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Zusammenfassung

Experimerte mit exotisden, kurzlebigenKernen tragen zum bessererverstndnis
der starken Wedselwirkungund der Elemertsynthesein den Sternenbei. Im as-
trophysikalischen r-Prozesswerdensehrneutronen-reitie Kerne gebildet, die nur
schwer oder noch gar nicht im Labor herzustellensind. Um sehrneutronen-reidie
Kerne im Labor erzeugenzu knnen, werden moderne leistungsstarle Besdtleu-
niger und neuartige Experimertiertechniken gebrautit. Eine besondereHeraus-
forderung ist die eindeutige Identi k ation von sehr schweren neutronen-reidien
neuenKernen.

In dieserArbeit wurde eine spezielle Implantationsapparatur entwickelt und
eingesetzt,die eine eindeutige Identi k ation der separiertenProjektilfragmente
aufgrund von bekannter Isomerenstrahlungerlaubt.

DieseArbeit bestelt ausverstiedenenExperimerten, die alle von einer Pro-
duktion von exotisthen Kernen mit einem Uran-Projektilstrahl bei relativistis-
chen Energienam FRS ausgehen.

Im ersten Teil wurden mit einem 1000 MeV/u 238U Strahl (2 1C° lonen
pro Besdtleunigerpuls) in einem 1.6 g/cm? dicken Be Target am Eingang des
FRS neutronen-reitie Kerne im Elemertebereich oberhalb von 60 erzeugt. Der
FRS wurde in einem achromatischen Modus mit 2 Energieabsorlern in den er-
sten beiden Fokalebenenbetrieben. Es wurden dabei besondereAnstrengungen
bei der Separationund Identi k ation mit neuenDetektorsystemengemadit. Die
eindeutige Isotopen-lderti k ation im Fluge mit wurde mit der neuernwickelten
Isomeren-Implanationsmethode veri ziert. Insgesarn konnten mit diesemExper-
iment 63 neuelsotope im Elemertebereithh 61 Z 78 entdeckt werden.

Als ersteEigenshaft dieserneuenKernenwurde ihre Produktionsquerstnitte
bestimmt. Diesist nicht einfad, da trotz den hohen Energiendie Projektilfrag-
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merte noch einige gebundeneElektronen im Durch ug durch den FRS haben
knnen. lonen in versthiedenenlLadungszustndenersdweren die Interpretation
der Z-Bestimmung und audh die Energiewerlustmessungnad den dicken Ab-
sorbern. Erst die Anwendungvon mehrfacden Separations-und Kollerationskri-
terien macdten eine przise Reaktionsquershnittsmessungmglich.

Ein weiterer Teil dieser Doktorarbeit besdftigte sich mit den Zerfallseigen-
sdhaften von reinen Alpha-Emittern im neutralen und wassersto hnlichen Zus-
tand. DieseMessungersind ebenfalls astrophysikalisch relevant, weil radioaktive
lonen audh in heissenstellaren Medien zerfallenund die Lebensdauerstark von
der Anzahl der gebundenenElektronen abhngenkann. Solde Untersuchungen
sind erstmalsim Labor durch die Kombination desFRS mit dem ESR mglich.

Zunchst wurde die Halbwertszeit von neutralen 23Fr und ?'“Ra Atomen am
FRS gemessenDie separiertenFragmerte wurden in der letzten Fokalebenein
einenortsemp ndlichen Halbleiterdetektor implantiert. Die volle Teilcheniderti-
k ation und die zugehrigeOrtskorrelation ermglichten einesaubere Aufnahmeder
zugehrigenZerfallskurven. Die Ergebnissdr die Halbwertszeitenwarenin diesem
Experimert fr neutrale 2Fr Atome 3403 0:27 sund fr ?*Ra 2.441 0:021s.
Das Experimert mit 22*Fr Atomen wurde unter vllig vernderten Bedingungenin
Catania wiederholt, weil unserErgebnisnicht mit denResultatenin der Literatur
bereinstimmte. Das Ergebnisin Catania fr die gemessenelalbwertszeit von 2:3Fr
Atomen war 34.126 0:056 s weldhes ausgezeienet mit dem GSI Experimert
bereinstimmnt.

Im zweiten Teil desZerfallsexperimertes wurde die Halbwertszeit von gespe-
icherten wassersto hnlichen 23Fr lonen im ESR auf zwei Arten gemessenDie
wassersto hnlichen 223Fr lonen wurden vom FRS separiert und in den ESR bei
etwa 400 MeV/u injiziert. Der Alpha-Zerfall wurde mit Sdottky Spektrome-
trie fr viele und einzelneTeilchen gemessenDer Vergleid der Resultate mit den
ensprechendenMessungemit neutralen Atomen zeigt, dassinnerhalb der Mess-
fehler kein Untersdcied beobaditet wurde. Damit sind alte theoretisdhe Vorher-
sagenvon Erma [Erm57] klar widerlegt, diesesagteneinenUnterschied von 40%
voraus. NeuereTheorien [Pat08] erwarten einen Unterschied fr neutrale und H-
hnliche 2*Fr Atome von etwa 0.35 %. Fr eine soldh geringe Di erenz ist das
hier besdiriebene Pilotexperimert mit gesgeidherten Alpha-Emittern nicht aus-
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gelegtgewesen.Erst mit weit hherer Statistik und Verbesserungenn der Date-
naufnahmeknnen signi k ante Ergebnissemit Fehlernim Promillebereith erzielt
werden.






Chapter 1

Pro duction, Separation and
ldenti cation of Exotic Nuclel

The experimertal technique usedfor the production of exotic nucleiin the current
work is the projectile fragmertation and ssion of relativistic heary projectiles.
The experimerts required the use of a heavy-ion acceleratorto provide the rel-
ativistic primary beamscombined with a high-resolution magnetic spectrometer
with di erent detectorsfor identi cation and separationof projectile fragments
producedin thesereactions.The SIS18/FRSfacility of the Gesellsbaft fur Sdw-
erionenforsbung (GSI) is one of the best suited for thesekinds of experimerts.

1.1 The high energy rare isotop e facilit y at GSI

The GSIl acceleratorcomplexfacility locatedin Darmstadt, Germary, is a leading
facilities for relativistic heavy-ion nuclearreseartr. A sdhematic view of the GSI
acceleratorsystemis shovn in gure 1.1.1t consistsof the UniversalLinear Accel-
erator (UNILA C) coupledto the heavy-ion syndirotron (SIS-18). The SIS18can
accelerateall ions from protons to uranium to a maximum magnetic rigidity of
18 Tm, which correspndsto an energy4.5 GeV in the caseof proton and 1 GeV
per nucleonin the caseof 228U73* . The acceleratedprimary beamfrom SIS-18is
transported to the production target at the ertrance of the Fragmen Separator
(FRS) [Gei92].The FRS providesa spatial separationof the secondaryfragmerts
and can be combined with di erent experimertal facilities, like the Experimertal
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StorageRing (ESR) [Fra87, Gei97].

