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lon Storage at GSI (“low energy”)
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Atomic Properties, Other fields F-\lR === 1

Precision tests of modern theory in strong fields
Electron binding energies
Lamb shift (QED test)
g-factor of bound electrons
QED test, m,, a
Collision spectroscopy with electrons, atoms, and molecules
Atomic processes, reaction dynamics, and lifetimes
Surface modifications using HCI

Hollow atoms and trampoline effect
We need to control

— location
— observation time
— energy
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Nuclear Properties F-\lR == 1l

Atomic Mass

Nuclear Lifetime

Nuclear Charge Radius

Reaction cross sections and channels
Exotic nuclear decay modes

We need to control
— location

— observation time
— energy
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CRYRING@ESR FAR ==
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CRYRING in Stockholm (MSL) FAR ==

Singly charged positive atomic ions:

l_}r. D_,:HE+, 4He+. TL]'+. Qgge—, HB+[: I_C_,]3124N+. I(:O—, 4HA§;—, 4DC?4_, 4SSC+.S4KT]'+.;(;FE_,

8 + 8 + Bopr t+ BEo + + 13 + + 1385 + 1 + 142 + 151 + +
Kr, "Kr', "Kr, "Sr’, " Xe', "Xe, "Xe, "Ba, "La, "Nd, "Eu, TAu., | _ g 0 0

208py - 200 different ion species

Dot EEL MRS UL et 1o gt 1o 602 g 160t singly charged (pos. & neg.)
16~ 5+ + 196+ 19 l)— 20 + 20 + 20 W+ T+ 20 i+ }+ 1 + 2 4+ .
3‘0 10", F* FY, *'Ne ‘Ne Ne‘ INe™, Ne!", hS_l Hgyllr Mgyl multlply charged

205+ 364 95 364 10+ 364 12+ 365 13+ 404 T+ 40, 9+ 404 11+ 40y 13+ 404 15+ dfeells
S, PAr "Ar Ar Ar AT, A, TAr Ar”, TAr Ti ',

SKNi]?ﬁ- S%Nll‘&— %4K['J3+ P“Xe%_, ]29}(836—, lzgxe_ﬁ'fﬂ-- IS[JXEBO+_ I3(1Xef-14+, lﬂ?Pb53—, lﬂh'Pb53—, molecular (pOS & neg )

Eﬂhpb54—, EUth55—

Positive molecular ions:
H.,HD",H;", D,", HoD', *He

nioir ot N ol o Syccessful operated from 1992 to 2010

C.H,", HCN', C2Hs", HCNH',

N o o Dismantled and shipped to FAIR/GSI in 2012/13

D:*S", C3Hy', D,Y'CIY, D50, Crme N o, NI, Ny f i e
HCS™, C2Hs0", DN,O™, C3HsOH ", CO;;D CD:CDO", NO" HgO 05 rﬂ’w\ ) o R ~.h, St
r“ I\

--‘

CD;OCD,", C;D; ", CF,". NO"D,0, DC;N_, CD;0CD;", N3H,o /D€ » :‘L“
CD;0DCD; ", H,05", COS™, N,O,", CH;0COH, ", D;05", N3D ! J’ “‘ '"0,", ArN,", ~ ’
Hy04", CD;COHNHCH;", CD;CONHDCH;', C¢Dy', I’O”C] d , C2S,H¢, .
C>8:H;", Hi304", PO¥CI,” o dl

'\ - J
Negative atomic ions: L T * "-.e :
H,Li, F,Si, S, Cl, S, Te \, B . 25

- 1 J ) Yoy ]

Negative molecular ions: I t '\ ‘
CN, G4, Si2” Cly '
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CRYRING in Stockholm (MSL) FAR ==

Singly charged positive atomic ions:

l{'. D_.:HE+. 4He+. TLF. ‘JlBge—‘ l] 1—l 12 _];4N+ It + 4HA§;—‘ 40C?;. 4SSC+.S4KTi+.]1f;Fe_.

ki3 + 8 + 86 + BRo t+ 12 + 13 + + 138 + 1 + 2 + 151 + +

Kr',"Kr,"Kr,"Sr, " Xe, Xe, "Xe, "Ba, La, "Nd, "Eu, "Au. 2 3 3

20k - ~200 different ion species

e R T singly charged (pos. & neg.)

