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Why storage rings?

- Storage - efficient use of rare species

- Cooling - high quality beams

- Recirculation - high luminocities though thin targets

- Removing of contaminants

- Ultra-high vacuum — preserving atomic charge state

- Laser-ion interaction

- Various gaseous internal targets, electrons, (neutrons)
- High detection efficiencies for recoils
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Physics Case For a Low-Energy Storage Ring

1. Nuclear Physics

* Capture reactions for astrophysical p-process
* Nuclear structure through transfer reactions
* Long-lived isomeric states
* Atomic effects on nuclear half-lives

Half-life measurements of ’Be in different atomic charge states
* Nuclear effects on atomic decay rates
* Exotic decay modes (NEEC/NEET, unbound states, ...)
* Di-electronic recombination on exotic nuclei
* Purification of secondary beams from contaminants
* Nuclear magnetic moments

* Neutron—-induced reactions
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Physics Case For a Low-Energy Storage Ring

2. Atomic Physics
* Precision x-ray spectroscopy
* Super-Critical fields
* Electron-lon collisions
* Atomic lifetimes
* Nuclear effects on atomic decay rates
* Photoionization
* Di-electronic recombination on exotic nuclei
* Electron spectroscopy / electron scattering
* Atom/Molecule fragmentation
* lon-molecule interactions

e |Laser induced recombination
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Just a few examples of physics cases
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Astrophysics motivation: the p-process

35 stable neutron-deficient isotopes between 74Se and 19%Hg

Dominating reactions: (p,y) for light nuclei;
(y,n), (y,p), (y,a) and B* decays for heavier nuclei

Temperatures of 2-3 X 10° K during time scales of a few seconds are required
(type Il supernovae explosions)

7 4 [] p-nuclide
- @ Iors- seed nuclei
Network calculations ] O unstable nuclei
more than 2000 nuclei B , .
(mostly unstable) - ) T P.T
more than 20000 reactions _ T g0
- (Y.:l/j “L
. (v-p)
| | | ] ] ] ] 1 1 >
N
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Reaction studies In a storage ring

Particle detectors

High revolution frequency

Injection

—> high luminosity even with thin targets

Detection of ions via in-ring particle detectors

Septum

- low background, high efficiency

Well-known charge-exchange rates

- in-situ luminosity monitor

Ultra-thin windowless gas targets
—> excellent resolution

Applicable to radioactive nuclei
ESR
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Astrophysical Gamow Window

Maxwell-Boltzmann
distribution

Gamow peak

Probability

Cross section
(example)

AN
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ESR Test Beam Time 2016 124Xe(p,y)**°Cs

* test experiment for new setup:
> 124Xe: technically simple, stable beam, high intensity
» 10-100 mbarn cross section expected for proton capture @ 7 MeV/u

107 T T T T T T

* science case 12%Xe: e
7 | — 124Xe(p,a)
v p nucleus 10 o)
- J
v reaction is important 0 Gamow window

in production/destruction

Ba124 | Ba125 | Ba

— . 10
TR T
8s “ 106
”11.9m 80m | 35m - 100, 19 }:::- 2 .m- |::n 0.106 1 5 www.talys.eu
1 7 e A = . y 10 theory cross section
A 25 | Cs 126 Cshi27 5
g all m 1.6, 6.4 h . i 107 )
Ay ;;s% f st Ry B B*.. h
412 9; 491; 411; jp5; 5 4115 1
g I 5 10—4 1 L 1
g Xe 125 Xe 126 Xe 127 2 3 4 5 6 7 8 9 10
0.7 _

57s | 169h 0.0 390 70s | 364d

(v,n) (n,y)
(v;p) == (p,7)
(7,0) == (a,y)

Courtesy Jan Glorius
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Normalization of Nuclear Cross Sections

total e capture rate [NRC + REC]

measured by particle detection

detector; 10¢

10°

-60
X position (mm)

characteristic
X-ray emission

1500 2000
Energy [Channels]

Courtesy Jan Glorius
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The new setup @ ESR

Q Federal Ministry @‘L
of Education GOETHE &

and Research UNIVERSITAT

I FRANKFURT AM MAIN

Courtesy Jan Glorius
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New in-vacuum particle detectors

* Double Sided Si Strip Detector (DSSSD) « compatible to UHV conditions
v x & y segmentation v low outgassing rate
v 500 um thickness (ions are stopped) v bakeable at T > 125°C
v ultra thin dead layer of 0.3 um

Courtesy Jan Glorius
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124Xe(p,g)'*°Cs Experiment at the ESR

ASTRUy

si position

501 7 7]
407 .
304 .
201" 4
104]

Si position
Entries 921
Mean x 3.481
Mean y 7.71
RMS x 2.694
RMS y 3.222
Integral 921