Target hall : .
8 -
LR - — .
5:"\ \
- : Ion sources
\.\ (high charge)
\

Experimental hall

(3-20 MeV/Nucleon) ﬂ

Synchrotron
(2 GeV/Nucleon)

Figure 1.1: Sthematic view of the GSl acceleratorfacility. The beamis accelerated
in the UNILA C and then injected into the syndirotron SIS-18for further accel-
eration to relativistic energies At the ertrance of the fragmen separator(FRS)

the primary beaminteracts with the production target. The producedfragmerts

are separatedin ight with the FRS and the secondarybeam of exotic ions can
be deliveredto the nal focal planesof the FRS or to the experimertal storage
ring (ESR) or to the Target Hall.

1.2 Production of heavy neutron rich nuclei via

pro jectile fragmen tation

When heavy ions penetrate a target di erent reaction medanisms can occur,
depending on the beam velocity. The energy region belov 20 A MeV is dom-
inated by Coulonmb scatterings, transfer reactions, and fusion evaporation. For
high energies,howewer, the reactions are projectile and target fragmertation.
The fragmentation processconsistsof two steps, which occur on two distinctly
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di erent time scalesFig. 1.2 shows a schematic view of the two-stepprocessthat
is well described by the abrasion-ablationmodel [Gai91].

In the rst step, which has a time scaleof seweral 10 %3 s, the beam collides
with the target nuclei and abradesnucleons.Thesenucleons,called participants,
belongto the geometrically overlapping zonesbetween projectile and target nu-
clei. The nucleonsoutside of the interacting zone,called the spectators, cortinue
their travel but gain an excitation energythat is in rst appraximation propor-
tional to the number of abradednucleons.This excitation energystemsfrom the
excesf surfaceenergydue to the shape changeof the abradedfragmert. In a
secondstep, the ablation phase,the prefragmen de-excitesby evaporating neu-
trons, protons, or light particles or by ssioning, and nally by the emissionof

-rays. The characteristic time scalefor the emissionof particles varies between
10 % sfor an excitation energyof 10 MeV and 10 ?! sat 200 MeV.

Projectile Prefragment Final Fragment

Target

Abrasion Ablation

Figure 1.2: Scthematic view of the projectile fragmertation medanism. The pe-
ripheral reaction is a two-stageprocesswhere rst nucleonsare abraded (Abra-
sion) and secondlythe exited pre-fragmer emits nucleons(Ablation) beforethe
nal fragmern is created.

With the fragmertation processa momertum spreadis inevitably introduced.
the root-mean-squarednomertum of the fragmers can be calculated using the
approad by Goldhaber [Gol74], basedon the Fermi momertum of the removed
nucleons: Y
b 3Ac(Ap  Af).

5Ar 1)
In this equation Ap and A denotethe massof projectile and fragmert, respec-
tively and Prermi the Fermi momenium equalto 221 MeV/c. At high energies,
an improvemern of the Goldhaber formula is given by the semi-empiricalformula

(1.1)

Prms = Prermi
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from Morrisey [Mor89] :
q_
Pims = 175 Ap A MeV=c: (1.2)
For small massdi erence ( A = Ap  Ag), the two formulas give approximately
the sameresult.
Along with the momertum spreadgoes a reduction of the longitudinal mo-
mertum < Pj >, which is proportional to A and can calculatedwith [Mor89]:

Ar +1 M eV
<pj>=8""F A ;
] AP c

(1.3)

where and areconsideredin the laboratory frame.

Figure 1.3: Calculated [lwa97] phase-spacalistribution (transverseand longitu-
dinal momertum distribution) of 23Fr projectile fragmerts producedwith a 2¢U
beamimpinging on a Be target at 1000MeV/u. o and o are the angular dis-
tributions of 213Fr projectile fragmerts in the x and y direction respectively. The
acceptancewindow of the FRS is approximated by the polygons.

The widening momentum due to the fragmenation reaction causedirectly a
broadeningof the angular distribution:

Prms .
= pé—PF (1.4)
where Pr is the momertum of the fragmerts in the laboratory frame. As a con-
sequenceof the angular straggling in the reaction, the fragmens produced may
not match the acceptancewnindow of the FRS, thereforethey are not transmitted

to the nal focal plane. Figure 1.3 shav the calculated phasespacedistribution
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(transverseand longitudinal momertum distribution) of 23Fr projectile fragmerts
produced with a 228U beam impinging on a Be target at 1000 MeV/u. All the
fragmerts outside the acceptancewindow of the FRS (shovn approximated by a
polygon), are not transmitted to the nal focal plane.

For any given projectile target combination a vast number of di erent frag-
merts is produceddependingon the cross-sectionAn exampleof 238U calculated
production cross-sectionn the elemen range of 70 to 92 is givenin Figure 1.4.
The heavy ions of interest must be separatedfrom the primary beam and un-

Figure 1.4: Calculated [Gai91] production cross-sectiongor projectile fragmerts
createdwith a 238U beaminteracting with a Be target at 1000MeV/u. The stable
nuclei are marked by black boxes.

wanted reaction fragmerts with the FRS, beforethey can be investigatedor used
for secondaryreaction experimerts. In general,dueto the nite ion-optical accep-
tance of the separator,not all fragmerts are transmitted to the nal focal plane.

As an example,Figure 1.3 shows the phase-spacg@opulation and the acceptance
of the FRS for 2'3Fr producedyvia fragmertation of 223U beamin beryllium target

at 1000MeV/u.
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1.3 Spatial separation with the in-igh t separa-
tor FRS

The GSI FRagmen Separator (FRS) is a high resolution magnetic spectrome-
ter designedfor researt studiesusing relativistic heavy ions [Gei92]. Heavy-ion
beamswith magnetic rigidities ranging from 5 to 18 Tm can be analyzedusing
this spectrometer.

The main branch of the FRS consistsof four sections.Ead of them consists
of one 30 dipole magnet, v e quadrupole magnetsand two sextupole magnets.
Consequetly there arefour focal planes(F1-F4). The resolvingpower of the FRS
(B = B )is1500at anemittanceof 20 mm mrad, the longitudinal-momertum
acceptance( p=p is 1% and the angular acceptance( ) is 10 mrad. The
total orbital length of the FRS is appraximately 72 m.

The rst two dipole stagesof the FRS serne asa rst Iter of the projectile
fragmerts. In the certral focal plane a specially shaped degraderis placedwhich
allows a second lter with the remaining two dipole stages.This B E B
method allows an ideal spatial separationof the nucleusof interest.

The B E B separation

The motion of heavy ions with the charge g and the momertum p = mv in a
homogeneousnagnetic eld B is descriked by the Lorentz force:

d
|:'Lorentz = a(m V) = qV B: (1-5)

For the FRS, the magnetic eld is perpendicular to the heavy ions momerta
and the Lorentz forceis setto compensatethe certrifugal force:
mv?

Florentz = ——; (1.6)
with  being the bending radius of the trajectory. Furthermore, the energiesare
relativistic, sothe momertum transformsto p = m cqwith the velocity =
v=cwherec is the speedof light, the Lorentz-factor = 1% u is the atomic
massunit, qis the ionic chargestate of the fragmert and e is the electroncharge
(1.6 10 % C). If the heavy ions are fully stripped (q = Z), this leadsto:
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cm'
Ze

The FRS separatesthe fragmertation products in three stages.In the rst

B = (1.7)

stage,the rst pair of dipole magnetsselectsheary ions accordingto their mag-
netic rigidity. As the bending radius for the dipole magnetsis xed to 11.25m
and the velocity is approximately the samefor all fragmerts at the output of
the target, the B- eld appliedto the magnetsdeterminesthe selectedA/Z range
within the acceptanceof the magnets.