4H + 1 2+ |ﬂC+ DC4—

]5+ +9+ll)l) 20 +)5+ﬁ0 W+ T+ 20 i+ 3+ ]+3 4+ .
‘0 ”0*‘ PEYUEY, 'Ne™, 'Ne™, r{e‘ g™, Ne! T, Mg, Mgyttt mult/ply charged

$+'36, 94 36 m+ 364 12+ 364 13+ 404 T+ 40, O+ 404 11+ 40y 13+ 40, 15+ 3811+
263 Ay "Ar Ar Ar Ar Ar Ar Ar~, TAr Ti ",

SKNi]?-r {%Nll‘&— ‘HK[_ 31— 12 {Xeﬁfa—‘ ]19}(836—‘ lzgxe_ﬁ'ﬁ- IS[JXEB{:H-_ I3ﬁxe44+‘ Eﬂ?Pb53—‘ ZUHPb53—, molecular (pOS & neg )

Eﬂhpbs-l—‘ EUthSE—

Positive molecular ions:
H,", HD, H:", D.", HuD', *He

e o cns N 101 o Sccessful operated from 1992 to 2010

Cgl‘!g , lgCN: Cng;HCT:IHJr,
Nk DS DGRy o ® Dlsmantled and shlpped to FAIR/GSI in 2012/13

D:Ms", C3Hy ', DYCl, D50, Femenm e

N3, 3 \u
HCS, C-Hs0", DN>O", C;HsOH ™, CO,D* CD;CDO NO HO Oss r“ -“'& ’ bt omx
CD;0CD;’, D5, CFy', NO"D;0, DC:N', CD;OCDy, NsHi ' /DENIHES ; -—-La
CD_;ODCD_;+.H703+. COS_.NQOJ..CHgOCOHa D}O; NaDy ,“ hOa Al’Ng.. \
H,04", CDyCOHNHCH; ", CDy;CONHDCH;', C¢Dy", o”u &V C,S;H; ", ¢
C,S,H.", H,;04 ", PO*CL," 2 )

Negative atomic ions:
H.Li, F,Si, 8, CI, Se’, Te’

Negative molecular fons: GSI(FAIR): + heavy, highly charged ions!

CN, Cy4, Si> Cly

FAIR GmbH | GSI GmbH F. Herfurth "Commissioning of CRYRING@ESR"



« Max. rigidity 1.44 Tm

o 15 MeV/u U9%2*

o 96 MeV/u protons
e Min. rigidity ~ 0.054 Tm
FAIR Research & Development o 150 keV/u protons

CRYRING@ESR

Detectors and diagnostic systems
FAIR control system
Training of operators on FAIR control system
with real beam (standalone operation during commissioning)

Scientific Opportunities

Heavy, highly-charged ions as available at GSI (up to U%",
fragmentation products) at low energy 100 keV/u .. 10
MeV/u — bridge the energy gap between the ESR (> 4
MeV/u) and HITRAP (<10 keV/u)
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Documents

FACILITY FOR ANTIPROTON AND ION RESEARCH

SPARC Collaboration
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Technical Design Report:

Experimental Instrumentation
of CRYRING @ESR

Z. Andelkovic,! C. Brandau,'? M. Dumchev,® A. Ehresmann,* W. Geithner,' A. Georgiadis,’
V. Hannen,® M. Lestinsky,'" Y. Litvinov.' W. Nértershiiuser.® R. Reifarth,” Ph. Reiss.*
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Max. rigidity 1.44 Tm
o 15 MeV/u U%2*
o 96 MeV/u protons
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Technical Design Report items being
realized already F-\lR === 1l

