Nuclear Physics with radioactive beams
J. Cederkall for the ISOLDE collaboration




For more info about ISOLDE experiments also contact:

Krish Bharuth — Ram et al. Nlcolas Orce et al.
University of Western Cape, SA

UKZN/DUT
Solid state physics spec. Mdssbauer Experiments at HIE-ISOLDE spec. concerning
spectroscopy. nuclear shape studies. SR
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Nuclear Physics far from stability
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3180 known nuclides
2228 masses measured
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Nuclear Physics far from "ility

All stable beams on all stable targets ‘;:-,*"";'
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region of spontaneous fission

N=258

Traditional methods

Fusion evaporation
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(d,p), (d,n) ...
Beta decay

knock-outs (also RIB)
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Number of neutrons




Isotope production

storagering
driver thin
accelerator  target fragment separator —"- o detectors
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gascell la-----— X post- X M. Pfiitzner et al.,
. acceleratar ! Rev. Mod. Phys. 84, 567 (2012)
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Isotope Separator On-Line . ":_ £
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isotope
driver thick Source separator detectors
accelerator target
ISOL In-flight
Nuclear reaction types: Production rate Slow Fast
Fragmentation . : .
. g Beam intensity High Low
Fission
Spallation Beam energy Low High
Fusion Beam quality/purity Good Poor

Coulomb dissociation . S
Beam chemistry Selective ionization  Independent
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Radioactive beams world wide
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[ R Z. Meisel, Jour. Phys. Conf. Ser. 742, 012019 (2016)

Facilities recently built, under construction or planned

FAIR(GSI, Germany) RAON (S. Korea)
FRIB(NSCL, USA) ARIEL (TRIUMF, Canada)
HIAF (IMP, China) ANURIB (India)
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HIE-ISOLDE
experimental area

ISOLTRAP

Separatorsr ‘ Proton driver

SCOOL

SoI|d state physics

collections
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Travelling setups
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Targetry

Mounting remotely controlled
via robots.




Targetry

Repulsion of ions created inside the target
(Shifting of target and repeller electrode potentials)

RF quadrupole ion guide for radial
confinement of created ions

*

Copper heat shield
(water cooled)

F— 10mm

lllustration: Triumf radioactive beam facility

Element selective laser ionization
in cold environment




e enning Trap
HIE-ISOLDE ¥
e REX-ISOLDE

S

- Semi-continuous beam (release time in ms range)

" - Emittance ~35 T mm mrad @ 60 keV
; Solenoidal
Scattering - Occasionally not isobarically nor molecularly clean

spectrometer beams
) ;
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REX and HIE-ISOLDE

Mass separa’ror ELI
TR

~ 1/150

Why Beam
Preparation?

- Semi-continuous beam (release time in ms range)
- Emittance ~35 © mm mrad @ 60 keV
- Occasionally not isobarically nor molecularly clean
beams.
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Time sequence: "
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Open beam gate -> Fill Trap -> Decelerate ions

AmT R | S EHiss

-> Se’r op’rlcs to inject info EBIS -> Close EBIS before bounce\ “—>Char'ge breed
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Trapping and Cooling

Cylindrical Penning Trap

3T Super conducting magnet

2.0 cm axial x 2.5 cm radial trapping region
*1E-6 field homogeneity

«1E-3 mbar trapping pressure

«Buffer gas: Argon, Neon

*1E-7 mbar exit pressure
Efficiency ~ 30 % >> 50% (Na)
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Trapping and Cooling
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Trapping and Cooling

Eigenmotion consists of:

Axial, Cyclotron and Magnetron motions

R

Stability by applying:

1. Electric Quadrupole field.

2. Magnetic Field (radial confinement)

600 26Na ions/pulse

100
\roflons Typical TOF spectrum
80 - T Na
60 4 Biiffergas Buffer gas+ rf-field
H,O Ar
40 A
OH The flight time for ions defined as the time from
20| TOF (ms) extraction time until they hit a micro channel plate
—A» detector.
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Charge breeding

Electron gun

Collector

Turbo pumps

Iron shield

HV platform (20/60 kV)

Electron Gun and Beam

i | LoF
Semi-immersed gun U=5keV
=51

j >200 Alcm? Adjustable
Capacity: 1E10 charges 10% compensation (filling)

Pressure: 1E-11 region (UHV system)
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Final mass separation

Triplett lens

R=500

Low resolution: ~ 200
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HIE - ISOLDE — accelerator structures




Experimental principle
Experimental information:

Transition probabilities, magnetic moments,

spectroscopic factors, new levels...