The certral image plane of the FRS (middle focus) is dispersive. This means
that heavy ions with di erent magnetic rigidity B passthe middle focus at
di erent X-positions. The distance X betweentwo individual heavy ionsis pro-
portional to their relative di erence in magneticrigidity B /B

_ (B),
X=D - (1.8)

whereD is the ion-optical dispersion. From the primary target to the certral
focusthe dispersionis -6.47cm/%. Thus, the acceptedB rangecan be reduced
if X-position slits are inserted.

The fragmerts that read the certral focushave to penetrate through a scin-
tillator detector and a degradersystem [Fol91]. The correspnding energy loss
represems the secondseparation criterion together with the magnetic rigidity
measuremen The degradersystemconsistsof three di erent parts: a set of ho-
mogeneouplates, a pair of wedge-shapd discsand a homogeneouwvariable de-
grader,seeFigure 1.5. The ladder and the wedgesresern the homogeneougparts
of the degrader,i.e. their thicknessis independer of the X-position. With the
wedgesany thicknessbetween 270 and 6750 mg/cm? of aluminium can be set
up, while the ladder consistsof seweral aluminium blocks of a xed thickness.If
the degraderdisc is used, another 737 mg/cm? of aluminium are inserted into
the beamline. By changingits slope, that is by rotating it alongthe beam axis,
di erent ion optical modescan be achieved. In the monoenergeticmode, the de-
grader systemis set to reducethe momertum spreadof the selectedfragmert.
In this casethe monoenergeticdegraderasto be placedin the dispersive focal
plane. The achromatic degraderpresenesthe overall ion-optical achromatism at
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Figure 1.5: Sthematic view of the FRS degradersystem[Fol91].

the nal focal plane,i.e. the sizeof the fragmert spot hasa minimum. The mo-
noenergeticdegraderis preferably usedin implantation experimerts to reduce
the rangestraggling in the stopper material.

The simulation for the settings of the Fragmert Separatorand the optimiza-
tion for the beam production wasdonewith the MOCADI program [lwa97]. The
program calculatesthe transport of particlesthrough ion optical systemsand lay-
ers of matter. For eat fragmen of interest, simulations with di erent degrader
thicknessesvere donein order to have the best valuesfor the intensity of the se-
lected fragmert and the lowest cortribution from cortamination. The separation
performancefor the caseof ?'3Fr, as calculated with the MOCADI program, is
shown in Figure 1.6.

1.3.1 The particle identication detectors of FRS

All of the multiple speciesof reaction products from fragmertation canin princi-
ple be transmitted to the nal focal plane of the FRS. Therefore,it is necessary
to achieve unambiguousparticle identi cation of the ionson event by evert basis.
In the presen experimert the iderti cation in-ight was achieved by measure-
merts with three di erent typesof detectors:(i) plastic scirtillators for the time
of ight determination (TOF); (ii) ionization chambers for the atomic number
measuremets; and (iii) time projection chambersfor position measuremets. By
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Figure 1.6: lon-optical scheme of the FRS. The calculated [lwa97] path of the
projectiles fragmerts with di erent A=Z ratios is shavn and the separationis
marked (red: path of the selectedions, black: fragmerts which are separated
with the B selection). On the bottom, the plots show the calculated isotopic
composition of the secondarybeam after the separationin the rst half, TA-F2,

(left panel)and after the full B

E B separation(right panel). The sizeof the

squaresrepresets the correspnding intensity of the isotope (logarithmic scale).
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Figure 1.7: Scthematic view of the experimertal setup of the FRS usedfor the
production and identi cation of new isotopes,descrited in Chapter 3. The Time
Projection Chambers (TPC) are usedto measurethe positions thus providing
the anglesand the magnetic rigidities, MUItiple Sampling lonizing Chambers
(MUSIC) are usedto record the energy deposition providing in this way the
determination of the atomic number and scirtillation detectorsprovide the time-
of- ight measuremen betweenthe focal planesF2-F4.

combining the data recordedwith these detectors and the measuredmagnetic
rigidity (B ) of the dipole magnets,the massto charge ratio (A/Q) and the
atomic number (Z) can be ewaluated and usedto idertify the nuclear species
which arrived at the nal focal plane. Figure 1.7 shows a schematic view of the
detector con guration applied at the FRS.

Plastic Scintillator

The plastic scirtillators were usedfor measuringthe time of ight (TOF) of the
particles passingthrough the FRS. Two plastic scirtillators were used at the
certral (SCI1) and nal focal plane (SCI2) of the FRS. The sensitive areaof the
scirtillators wasaround 200mm 80 mm with a variable thicknessbetween0.5
mm and 3.5 mm [FRS11].In addition, two scirtillator were mournted up- and
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downstream the implantation setup (seeSection 1.5), to optimize the degrader
thickness.The scirtillators are madeof Bicron BC-420[Bic11], a plastic material
characterizedby a high e ciency in the production of light and has a fast time
responseof about 1.5 ns.

Stant . ‘-'Ia'l\rl‘ | TAC Start | g Stant
CFD TOF L | CFD

"

&l S0 =180 1 |
Beam 150 =180 ns -!

SCII
SCI

TAC ‘-‘sln § h?'lajl.\:!l-lh | TAC Start | § ;‘\‘r‘\ TAC
SCI1 Pos | | TOFR | CFD SCI2 Pos
| sciipes TOF R
; g SCI2F
TOFL |
VME ADC

Figure 1.8: Sthematic view of the electronicsusedfor time-of- ight measuremen
betweenF2-F4. SCIlis usedasthe stop detectorand is placedat F2 and SCI2is
the correspnding start detector placedat F4. The sequenceof signal processing
is basedon the aim to reducethe dead-time. (CFD: constart fraction discrimi-

nator, DL: delay, TAC: time to amplitude converter, ADC: amplitude to digital

converter).

Ead sideof the plastic scirtillator wasconnectedto a photo-multiplier (PM),
wherethe light wascornvertedto an electronicsignal. The output from the PM was
connectedto a constart-fraction discriminator (CFD), wherethe analogsignals
were cornverted to digital time signalsindependent of their amplitude and rise
time. The time signalsof the two CFDs provide the start and stop for a time-to-
amplitude converter (TAC). The output analogsignal of the TAC correspnding
to the time di erence was sern to an amplitude-to-digital converter (ADC) and
processedy the data acquisition. A high time resolutionis achieved by correcting
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the time-of- igh t variation dueto the di erent positionsthe ionsimpinge on the
scirtillators. This is takeninto accoun by left-right coincidenceat eat detector
(seeFigure 1.8).