ECOOL
HV-amplifier and DAQ electronics (- Schippers/Gieen)
precision HV-divider (— Weinheimer/Munster)
Probes
laser lab (— Nértershauser/Darmstadt)
transverse electron target (— Schippers/Giefien and Kester/Frankfurt)
Detectors
particle detector mount mounts (- Reifarth/Frankfurt)

Seya-Namioka VUV-VIS spectrometer (— Ehresmann/Kassel)
MWPC/MTPC counters for Xrays (— Georgiadis/Luneburg)

Related TDRs: maXs, SimX,

FAIR GmbH | GSI GmbH


http://appa-rd.fair-center.eu

« Max. rigidity 1.44 Tm

Experiment Equipment o 15 MeV/u U9+
o 96 MeV/u protons

Gas jet, : C
MOTReMi, * Min. rigidity ~ 0.054 Tm
|  EXL.. | == o 150 keV/u protons
Particle detectors g Iy 8-

\ ‘ Particle detectors

. YN 0° port
N I, R W1 W[ >* Microcalorimeter
a7l -» — \
Microcalorimeter o Electron
cooler
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« Max. rigidity 1.44 Tm

Experiment Equipment o 15 MeV/u U%2*

_ o 96 MeV/u protons
Gas jet, L
MOTReMi, e Min. rigidity ~ 0.054 Tm

EXL ... - o 150 keV/u protons

Particle detectors

SR el

r

Detector mount being machined T 0&\0(
Valves for detectors installed e @:\‘(‘}
oy Extraction beam line being machined /
/’7/'ecl<,~0,7 - Gas jet target available for installation
\ N Interaction chamber designed
g™ . port
7 PN D o it +" Microcalorimeter

-VNP-
Microcalorimeter Electron
cooler
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Laser Experiments - CRYRING@ESR

» Dielectronic recombination
assisted laser spectroscopy

* Preparation of polarized ion
beams in a storage ring

o Start with

° 24,25Mg+
- 9Bet

. Hand Li like Pr. Pb. and
Bi

FAR m=x

B cage
g laser

—— tube laboratory

@ target

: laser
collinear
A

x-ray cell?

XY
scraper

detection
scraper

« Laser lab infrastructure ready

« Design of laser beam line ongoing
» Detection chamber in production

» Development of ion source ongoing

FAIR GmbH | GSI GmbH

electron
cooler
=

3 x-ray cell?

lanticollineai

collinear
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Ultra High Vacuum & Beam Life Time

LIFETIMES OF BARE NUCLEUS

10’
" Z + rest gas: Cu,‘/'//‘_.»;
10 = =
] Y(H2) = 90 % Kr /,///
10 Y(N2)=9.5% Sttt =
VIAR = 059, Xe| . / U
2, 10° P=10"" mbar

V. Shevelko, priv. comm.
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10 | 100
15

E [MeV/u]

Commissioning of CRYRING@ESR"

FAR m=x

e lon pumps

~10
« Cryopumps
« NEG pumps



Ultra High Vacuum & Beam Life Time F-\lR == 1

LIFETIMES OF BARE NUCLEUS

j 1 <« lon pumps
10"+ ~10
6 : Z + rest gas:
10° g « Cryopumps
: Y(H2) = 90 % .
10° == Y(N2)=95% NEG pumps
3 VIAr\ = N K 0/,

o 10" ye====ll P =10 mbar
2

» First bake out cycle finished
« Mean pressure along the ring 8 x 10-" mbar

10| 100
15

E [MeV/u]
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Electron Cooling ESR - CRYRING FAR ==

ESR electron cooler

wohe ——
£ [ kTj=120meV
L
8
g L
g 02 CRYRING electron cooler
Q
(a1

kgT|=1.5 meV ‘

| IIIIII\| | | \IIHI‘ | | \II\IIl I | IIHIIl 1 | II\III| | IIIIII\‘ | Lt
107 10 1073 1072 107! 1 10 10?7
Relative energy (eV)