Excited RIB protons/light charged particles

Si detector

PPAC

Stop detector

Start detector

Targets: Coulex °8Ni...

Transfer PE(D), 3H etc




Detectors

24 6-fold segmented detectors = 144 chns
Resolution: 2.1-2.3 keV (core), 2.3-2.6 (seg.)
Photo Peak efficiency: 9.5%, (11.3% with AB)
Completely digital electronics after Pre-amp.
Position sensitivity increases granularity ~10
Used for low M (<10) events, d=10.3 cm

cenric-radial DSSSD

4 sectors, 16 concentric,

24 radial strips. 0.5mm thickness
Pitch: 2mm*3.5 deg

Area: 50 000 mm? (93% active)

25*25 metal strips
Active agent isobutane, Pitch 1.25 mm Z¥:
Operates in single particle or current

mode for background reduction and beam monitoring



Coulomb excitation

Well established theory:
Alder, Winther et al.
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do/dQ = P dog/dQ Well known
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Time dependent Schrodinger equation:

ih(a/6t) P(H)> = H(t) [F(t)> ; where H(t) = Hy + V(1) H.n> = E, |n>

Introduce time dependent excitation amplitudes: a,(t) = <n|¥> exp(iE,t/h)
(the time evolution operator to describe a states time dependence)
The result is a set of coupled differential equations for the amplitudes:
ih (0/ot) a,(t) = >, <n|VIm> exp[i(E -E)t/h] a,(t)
a,(-0) = Opns Py = [y
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The Sn chain
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Why Coulomb excitation?
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B(E2) — evolution of data 2005 to 2017
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Kinematics — channel identification

Galilean transformation —— Max scattering angle

Backward branch Forward branch




Kinematics - compared to calculation
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Particle — y coincidence and Doppler shift
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B(E2) — evolution of data 2005 to 2017
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B(E2) — evolution of data 2005 to 2017
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B(E2) — evolution of data 2005 to 2017

0.4

0.35

0.3

II|IIII|IIII

bR+

ITTTTYTTI

|
VA
AN

5

Adopted values

ISOLDE - LSS M
GSI/IUAC

GSlrel. CE

NSCL

MSU: 2013

ORNL "
RIKEN T

= / AN
0.1 4@\\ \\‘
— . N\
oosE / GSlI: 2013 N
90—0 11|0 I | I I 12I0 1C|iO

Mass Number A

LUND

UNIVERSITY



> B« +0

Adopted values
ISOLDE
GSIIUAC
GSl rel. CE
NSCL

GSI DSA
ORNL
RIKEN

—— LSSM
............. RQRPA <

JUR—

Jungclaus et al: 2010, GSI + ANU (DSAM)

Mass Number A

130

UNIVERSITY



What to do to improve?

 Reduce statistical error to be in line with stable beam
Coulomb excitation.

* Try to measure life times using Doppler shift methods
and compare for unstable isotopes

« EXxpand life times measurements to higher lying states

 Investigate influence of Q(2*) (if possible)

(+) 2

x/Q C

Z
9~ 3
AWlny):

7 . <

CAMI >

a ==

= s

m
(\

O :
NS

UNIVERSITY



e MINIBALL (24 active crystals)

e C-REX, forward DSSSD covering 20° — 60°
’ o °Sn beam 4.4 MeV/u

o 4 mg/cm® *®Pb target (Ey+ = 805 keV)
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Sn-110: 2* to 0* compared to REX-ISOLDE?
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Conclusions (specific)

 Reduce statistical error to be in line with stable beam
Coulomb excitation.

* Try to measure life times using Doppler shift methods
and compare for unstable isotopes

« EXxpand life times measurements to higher lying states

 Investigate influence of Q(2*) (if possible)
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Conclusions

« Radioactive beam physics covers a wide spectrum of physics
cases from nuclear astrophysics to fundamental symmetries

« Two main methods exist to produce isotopes far from stability
for reaction studies: the ISOL and in-flight methods

* New in-flight facilities include FAIR in Europe, FRIB in the
USA and RIBF in Japan

 New ISOL facilities includes HIE-ISOLDE at CERN, ISAC2
and Ariel at TRIUMF, Canada.
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For more info about ISOLDE experiments also contact:

Krish Bharuth — Ram et al. Nlcolas Orce et al.
University of Western Cape, SA
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