Multi Sampling lonization Cham ber

At the nal focal plane of the FRS, we placed the Multi Sampling lonization
Chamber(MUSIC) [Stn00] for the charge measuremen of the fragmerts. The
MUSIC is an ionization chamber lled with CF4 gasor Ar + 10%CH, gas(P10)
at normal pressureand room temperature. The active area of the detector is
(200 80) mm? and the length is 400 mm. A schematic view of the MUSIC
detector with the readout electronicsis shown in Fig.1.9. The charged particles

ADC ADC
|
Amplifier Amplifier

Preamp A Preamp

anode slrips

— —

>4

Frisch grid

beam float glass
[ window

cathode

400 mm

Figure 1.9: Schematic view of the MUSIC detector and its readout electronicsas
usedin the experimert [Stn00]. The chargedparticles passingthrough the active
volume createcloudsof ionsand free electronsby ionization. In the presenceof an
electric eld the electronsdrift toward the 8-fold segmeted anode. Each anode
segmen is connectedto the charge-sensitie preampli er. The signal is further
ampli ed and is digitalized using a peak-sensingADC (two electronic branches
of an anode are shavn, asan example,in the gure).

passingthrough the active volume create clouds of ions and free electrons by
ionization. In the presenceof an electric eld the electronsdrift toward the 8-
fold segmeted anode. Each anode segmen is connectedto the charge-sensitie
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preampli er. The signalis further ampli ed andis digitalized usinga peak-sensing
ADC.

The energy deposition of charged particle in the MUSIC is in rst approxi-
mation proportional to the squareof the ionic charge of the projectile.

Time Pro jection Chamber

The Time Projection Chamber (TPC) [Janll,Proll]wereusedfor the position
determination and tracking of the fragmerts. Two chambers were placedat the
certral focal plane (F2) and two were placedat the nal focal plane (F4). These
detectorsconsistof vertical drift spaceinsidea eld cageterminated on the lower
part by a gating grid. Underneath the grid there are placed four proportional
courters with C-pad cathodes(Fig. 1.10).

mylar strips

HV cathode
<
A

e movable
o calibration
- A grid
g
— ~.._heavy ion
S beam
@ |
£ |
€|
=g
Lo ' i N
shielding \ z
grid \ ~ i
\ | C-pads
anode
wires

Figure 1.10: Schematic view of the Time Projection Chamber [Janll]. X is in
the direction of the dispersive ion-optical coordinate, Y is perpendicular and Z
is along the optical axis. There are se\eral detector modules, which di er in the
dimensionin the vertical direction, e.g.60, 80, 100,120 mm.

The drift volumeis lled with 90% Ar + 10% CH,4 gas(P10) or Ar + 10%
CO, at atmosphericpressureand room temperature. A voltageup to 400V/cm is
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Figure 1.11:Block diagramof the TPC electronics[Jan11].The upper part repre-
serts an examplefor the position measuremenin the Y-direction usingthe TDC.
The other branch after the main ampli er (MA) providesthe information on the
energydeposition. The total energydeposition inside the chamber can be derived
from the geometricalmeanof the energydeposition in eat anode. The lower part
is the correspnding electronic branch for the X coordinate. (PA: preampli er,
MA: main ampli er, DL: passie delay, ADC: analogto digital corverter, ZC:
zero crossingdiscriminator, Th: threshold, DDL: logic delay up to 1 s, TDC:
time to digital corverter.)
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appliedandformsa uniform electric eld insidethe drift volume.The proportional
part is placed under the drift spaceand consistsof four anode wires (20 m in
diameter) placedinside C-pad formed cathodes. Each C-pad is connectedto an
integrated passiwe delay line chip. Each TPC hastwo independern delay lines.

The electrondrift time is usedfor the measuremen of the y-coordinate. The
x-coordinate is determined by measuremen of the time di erence betweenthe
arrival of the induced signal from the left and the right side of the delay line.
Eadh TPC providestwo independen x-position measuremets and four y-position
measuremets.

The signalsfrom the delay lines and the anodesare ser to the preampli ers
and main ampli ers. Ead signalis then split into analogand digital signal. The
analogbranch providesan energy-lossneasuremen In the digital branch a zero-
crosserprovides a logical pulse for the stop (start) signal for a time-to-digital
converter (TDC). The zero-crossegivesconsiderablybetter timing especially for
heavy ions than the usual leading edgeor constart fraction discriminator (see
Fig. 1.11). A commonstart (stop) is provided by the FRS trigger.

The Isomer Tagging Array

This detector, its commissioningand the rst cortributions to FRS experimerts
are described in detail in Chapter 2. ITAG (Isomer TAGging detector) [Farl10]
is a detector dewveloped for isotope identi cation by isomertagging at the FRS.
It is placedat the nal focal plane of the FRS and detects -rays emitted from
s-isomersimplanted into its catcher. The rapid on-line analysis of the gamma
lines from known isomersunambiguously determinesthe correspnding isotope
in the in-ight identi cation matrix (Z vs A/Z, seeFig. 1.20). In this way, the
whole matrix is determined. The developmen and application of ITAG and its
performancewere a major experimertal part of this doctoral work.

1.4 Particle identi cation

The iderti cation of the fragmerts in- igh t by nuclearcharge(Z) and massnum-
ber (A) is routinely done at the FRS. It is basedon measuremets of time of
igh t, energydeposition and magneticrigidity (Fig. 1.12). A veri cation is done
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by detecting -rays from known s-isomersin coincidencewith the incoming
fragmerts.

Detector Observable PID parameter

Energy
deposition

MUSIC

sal Time of i Isotopic

flight |dentification

TPC Position Bp On-line verification

T

of the identification
matrix

|sotopic
Identification

Gamma rays
ITAG from known
us-isomers

5

Figure 1.12: Schematic view of the FRS detector setup and their physical iden-
ti cation cortribution. The fragmerts are identied by their nuclear charge Z
(g= Z) and massnumber A. The Z is determinedby the MUSIC detectorsmea-
suring the energydeposition, the massis determinedfrom the A/Z ratio obtained
from the magneticrigidity (B ) and velocity (v) measuremets provided by the
TPC detectorsand plastic scirtillators (SCI), respectively. An independert iden-
ti cation canbedonevia detecting -rays from known s-isomerswith the ITAG
detector.

1.4.1 Energy loss, energy deposition and Z determination

The energydeposition of swift heary ions penetrating the active volume of the
detectors(e.g.MUSICs, scirtillators, TPCs and silicon detectors)is usedto derive
the Z iderti cation of the fragmert beamsin the FRS. In addition, applying
the B E B separation method (see Chapter 1.3), the energy loss of the
fragmerts traveling through thick degradersis applied to achieve isotopic spacial
separationat the nal focal plane of the separator.The thicknessof the degrader
material (d) is typically of the order of half of the atomic range(R) of the reference
fragmert (d=R = 0:5). Therefore, a preciseknowledgeof the atomic interaction
is required to achieve an unambiguous isotopic separation of all fragmerts up
to uranium [Gei92, Sh94, Sth96, Lin96, Wei00, Gei02]. For example,a wrong
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momertum prediction of about 1% behind a thick F2 degraderwould result in
an unwanted position shift at F4 of more than 7 cm which easily would causea
wrong spacialisotopic separation.

