization

and discourage a 3 years transition period. The approximate cost and manpower need

for the Keep-system-as-is scenario are:
Total cost and manpower for transfer and 11.8 MICHF 17.1 FTE (man year)
lntegratlon into a CERN f GCI/Ity : The cost saving might appear low. Reasons:
15,2 MCHF 2 7,5 F TE ( man year) * The main cost drivers are the injection line, buildings and infrastructure.

* Some spares, complementing parts and replacement parts are absolutely necessary.
* Includes the mandatory electrical protection of magnets connections.
* Includes sensitivity improvement of the beam diagnostics.

NB. The figures have not been considered

the CERN management ‘50‘_‘:




Past, present and future

* TSR@ISOLDE workshop at MPI-K Heidelberg 28-29/10
2010 evaluated the future for TSR

* Lol to the ISOLDE and Neutron Time-of-Flight Committee
http://cdsweb.cern.ch/record/1319286/files/INTC-I1-133.pdf

* TSR at ISOLDE technical design report

M. Grieser et al., EPJ Special Topics May 2012, /

vol 207, Issue 1, pp 1-117

* Approved by CERN Research board, May 2012 B e

“The installation of TSR, as an experiment to be included in the HIE-ISOLDE
programme, was approved by the Research Board. The timescale will be

defined once the study of its Integration has been completed.”
* Presentation of the integration study to the CERN Research Board Nov 2013
* TSR@ISOLDE workshop at CERN 14/2-2014

* The CERN Council will take the final decision
Aim to be part of CERN Mid Term Planning 2014

%1 dc
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Review

Storage ring at HIE-ISOLDE

Technical design report

M. Grieser!, Y. A. ].it'-'ir.-_-'.":"' * R. Eiaet':m':. K. E'llegn:'.]:"'. Y. Blumenfeld®,
F.A. Butler®, F. Wenander®, P.J. Woods™, M. Aliotta”, A. Andrevev®, A. Artemyey?,
D. Atanasov?, T. Aumann'®32 D. Balahanski'l Barzakh!'? L. Batist!1?,

: - T 15 roalf®
K. Blaum, Y. Blumenfeld, P.A. Butler, M. Grieser, Yu.A. Litvinoy, A-P. Bernardes™, D. Ber N I E?'” wes °, 5. Bi M. Borge

1. Borz . Basch® . , C.
R. Raabe, F. Wenander and Ph.J. Woods (Eds.) 1. Cedarkil ) D ,: 1“0 |’“. -[ []a
Storage Ring Facility at HIE-ISOLDE

TSR@ISOLDE Collaboration:
129 scientists from 47 institutions in 19 countries

2 p ‘n-\n []l ppen®
kllor’ D.F.A. Win
hi®, ¥.J. Yuan™, ¥ H. Zhang™?

ot®, PM. m;lkr-ri' 0
AW :u’ HS. Xu?
and K. Zubart!

A photograph of the ion storage ring TSR at the Max-Planck Institute
for Nuclear Physics in Heidelberg. It is proposed to install this ring at
the HIE-ISOLDE facility in CERN, thus enabling a variety of unique
experiments in nuclear-, astro- and atomic physics.

@ Sofia, Bulgaria
- . 12 Popershe iuclear Physi
sciences Springer a poienbog Buclens Pl 2 Clallen, Clacmmacy
anchester, } L
748 Garching, Germany




General conclusions

® TSR matches the HIE-ISOLDE characteristics

e TSR and ISOLDE would be a nice couple, with:

broad range of elements and isotopes

wide energy range
e-cooled beams
several tools for beam manipulation and detection

e A storage ring at an ISOL facility: a unique instrument
First storage ring with ISOL-facility!

e The technical aspects of the integration have been studied

e Now awaiting response from the management...

54 TSRCi%9%4 P



Thanks for your attention!

Credits to
M. Grieser MPI-K
Experimentalists K. Blaum, P. Butler, R. Raabe, Y. Litvinov, P. Woods...
TSR@ISOLDE collaboration

CERN support groups
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