0 0 0

o 921 0

0 0 0
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124Xe(p,g)'*°Cs Experiment at the ESR

Si position

si position

Entries 64209
Mean x 4.658
............ Meany 8.338
................................ RMS x 3.651
...................................................... RMS y 4.281

................... Integral 6.421e+04

.............. 0 0 0
................ 0| 64209 0
0

16
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124Xe(p,y) - Results

8 MeV/u

6 MeV/u

100 L) E
El '
B PHYSICAL REVIEW LETTERS 122, 092701 (2019)
o this work .
— TALYS 1.9-vl ] Approaching the Gamow Window with Stored Ions:
— TALYS 1.9-v2 | Direct Measurement of '2#Xe(p,y) in the ESR Storage Ri
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1 . , . , ) . . . $MARA(I}D __ V2 R. Hess,1 R. Hensch,2 P. Hillmann,2 P.-M. Hillenbrand,1 0. Hinrichs,2 B. Jurado,9 T. Kaus
T. Kisselbach,2 N. Klapper,2 C. Kozhuharov,l D. KuI’[ulgil,2 G. Lane,10 C. Lederer—Woods,7 M
5 0 55 60 65 70 7 5 8 O 8 5 Yu. A. Litvinov,1 B. Ltjhc-:r,“’1 F. Noldc—:n,1 N. Petridis,1 U. Popp,1 T. Rauscher,lz‘13 M. Reed,lo R
Ecy [MeV] D. Savran,' H. Simon,' U. Spillmann,' M. Steck,’ T. Stohlker,"* J. Stumm,? A. Surzhykov, !¢
M A. Taremi Zadeh,2 B. Thomas,2 S. Yu. Torilov,17 H. Témqvist,l’11 M. Trziger,1 C. Trageselr,l’3
M. Volknandt,> H. Weick,' M. Weigand,” C. Wolf,” P.J. Woods,” and Y.M
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Future measurements

................ E127 R. Reifarth et al.
_\\
[ ’e
E062 NucAR®
2009 l‘ ‘
2 ] 4 | 6 8 | 10 | 12

ECM (MeV)

Regarding the proposal "Measurements of proton-induced reaction rates on
radioactive isotopes for the astrophysical p process” (Proposal E127), the G-PAC
recommends this proposal with highest priority (A) and that 15 shifts of main
beam time be allocated for this measurement.
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The CRYRING facility

External
Slowed-Down source
Highly-Charged lons _ . = = = = = R
L4 - " -

B AE B ’ CRYRING
Pri b T P2 Injection ESR L. .
rimary beam Channel - ) .
from SIS-18 > st " T
| g,
Production Electron Cooler @
Target / FR Particle Electron External
Energy S ?etedors B cooler . source The European Physical Journal
degrader ~~ ~— Resonant e e S I
Internal Schottky Detector

gas-jet target (D st s

Special Topics

Physics book: CRYRING@ESR

M. Lestin Y. Li Stéhlker (Eds.)

« CRYRING is a dedicated low-energy storage ring
> all GSI beams available between ~100 keV/u and ~15 MeV/u
> longer beam lifetimes for highly charged ions at low energies

» first commissioning phase is finished

eé/[jsclences p A Sprmger

 CRYRING is the ideal machine for astrophysical reaction studies
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CRYRING@ESR

ESR: beam energies > 4.0 MeV/u Cryring+ESR: beam energies 0.1-1.0 MeV/u
reaction rates measurements in the ——> reaction rates measurements in the
Gamow window of the p-process Gamow window of the rp-process
Example: 33Cl(p,y)3*Ar by-pass of 34mCl y-ray emitting isomer resonance strengths
Novae physics -
Production of 3*m&(C| zjz i :ZZ assuming 10°
\ stored 33Cl
M4Ar AP BAF 650 S| a0 we can expect:
P72 0 P 5225 \\ 1200 count/hr
T T T ™ 1 count/s
=44 o 2 counts/s
2: L+ :ZZ 10 counts/day
|‘\ 1 count/s
ﬂ
4631
3 4513

/ /

//
/ /

~

S~
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CARME@CRYRING

C. Bruno, T. Davinson,
P. Woods, C. Lederer-Woods et al.

1
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Nuclear astrophysical reaction studies using the CRYRING Proposal S461

reaction chamber system

C.G. Bruno', P.J. Woods, T. Davinson, R. Garg, O. Hall, D. Kahl,

C. Lederer-Woods, A.S. Murphy
School of Physics and Astronomy, University of Edinburgh, EH9 3FD Edinburgh, UK
"Spokesperson

Yu. Litvinov, C. Brandau, J. Glorius, A. Gumberidze, M. Lestinsky, S. Litvinov,
C. Nociforo, F. Nolden, N. Petridis, U. Popp, M.S. Sanjari, M. Steck,
T.Stoehlker, H. Weick

GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadt, Germany

C. Langer, R. Reifarth, Z. Slavkovska
J.W. Goethe Universitit, 60438 Frankfurt, Germany

J. José
Dept. de Fisica, Universitat Politécnica de Catalunya (UPC), E-08019 Barcelona, Spain

H. Schatz
National Superconducting Cyclotron Laboratory, East Lansing M| 48864, USA

B. Jurado
CENBG, Bordeaux, France

l"
NucAR#
l'.