The energylossof relativistic heavy ionsis dominated by the energytransfer
to the atomic electrons(inelastic stopping power) of the target/degrader material.
Under the assumptionof fully strippedions, the stopping power canbe descriked
by [Lin96]:

dE _ 4 (Z&)? . .
& ma oz NZk (1.9)

whereN Z, is the averagedensity of electronsper unit volumein the absorbing
material, me and e are the electronrest massand unit charge,respectively, is
the velocity of particles relative to the speedof light c and L is the dimensionless
stopping number.

At relativistic energiesL can be expandedaccordingto:

L=Lo+ Ls; (110)
where !
2mec® 2

Lo=In eli In@ 2% 2 =2 (1.11)

wherel isthe meanexcitation energyandthe Fermidensity e ect, =2, accours

for the dielectric polarization of the stopping medium at relativistic velocities. L
is usually referred as the Bethe stopping power formula [Bet32]. L.s repre-
serts the cortribution of relativistic collisionsin the Lindhard-Soerensenmodel
[Lin96] which includesthe Mott scattering and the deviation from the rst Born
appraximation.

The energylossin thick material hasto be consideredin terms of the corre-
sponding atomic ranges.The rangeis de ned as:

R= = dE® (1.12)
0

dx

The total energylossin the thicknessd of the stopping material can then be
calculatedas:

E(d)=E, Ey: (1.13)
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whereE;, is the incident energyand E, is the outgoing energyof the projectiles,
which are related by the correspnding ranges:

d= R(E1) R(E,): (1.14)

In this way the magnetic rigidities are routinely calculated for the FRS ex-
perimerts with the MOCADI program [lwa97]. In the MOCADI program the
Lindhard-Scerensentheory [Lin96] is included. In most experimerts, the refer-
encefragmert is selectedas a bare ion. Howewer, even at 1000MeV/u the frag-
mens emergefrom the target and degradersto small fractions alsowith bound
electrons(H-like and He-like). The total energylossin the degraderallows for an
additional separationcriterion with fragmerts emergingin di erent chargestates.
The energylossin the target/degrader systemcan be accurately measuredwith
two-fold B analysisat the FRS.

The energydeposition (E ) isde ned asarestricted energy-lossn the active
volume of an ionization detector, like the MUSICs. The fragmerts penetrating
through the detector volume primarily createelectron-ionpairs which are electri-
cally recordedduring the experimert. Howeer, there are alsohigh energy -rays
produced,which may leave the detector volume without cortributing completely
to the ionization processinside. Therefore, the energydeposition is in principle
smallerthan the energy-losof the fragmens. Furthermore, the missingcontribu-
tion of high energy -rays resultsin a smallertail of the energy-losdistribution,
thus providing a higher resolution for Z determination in a gaseousionization
chamber [Pfu94]. The energy deposition scalesin a very good approximation
with the squareof the ionic charge state of the projectiles. This relation is the
baseof the Z determination in our MUSIC detectors.

The measuredenergydeposition from the 238U primary beamat three di er-
ert velocities in the two MUSICs is presenied in Figure 1.13. All the produced
projectile fragmerts of the presen experimert are thus covered in the velocity
range of this calibration.

For particles being sloved down in the sameabsorker material the stopping
power can be expresseds: dE

ax Z* () (1.15)

wheref () dependsonly onthe velocity. As a consequencd,( ) canbe measured
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for the primary beamwith the atomic number Z, and then scaledto the energy
lossvaluesof fragmerts (dE; =dx) with atomic number Z; if the f ( ) valueis the

same: )
()= S50 (1.16)
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Figure 1.13: Calibration of the energydeposition (E ) from the primary beam
in the two MUSIC detectors as a function of the velocity . The dierent
valuesare obtained by inserting di erent well known material layersin the beam
axis at the certral focal plane. The measuredmagnetic rigidity of the primary
beamdirectly providesthe velocity values.The line represeis the secondorder
polynomial t of the data to relate fragmerts and primary beamto the same
velocity in the identi cation procedure.

A monoisotopicbeam penetrating the gasvolume with di erent trajectories
deposit slightly di erent energyin the MUSIC, which resultsin a position depen-
dence,shavn in Figure 1.14.In this example,the primary beamof 228U projectiles
is dispersedin X direction by defocussingwith the quadrupole magnetsof the
last dipole stage before the beam s ertering the MUSIC. This measuredposi-
tion dependencehasbeentaken into accourt by a fourth-order polynomial t in
order to improve the experimertal resolution of the ionization chambers because
a cocktail beam of fragmerts illuminates the MUSIC aswell. The overall energy
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Figure 1.14: Measuredenergydeposition in the rst MUSIC asa function of the
position in X direction (X v usic) for a calibration run of the 238U primary beam.
The position dependenceis appraximated by a forth order polynomial t.

deposition in the MUSIC was calculatedby the geometricalmeanof the 8 anodes
accordingto the equation:

8

Foc<

E = E, (1.17)

i=1
where E,; is the measuredenergydeposition from a singleanode.
The atomic number of the bare fragmerts Z; can be determined from the
energy deposition calibration measuredwith the primary beamat di erent ve-
locities. For identi cation purposesa simple scalingcan be applied:

CE( 1) t)

“= L ; TE (1)
The charge state distribution spectra measuredwith the MUSIC detectors

at the F4 focal plane after the velocity and position corrections are shown in
the Figure 1.15. The spectra were both measuredwith projectile fragmerts at
a magnetic eld setting of the FRS for the referenceion 2°°Pb with an incident
charge state of g=82+. The measuremets clearly shav a strong dependenceof
the chargeresolution on the gaseousmedium in the detector. The spectrum on
the left-hand side was measuredusing as a medium P-10 gas,which is a mixture
composedof 90% Ar and 10% methane. The correspnding spectra on the right-
hand sideshows the chargeresolutionfor a CF4 medium. Both gasesvereapplied

(1.18)
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Figure 1.15:Nuclear chargedistribution from energy-desition measuremets in
the MUSIC at F4. The obsened resolution strongly dependson the detector gas,
which is illustrated for fragmens between80 < Z < 92 at about 500 MeV/u
(°°>Pb setting). On the left panel, the detector gas was P-10 (90% Ar + 10%
CH,4 gas); on the right panel, the detector gaswas CF4. The measuredcharge
resolution was 0:24 with P-10 gasand - 0:87 with CF4 gas. Both
preserted distributions were correctedfor the velocity and position dependence
of the energydeposition inside the MUSIC.
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Figure 1.16: Left panel: Calculated [St98] electron-captureand ionization cross
section of 500 MeV/u 238U projectiles in di erent media characterized by the
atomic number Z,. Right panel: Calculated [S98] charge-state ewolution for
500MeV/u 238U projectiles with an incidert chargestate of =92+, penetrating
the MUSIC lled with Ar gasor CF4 gasat 1 atmosphereat room temperature.
The data points are calculated at the exit of the 50 mm long anodes.

at atmosphericpressureand room temperature. The obtained charge resolution
at FAwas ¢ 0:24e with P-10gasand , 0:87e with CF4 gas.The physical
reasonfor the obsened di erence is the due to the di erent charge-hanging
cross-sectionof the two gaseousmedia. At these relativistic energies,for the
consideredprojectile-medium combination, the dominant cross-sectionsare the
radiative electron capture (REC) and the ionization (ION). The non-radiative
electron capture (NRC) is signi cantly smaller, seeFig. 1.16 Left Panel. The
e ect of the di erence in the ionization ( jon (CF4)= on (P 10) 0:26) and the
radiative electroncapture ( rec(CF4)= rec(P 10) 0:5) cross-sectionss also
re ected in the charge state ewlution shavn in Figure 1.16 Right Panel. In our
case the consideredprojectiles have a smaller charge-tanging stragglingin P-10
gas,re ected in the narrower energydeposition spectra 1.15.