C. Brandau priv. comm.
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Electron Cooling ESR - CRYRING FAR ==

o ESR electron cooler
E __________________ g s 1
€ L kT=120meV .|
5 - —T . ——
g B I DR . yep 14244 457+ .
— of Li-like “Nd o
02— CRYRINGelectron~, 25} J°
ks = o ——DR-ESR electron cooler
- 5 [ —— DR-CRYRING electron cooler 1
- Q 20 -
u 2
/ E 15 I ]
(I - c
= kgT|=1.5meV Q0 iy
N | IIIIII\| | I\IIHI‘ | L L1l é’ 10 L -
107 1074 1073 10
Rel (3 J
D SF -
(1v)
o .
0 [ ] 1

1.0 1.5 2.0 2.5 3.0

C. Brandau priv. comm. Electron-lon Collision Energy [eV]
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Electron Cooling ESR - CRYRING FAR ==

« cathode replaced
« superconducting magnet tested
* bake out done

¢ commissioning ongoing
Ay B = - “

o ESR electron cooler
£ [ kgTj=120meV
B
]
g [
g 02 CRYRINGelectron~, 25}
& F = i
L (&)
- @ 20
- 2
/ E 15 I
U - -
= kgT|=1.5meV Q0
L | IIIIII\| | I\IIHI‘ | I\Il\g 10-
107 107 107 10
Rel (3
e 5¢
©
e
0

DR of Li-like “*Nd*™

——DR-ESR electron cooler
——DR-CRYRING electron cooler

C. Brandau priv. comm.

1.0 1.5 2.0 2.5 3.0
Electron-lon Collision Energy [eV]
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CRYRING@ESR in new Cave FAR ==x

$e

7 .' - n. -
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Timeline CRYRING@ESR FAR ==

We are here

Icgea, o >Restart of
rou
Repo?t lb SIS/ESR
2012 2018
T ort - : : : - I
t;a(l-;;r ; . Firstions: @ @ @ commissioning
| : :  from sourcé :
Reconstruction (D ; First ions @ -
CaveB New Cave Topping Out: 300 keV/u :
Infrastructure, Setup, _ Transport test Stored beam
cables etc. : with ESR beam 3
. . First ions in
ring = first turn
UHV,bake out, g
e-Copler —d _
: : Installation

G and Test of 1<t

Experiments

New, FAIR controls, first integration of ... databases, mﬂ_
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ESR — From 400 to 4 MeV/u FAIR ==

ESR — Experimental Storage Ring at GSI with stochastic and electron cooling

Ni?** 400 > 30 > 4 MeV/u
@ ESR cycle during t ‘ - signal:
& recent experiment |
5..20 injection, stoch. cooling
3..10 deceleration 400 — 30 MeV/uz
2.6 e cooling, rebunching |
2.5 deceleration 30 — 4 MeV/u |
2..5 e cooling, ejection
3 reset magnets i 5
< 40 s >
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X [mm]

Fast Extraction from ESR to CRYRING F-\lR == 1L

im ]| I imn im
140 | North. Extraction
Septum
120 | I
100 - % Extraction Orbit ! Inj. Septum :
S ! South. Extract
a6 | < (tfo HITRAP) ',’.\‘ | Septum |
§ ,l‘ \\ /l ' /‘/v‘\’/
60 r E ] \.'
40 F
20
0 N ~__/ \ A
20 | Injection orbit - "y ) \
] —11° Bumped orbit \ ’ e
(ap/p=+1%) : 2 /
a5 Extraction Orbit\, .
60 | | | | qTO CRYRIING) | | I
o) 20 40 80 100

FAIR GmbH | GSI GmbH
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Decelerate, Extract, Transfer F-\lR == 1I

> 60%
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Local lon Source F-\lR == 1L

Typical gases so far — H,, D,, Ar

Typical intensities of beam for injection — 40 pA, has been improved
starting at 1 uA

Uninterrupted operation time —improved from a few days to weeks
Second version built for fast change over