NucAR: Nuclear Astrophysics at Rings — exp-astro.de/nucar/
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Neutron-induced reactions via surrogate method

A. Henriques, B, Jurado, M. Grieser, et al. Det3: 2x2cm?
Fission- Target-like liS cell
fragment detector - 200° bakeout
Divol detector I o 2 5
Ipoie | L
£ I Beam
h
20°
I Gas‘-jet
target
Neutron-induced reaction Surrogate reaction
Unreacted Beam o . S . -
beam 10 A MeV n+ A1

Detector for

77 N
beam-like Fission z _'ﬁ‘
nuclei ’Oje\
C?io,,

l Neutron
° emission

— y emission



Proposal for an experiment to be conducted at ESR

Electron Emission following 1s Adiabatic Ionization and Quasi-resonant 1s-1s
Charge Transfer in Symmetric Heavy-Ion Atom Collisions
Updated from previously accepted proposal E102

S. Hagmannl, P.-M. Hillenbrand'*, Yu. Litvinov', U. Spillmannl, V. Shabayev3,
I. Tupitsyn’, E. de Filippo®, M. Schoffler’, L. Schmidt’, Ch. Kozhuharov', M. Benis®,

A. Gumberidze'”’,
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229(m)ITh: A Unique Candidate for a

Nuclear Optical Frequency Standard

/DR
Concept: E. Peik and C. Tamm, Europhys. Lett. 61, 181 (2003)

I = 3/2* [631]

AE = 8.28(17) eV

M1 - transition

Courtesy to Carsten Brandau 21/09/2017



E123

Bare:

229 Th 90 +

Effect of Atomic Electrons:

229mTh (,Nuclear Level Quenching®)
I

H-like (1 electron):

{3.62 Y
F=1

3.52eV
F=2upp

229 Th 89 +

-

Nuclear spin mixing due to HF
interaction of bound electrons:

Slow: 0, 2e-, 4e-
(e-spin paired, no HFS)
Fast: 1e-, 3e-,... (HFS)
(,nuclear level quenching®)

Wycech & Zylicz, Ac.Phys.Pol. 24(1993)637
F.F. Karpeshin, et al., PRC 57(1998)3085
K. Pachucki, et al., PRC 64(2001)064301

- J
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Rate coefficient o [ arb. units ]

DR of 0-- Isomers in 234P3a8%8*

;g 234p 88+
a0k DR of " 'Pa .
| —— T0: 30 sec after inj. (g.s. +i.s.) 3 OJ{ 234p, A
25 f—— T2: 300 sec after inj. (g.s.) Fyo 91 B~
TO - T2: Isomer (?)
20
15
10
5
OE..-._l--._.l-..l....l....l_.
3.5 4.0 4.5 5.0 5.5 6.0

Electron-ion collsion energy [ eV ]
C. Brandau et al., in preparation
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Some prototypes

Different topologies are known
In the literature

Even used in accelerator
physics (e.g. Faltin-Pickup)

Currently studying and

optimizing
Planar
Spiral

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Shahab Sanjari, CRYRING@ESR Experiments Meeting, 16-NOV-2018, GSI Darmstadt



Bench top models

GSI Helmholtzzentrum fur Schwerionenforschung GmbH
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Shahab Sanjari, CRYRING@ESR Experiments Meeting, 16-NOV-2018, GS| Darmstadt



Development of Cryogenic Current Comparatorsﬁq_@_- 1K
for nA Beams: Absolute Measurementgweroneniorscnung mor

Spill Analysis with
nA Resolution at SIS18

Advanced CCC Design
for FAIR

CCC Principle
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Investigation of new Shielding

SQUID

Geometries 2 Test at CRYRING

x

Helmholtz

M. Schwickert, Th. Sieber et al., GSI
~ V. Tympel et al., Hl Jena and FSU Jena

- o
‘. TECHNISCHE
ElE/=) UNIVERSITAT
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Cryogenic Current Comparator (CCC) for nA Beam Measurements

GSI Darmstadt, HI Jena, TU Darmstadt, FSU and IPHT Jena
- :

CCC Principle

S ducti .
n‘«’i’giﬁﬂ sﬁiellcri‘g Design of new UHV cryostat.
Production is starting now.
Installation in CRYRING

early in 2020

Azimuthal fie

Vacuum
) Chamber
Superconducting shield/pickup -> detection CCC-XD Nb detector and shield
of beam azimuthal field with SQUID sensor  for 150 mm beam tubes. Tested
and ready for operation

.....
IIIII

Aluminum
Window

....