In gure 1.17we plot the measuredenergylossin the F2 degrader,versusthe
charge statesin the MUSIC deducedfrom energydeposition measuremet The
eld setting of the FRS wastuned for the referencefragmert 212Rn. Combining
the information from the energydeposition in the MUSICs, the energylossin the
thick F2 degraderand the B measuremety we are able to disertangle di erent
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Figure 1.17:Scatter plot of the energylossin the intermediate degraderin relation
to the energylossmeasuredwith the two ionization chambersgess correspnding
to an FRS setting optimized to transmit 212Rn. The number of bound electronsof
the fragmerts transported through the TA-F2 and F2-F4 FRS stagesareindicated
in the measuredspectrum. As an example, the label Oe 1le meansthat the
fragmerts werebarein the rst two stages(TA-F2) and H-like in the secondtwo
stages(F2-F4).
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charge states for the sameelemen and alsodi erent Z in the sameionic charge

state.

1.4.2 Time of igh t measurement
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B

Figure 1.18: TOF calibration with three well known velocities ( ) of the 238U

primary beam.

Thetime of ight (TOF) of the fragmerts in the FRS s obtained by measuring
the time di erences between a plastic scirtillator placed at F2 (SCI1) and one
placedat F4 (SCI2). The measuredTOF resolution with theseplastic detectors
was in the range of toF 30 ps. The ight time of the fragmerts between
F2 and F4 with an energyof around 500 MeV/u is in the range of 160 ns. Due
tothe B E B separationmethod, the total rate of the incoming ions at
F2 is usually much larger than the correspnding rate at F4. Therefore, it is
advantageousto usethe signalfrom the F4 TOF detector asa start of the Time-
to-amplitude corverter (TAC) and the correspnding signal from F2 provides
the stop, asshavn in Figure 1.8. In this way, we can avoid an unnecessaryhigh
dead-timein our data acquisition. Sincethe fragmerts in our experimert have
almostthe samevelocity, it is practical to usethe most sensitive rangeof the TAC
which can be establishedby adding suitable delays to the electroniccircuits. The
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absolute calibration of the time-of- ight measuremen has beenperformed with
three well known velocities of the primary beamas shown in Figure 1.18.

1.4.3 Position measuremen t
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Figure 1.19: A typical TPC calibration spectrum for the x-position (left panel)
and the correspnding 2-dimensional position spectrum shaving the structure

of the scintillator grid(right panel). The presened spectra were recordedfor a
defocused?3®U beamat around 750 MeV/u.

The position calibration of the TPCs [Janll]is performed via coincidence
measuremen with a scirtillator grid of well known dimensions. This goal is
achieved by illuminating the active volume of the TPCs with a defoccusedprimary
beamat the certral and nal focal plane. The active scirtillator grid consistsof
thin scirtillator b ersof 1 mm thickness.The rectangular scirtillator grid con-
sists of 3 b ersin the vertical direction with a distance of 20 mm and 3 b ers
placedhorizontally with a distance of 10 mm. In this way, only ions which pass
through the scirtillator grid are recordedas shown in Figure 1.19.
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1.4.4 A/qg measurement

The mass-e@er-chargeratio can be determined from the conbination of B and
time-of- ight measuremets accordingto the equation:
A B e

q cu

(1.19)

where isthe particle velocity, is Lorentz factor, u is the atomic massunit and
B isthe magneticrigidity. The relative magneticrigidity of the ionstransported

Frr i r[rrrrrors

I,I,]

Figure 1.20:Z versusA/q particle iderti cation plot for the FRS setting optimized
for the transmissionof fully stripped 22Rn.

through the FRS is determined by the actual position measuremen relative to
the optical axisand the magnetic eld measuremen Furthermore, the ion-optical
dispersionand magni cation at the focal planesare required for this determina-

tion. The B of the fragmerts was reconstructedby applying the formula:
|

X M Xgo
B (Xe2;Xea) = B F2 pa 1 =52 D Fz P4 TF2 (1.20)
F2 F4

whereB £, g4 correspndsto the magneticrigidity of trajectorieson the optical
axisfrom F2 to F4, D, r4 and Mg, g4 arethe dispersionand the magni cation
at the nal focal plane, respectively.

Combining equation 1.19and 1.20the mass-to-targeratio can be deduced.
An exampleof the resulting particle identi cation plot is shovn in Fig. 1.20.
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1.5 Detector setup for decay measuremen ts

In order to study the deca properties of the projectile fragmerts and to con rm

the identi cation matrix usingknown s-isomersan appropriate detector system
for radiation and particles wasusedat the nal focal plane of the FRS. The
setupfor -decg investigationsconsistedof a closelypaded stadk of doublesided
silicon strip detectors(DSSD) arrangedin two layers(Sil and Si2), ea¢ of 1 mm
thickness.The -emitting fragmerts wereimplanted in the rst silicon layer. For
the veri cation of the identi cation matrix using known s-isomers,a layer of
matter (passiwe catcher) replacedthe silicon detector. The passiwe catcher was
surrounded by Germanium detectors (ITAG or RISING) for recording -rays.
In both casesjt was necessaryto stop the 450-500MeV/u projectile fragmerts
in a thin volume of matter. Therefore, a variable homogeneousiegrader was
installed in front to slow down the fragmerts to match the rangedistribution to

the catcher thickness.Two plastic scirtillators wereplacedin front and behindthe
catcher. The rst onesened to remove in the analysisthe secondaryfragmerns
which have changedthe atomic number due to reactionsin the degrader. The
secondone acted as a veto courter for the implantation (Fig. 1.21). To assure
that the maximum number of selectedions was stopped inside the catcher, the
thicknessof the variable degraderwas calibrated with the primary beam. As an
example,Figure 1.22shows the normalizedcount rate, the ratio of the number of
implanted ions over the incident ones,for the two silicon detectors(Sil and Si2)
asa function of the degraderthickness.Di erentiating the measuredtwo number
distance curves,yields directly the correspnding range distributions, which are
shifted just by 250 mg/cm? equivalert to a measuredthicknessof Sil of 1.08
mm. An similar calibration procedurewas donewith the passiwe catcher. In this
case,the degraderthicknesswas varied until no courts wereobsened in the veto
courter (SCI3in Fig. 1.21).