Other source types (e.g. EBIT) and upgrade of RF Power discussed
or already scheduled

probes Triplet™ |
AN YRTILT41,42,43
35° magnet Steerer » El. Doublet* | RFQ Steoror
YRTIMH2 YRTIKH2, KV2!  priLD51,52 | YRT1BR1 90° magnet
, iy YRT1IKH1,KV1

YRT1IMH1

Doublet ; g iU |4]MQ!Ni : aaling
- j o= ad — ’ P El.stat. Quad.
A . i I El.§tat. Suad. boubiet
= Doublet Doublet Trlp:igl S5 incl. Chopper*
YRT1 ,32,
Steerer YRT1QD71,72 YRT1QD61,62 S YRT1LD21,22
GHTYKV3 Faraday cup YRT1LC1 V
i Bender
Septum ol el
1 -
Septa* C‘Q’}‘ Ion source
:

oW vor1I1C/IN/IP/IT



YRT1DF7/DC7

First Turn

/ YRO02 BPMs \
NPT S T
o¥ Lo o, » ’ LTI
s 3 o) 7 We ) 9
<& e’ e

N A

@
2 - £

R
- .\O
| YR11DF I

Okt. 2016

Successful testbed for FAIR type control system stack
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YRT1DF7/DC7

First Turn

‘:M?‘i“ }n'““u .&.,md %m. - _\&1
- A

| o,

/ iy

&,; first pass

3 (after injection)

second pass = first turn!

| \

X

injected beam shape

S—

i, "ﬁ o
K4 . o

'lﬁ u c\‘mﬁ
I

Okt. 2016

Successful testbed for FAIR type control system stack
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0.8

0.6

0.4

0.29

0.2

0.4

-0.6

|+ channel 4

Status of Commissioning F-\lR =1

S— Many turns and RF bunching

T T T T
4] 0.0005 0,001 0.0015
Chart.Times
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Status of Commissioning F-\lR =1

] Many turns and RF bunching
N, ||
-40 Multi turn injection (still improving)
-5
E o EF 4] q] [.]
)
e .55
3 - |
06l = -60
0.6 r g
= -
S b5 il
E -70 i
=
2
E_ =75 il
< 80
-85 il
i il
-90 D
0 2 4 b 8 10

Delay between injection and bumper start (number of turns)
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Status of Commissioning F-\lR =1

S— Many turns and RF bunching

|+ channel 4

-40 Multi turn injection (still improving)
-45 o . a
= 0.0g Stored Beam Lifetime Measurement in Schottky
= -50 '
= Injection Burst
£ 9° | |
0.4 A 0.00008 | ! : -
o z -60 ; ;
0.6 . %’ _ | |
£ 65 >, X !
2 co000006F | 1=1.9(2)s i -
_—II,rD (@)] 1 1
9 c i :
3 ) " :
£ .75 +— ., . :
5 B 000004 | B g o s e -
< 80 g :',_{‘:-_'é"t%t’.,?‘:" a‘dh::f:::;:::.?ﬂ .’}'::':4: End of lon Storage Seguence
S R AR
N LRl NS W el PR ey
-85 i \ 0.00002 '; s ::"."' ,.;:}.‘?'-g. a.-_.-":.':.::‘},_{;j ~
.90 [D |I| " ’ ':-,'-.'. '-" ooy 2
0 .E v"'!"""f‘w ;i.\-\: xf’p"\. >
! VIR N
Delay bet 0.00000 |-
| M 1 A 1 L 1 A 1 L |
0.0 0.2 04 0.6 0.8 1.0
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FAIR &= ==t

Status of Commissioning

4

9

- s e

®

F. Herfurth "Commissioning of CRYRING@ESR"
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400 MeV/u 400 MeV/u

UNILAC ot o s E'
=
Summary 7
4K
HITRAP 4 MeV/u
 CRYRING@ESR S-EBIT
Achieved stored beam in ist 4 MeV/u ... 100 keV/u
new location CRYRING 10 MeV/u

‘§
:
X
-
A
-
3
.
e
—

We will be ready for physics with decelerated ions for upcoming beam period 2018/19
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