Space (temporary)

available for CCC | . Thermal
' \ ‘ Shielding

Beam

— Tube
CCC in CRYRING (2019/2020): Coreless CCC with axial
-> tool for commissioning meander Pb shield (IPHT Steel
Jena). Significant  cost Fram
- support for exp. program reduc-tion --> tests in
-> test bench for further development CRYRING Helium CCC Shield +
Container Detector

GSI Helmholtzzentrum far Schwerionenforschung GmbH

1200




Electron cooling
Coolinear laser spectroscopy

Internal target

Cryring

Circumference:
Rigidity at injection
Lowest rigidity

Lowest energy

Magnet ramping
Slow extraction

54 m

0.88 Tm (1.44 Tm)

0.054 Tm

Charge exchange limited
7T/s;1T/s
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Two basis publications
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Physics Case For a Low-Energy Storage Ring

TSR@ISOLDE Workshop at the
Max-Planck-Institute for Nuclear Physics
28.-29.10.2010

about 50 participants
from 15 institutions
from 7 countries

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee

Storage ring facility at HIE-ISOLDE
evaluated at INTC meeting on 2nd February 2011

/ HELMHOLTZ NuSTAR Annual Meetin ‘ L&
d g QWD

| GEMEINSCHAFT March 02-04 2011, GSI, Darmstadt Max-Rlanck<lhstitut
fiir Ketnphysik




High Intensity Heavy-ion Accelerator Facility




DERICA Project @ JINR, Dubna

Experimental hall EH-1: | 50 m
Application science
LINAC-100 (Ey: 100 AMeV) H lon Sources
DERICA Fragment -
Separator DFS Gas je: 4target
Fast Ramping Ring p,d,>*He
Velocity filter Synchrotron FRR:

Egig < 300 AMeV e-RIB collider

Electron

- Gas cell - lon trap
- Charge breeder

cooler

Collector Ring CR:
Egig < 300 AMeV

¥3 Bury
uoJ3o9|3

Experimental
hall EH-2: RIBs
15-70 AMeV

Neutron source
2 108 n/cm?

Stage 2: Buildings, LINAC-100, DFS, EH-1,2  2022-2027

Stage 3: LINAC-30 relocation, FRR, EH-3 2024-2029 Experimental hall EH-3:
. : : : reaccelerated RIBs
Stage 4: CR, e-RIB collider, ring experiments 2026-2031 5 _ 300 AMeV

(AW 00S :°3) DVNIT-




Neutron captures in inverse kinematics

r EEEl

Schottky pick-up

ions

particle detection

— reactor core

neutrons ....‘.\ fuel rods

Tungsten—-@ lons

Protons

(b) g
§. D.O

®lons

z
Tungsten r
i

Tungsten

Workshop on Opportunities with

a Neutron Target Facility

Neutron-induced reactions play a key role in understanding such diverse scientific fields as
nuclear astrophysics, stockpile stewardship, reactor performance, and nuclear forensics. For
many of these endeavors, reactions on short-lived nuclei offer key insights into the physical
environment. Neutron reactions on short-lived nuclei have presented particular challenges,

however, as both beam and target are unstable.

In a revolutionary development, a first concept has been proposed for performing neutron
induced reactions using thermalized neutrons from a spallation target with short-lived charged
particles in a storage ring. One possible driver for the spallation target and an ISOL-based rare

isotope beam factory is the proton accelerator at the Los Alamos Neutron Science Center.

In this two-day workshop, we will discuss technical concepts for the spallation source, the ISOL
source, and the storage ring as well as potential applications for stockpile stewardship, nuclear
forensics, and basic science. Finally, we will open the discussion to possible applications of

post-accelerated ISOL beams prior to ring injection.

Storage
Ring

Location Information
Dates: 19-20 August 2019
Location: Santa Fe, NM, USA

Venue: El Dorado Hotel, Historic Santa Fe Plaza

spallation
target and
detector

Organizing Committee: A. Couture, S. M. Mosby,
D. Gorelov, N. Moody,
N. Roelofs

Charge
selection
achromat

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA »
. Los Alamos fanaged by Triad National Security, LLC for the epartment of Energy’s 'A' S a.%
o SocurtyAdmbsoion

NATIONAL LABORATORY
EsT.1943

Reifarth & Litvinov, Phys. Rev ST Accelerator and Beams, 17 (2014) 014701
Reifarth et al., Phys. Rev ST Accelerator and Beams, 20 (2017) 044701
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