1.5.1 Germanium detectors

For the detection of isomeric -rays emitted after an implantation ewvert, germa-
nium detectors (ITAG or RISING) were used. The procedureto perform mea-
surements with germanium detectors, as well as a complete description of the
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Figure 1.21: Schematic view of the implantation setup at the nal focal plane
of the FRS during the -decg experimernt descriked in Chapter 4. Behind the
nal dipole stage(quadrupolelensesplus a 30 dipole magnet) of the FRS TPCs,
MUSICs (with a Niobium stripper in between) and the rst scirtillator (SCI1)
provided the identi cation in-ight of the separatedfragmerts. The variable ho-
mogeneouslegraderwasinstalled to slow down the fragmerts for the implantation
in the DSSDs.The secondscirtillator (SCI2) wasusedin the analysisto discrim-
inate the secondaryfragmers from charge-tanging reactionsin the degrader.
The third scirtillator (SCI3) serned asa veto courter.
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Figure 1.22: The normalizedimplantation rate (number distance curves) for the
two DSSD detectorsasa function of the degraderthickness.The silicon detector
Silis upstreamcomparedto detector Si2. Di erentiating the measuredtwo num-
ber distance curves,yields directly the correspnding range distributions, which
are shifted just by the thicknessof Sil.

ITAG setupwill be discussedn Chapter 2.

RISING Array

The RISING array [Pie07](Figure 1.23)is composedof 15 Euroball Germanium
detector clusters [Wil96] mourted in the so called Stopped Beam con guration.
Eadh of the 15 clusters houses7 separateGermanium crystals, amourting to a
total of 105independent Germanium detectors.In the Stopped Beam con gura-
tion the detectorsare mounted in three rings eat cortaining 5 detector clusters
with anglesof 51, 90 and 129 relative to the beam axis. The distance of the
detectorsto the certer on the beamaxis wasappraximately 22 cm. The measured

-photopeak e ciency is 15% at 661 keV and the energyresolution is about 3
keV FWHM at 1.3 MeV [Pie07].
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Figure 1.23: A photograph showing the rst row of three DSSSDdetectors po-
sitioned inside the detector holder to ensurea maximum area covered at the
nal focal plane of the FRS (left) and a photograph of the active stopper box
surroundedby the RISING germaniumdetectors(right).

1.5.2 The Activ e Stopp er

The active stopper [Kum09] usedduring the decg experimert consistedof a
stack of 6 Micron SemiconductorLtd [Mic11] W(DS)-10005cm 5 cm double-
sidedsilicon strip detectors,eat of 1 mm thickness(Fig. 1.23left). The thickness
guararteed a detection e ciency for particles of  100%, sincethe range of
an emitted  with an energy between5 and 7 MeV varies between 20 and 25
m in silicon. The active stopper box (Fig. 1.23right) was made up of Pertinax
(Phenolic-formaldelyde cellulose-pagr) 2 mm thick, with two windows covered
by a 20 m black Polacon C foil [KumO09]. During the experimert the housing
of the detector was ushed with cooled nitrogen with a temperature of about
283K in order to keepthe surfacesof the detectorscleanand dry and to reduce
the thermal excitation of charge carriers acrossthe band gap between valence
and conduction band. This action prevernted an increaseof leakage currents due
to the growing defectsin the detector lattice causedby heavy ion implantations
and helped to keepthe detectorsfully depleted.The full depletionis mandatory
otherwisethe energylossof chargedpatrticlesin the silicon detector would not be
completely detectedleadingto a systematicerror of the measuremen
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Figure 1.24:Cross-sectionaliew of a DSSD. The highly doped positively charged
or p-type silicon strips and the negatively chargedor n-type silicon strips are im-
planted orthogonally to provide two-dimensionalcoordinate measuremets. Each
n+ strip is surroundedby a oating p+ doped implantation to be isolated from
any adjacen strips. Aluminium (Al) electrodesare directly coupledon ead strip
with ohmic contact and are connectedto the charge-sensitie preampli er. The
signalis further ampli ed and is digitalized using a peak-sensingADC (two elec-
tronic branchesfor p+ and n+ strips are showvn, asan example,in the gure).

The DSSDshave beenusedto determinethe energy position andtime for both
the implanted secondaryfragmert and the -particles following the subsequeh
radioactive decg and to perform event-by-evert position and time correlations.
Ead detectoris divided in 16 front strips and 16 badk strips, which provided the
x andy coordinates, respectively. Combining the information from the front and
the rear strips, it was possibleto considerthe detector made of 256 pixels, with
a sensitive surfaceof 3.12mm  3.12mm (Fig. 1.24).In this way, implantations
and decays can be spatially correlatedwithin a given pixel. The absolutetime of
eat evert was measuredwith a time stamping systemproviding a resolution of
25ns.

The technical complexity related to the active stopper lies in the wide en-
ergy range necessaryto identify both, the implanted nuclei and the subsequen

-decas. Whereasa fragmert implantation may deposit morethan 1 GeV when
it is stopped in the middle of the DSSSD,an emitted -particle deposits around
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6 MeV. The di cult y wasaddressedy the useof logarithmic pre-ampli ers cou-
pledwith high-gainshapingampli ers [KumO09]. The M esytec MPR-32 [Mes11]is
a logarithmic pre-ampli er with 32 input channelsusedfor the 16 horizontal and

vertical strips of a single DSSD. The MPR-32 pre-ampli er is characterized by

a linear responsein the low energyrange (0-10 MeV) followed by a logarithmic

ampli cation at higher energies(10 MeV-3GeV). The linear responserecorded
the position coordinates(x,y) and the energydepositedfrom the -particles. The

logarithmic part allowed for the determination of the implantation position. Due
to the high energiesnvolvedin the slowing-donvn process,a cross-talke ect may

be induced around the pixel of implantation, giving rise to signals(normally of
lower energy)in the neighboring strips. In order to minimize the cross-talke ect

due to the high energiesinvolved during the implantation process,an implanta-

tion threshold has beenset. Each MPR-32 pre-ampli er was combined with two
M esytec STM-16 NIM-p owered ampli ers with 16 channelsead. The analogue
signalswere digitalized using a peak-sensingADC.

Energy calibration

The energy calibration of the linear range of the logarithmic pre-ampli er, has
beenperformedplacing a ?°’Bi sourcein front and behind the box cortaining the
DSSDs A 2°Bi sourceemits monocenergeticcorversionelectronsdueto K and L +

M cornversionelectronsof the 570keV (E2) and 1060keV (M4) isomerictransition

in 29’Pb (seeFigure 1.25) [Mar93]. Consideringthe electronicbinding energy the
most abundart electronicenergiesare 482keV, 555keV, 976 keV and 1049keV,
but to obtain the energydeposited in the detector the total energylossin the
di erent layersof matter (air, box window) E  20keV wassubtracted (Table
1.1). Each peakof the 32 energyspectra of eady DSSD detector was individually

tted with a Gaussianfunction. The resulting certroids were usedto perform a
linear t of the energyvalues.The measuredenergyresolutionwasaround 20 keV
(FWHM) at 980keV. As an example,the spectrum measuredwith the strip 7 in
x direction (strip 7-X) is shavn in Figure 1.26. In addition to this low energy
calibration, we usedthe literature valuesof the most intense -deca energiesof
implanted fragmerts as further calibration points in the energyrange of interest
(Fig. 1.27). The measuredkinetic energiesof the particles are in excellen
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energy(keV) | e energy(keV) E in matter (keV) E in Si(keV)
481.7[K] 460.3
569.6 553.8-556.7L] 21.4 532.4-535.3
565.8-567.2]M] 544.4-545.8
975.7[K] 956.1
1063.7 1047.8-1050.4L] 19.6 1028.2-1031.0
1059.8-1061.9M] 1040.2-1041.6

Table 1.1: Calculation of the energydeposition in the silicon detector, from the

corversionelectronsemitted by the 2°’Bi source.The emitted -rays may transfer

its energydirectly to one of the most tightly bound electronscausingit to be

ejectedfrom the atom (photoelectric e ect). The kinetic energy of the emitted

electronsdependsfrom the absorked -ray energyand from the electronicbinding

energy The energylossof the electronin the di erent layers of matter (air, box

window) in front of the silicon detector is given.

Figure 1.25: Decay schemefor 2°7Bi nucleus[Mar93], which decas in 2°’Pb by

isomerictransition. The most abundart

keV.

-ray energiesare 569.7keV and 1063.7
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Figure 1.26: Example of the conversionelectron spectrum of 2°’Bi obtained with

the strip 7-X of DSSD. The four peakscorrespnding to the electron emission
energiesof 482 keV, 555 keV, 976 keV and 1049keV were usedto perform the
energycalibration. The energylossof the electronsin the di erent layersof matter

(air, box window) in front of the detector wastaken into accour.

agreemeh with the well-known literature values,seecomparisonin Figure 1.29.
Table 1.2 summarizeghe fragmerts reading the nal focal planeof the FRS with

deca energyand branching ratio. The table lists alsothe daughters produced
inthe decygs. Toinvestigatethe responseof the logarithmic part of the MPR-32
preampli er, apulserwasusedto simulated high-energysignals.Figure 1.28showns
the di erent energyrangeof the calibration method used. The kinetic energiesof
the particles are in excellett agreemen with the well-known literature values,
seecomparisonin Figure 1.29. Table 1.2 summarizesthe fragmerts reading the
nal focal plane of the FRS with  deca energyand branching ratio. The table
lists alsothe daughters producedin the decys.
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Figure 1.27: -energyspectrum correspndingto the strip 7-X of DSSDmeasured
for the ?1“Ra setting. The most instensepeaksidenti ed were usedin the energy
calibration procedure.
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Figure 1.28: Energy calibration plot shaving the calibrated points obtained us-
ing a?°’Bi  sourceand the literature valuesof -deca energiesof implanted
fragmerts. The pulser allowed us to study the characteristic energyresponseof
the linear and logarithmic rangesof the MPR-32 [Mes11]preampli er.
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Figure 1.29:Measuredkinetic energiefthe particlescomparedwith the values
in the literature [ENSDF].
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Isotope  -energy(keV) Branching ratio (%)
210pg 7450 98.89
6891.5 0.557
209t 5647 4.1
210A¢ 5524 0.053
5442 0.05
5361 0.049
21t 5869 41.8
208Rn 6140.1 62
210Rn 6041 96
5351 0.0054
211Rn 5783.9 17.3
5852 9.3
212Rn 6264 99.95
5583 0.05
2Upy 6534 80
212py 6262 16.3
6383 10.3
6406 9.4
6335 4.4
6343 1.32
213Fy 6775 99.44
214py 8478 50.9
8547 46
7708 1.1
214Ra 7137 99.74
6502 0.2

Table 1.2: Measured deca energiesof all implanted -emitters without identi-
cation conditionson the mother fragmerts. The branching ratios are takenfrom
[ENSDF]
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Chapter 2
The New Isomer Tagging System

ITAG (IsomerTAGging detector) is a detectorsystemdeelopedat the FRagmen
Separator(FRS) for isotope identi cation by isomertagging [Farl10]. It is placed
at the nal focal planeofthe FRS anddetects -raysemitted from known isomeric
statesin fragmerts implanted into its stopper. By an on-line analysis,the gamma
lines pattern are recognized,allowing to identify the isomersand then all the
secondaryfragmerts produced. The iderti cation procedure basedon isomers
can conrm or supply the standard techniquesbasedon the time of ight and
the energyloss.

ITAG was successfullytested in March 2009 and was used during the pro-
ton scattering experimert (March 2010)and a cross-sectiormeasuremenaround
130Cd (July 2010).ITAG is now available as a standard FRS detector.

2.1 Setup of ITAG

2.1.1 Construction

ITAG consistsof two Germanium (Ge) detector electro-metanically cooled, two
plastic scirtillators and an exdhangeablepassiwe stopper (seeFig. 2.1). The sup-
port is 50 cm long and 140 cm wide. A shielding made by 50 mm thick lead
layer is foreseerto protect the Ge crystals from radiation coming from the beam
line. The Ge crystals are mounted on moving tables to get as closeas possible
to the stopper maximizing the photopeak e ciency, that rangesfrom  0:4%
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Figure 2.1: Schematic drawing (TOP) and picture (BOTTOM) of the ITAG de-
tector. It consistsof two Germanium (Ge) detectorselectro-mebanically cooled,
two plastic scirtillators and an exdhangeablepassie stopper. The fragmert beam
passeghrough the rst scintillator and stopsinside the passiwe catcher. The Ge
detectorsmeasurethe -rays emitted from the isomeric de-excitation of the im-
planted fragmerts. The Ge crystalsare protected by a 50 mm thick lead shielding.
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at 90 mm to 0.2% at 150 mm for measured -rays of 1.3 MeV (Fig. 2.6). Each

Ge-crystalwasinstalled in a specially deweloped cryostat [Koj08] (Fig. 2.2) which

replacesPopTop adaptor [Ort11] (not suitable due to its weak thermal connec-
tion within the cold nger path) and improvesconsiderablythe heat transfer with

the electromedanical cooling engine X-Cooler Il producedby ORTEC [Ortl11].

The cooling systemwastested by scanningthe whole volume of the crystal with

collimated -sources.The energyresolution (FWHM 1.2 keV at 60 keV) was
found to be constart and in good agreemeh with the expectation, proving the

uniformity of temperature and su cien t cooling.

The plastic scirtillators (BC420,274mm x 45 mm and 5 mm thickness)are used
to court the particlesandto cortrol their implantation in the stopper. The second
scirtillator acts as veto detector.

Figure 2.2: Schematic drawing of the cryostat [Koj08]. The encapsulatedGe crys-
tals (HPGe) areinstalled in a vacuum cryostat, in thermal contact with the cold
nger from the X-Cooler. The preampli er is locatednearthe crystal to minimize
the capacitance.

2.1.2 Electronics

Ead individual germanium detector has two parallel pre-ampli er outputs: one
provides the energysignal and is sert to an ampli er and then goesdirectly to
a peak-sensingADC; the gate to the ADC is produced from the FRS accepted
trigger. The energy signal is processednside F4 areain order to presene the
energy resolution of the detector. The secondoutput from the germanium pre-
ampli er travels from F4 areato the FRS-Electronic Room and is sert to an
analoguetiming branch composedof a Time Filter Ampli er, a Constart Fraction
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Discriminator and a Time-to-Amplitude Converter. The TAC measureghe time
interval betweenthe arrival of a fragmert (trigger signalfrom the st scirtillator)
and the detectionofa -ray. The TAC rangeis 8 s.The output of the CFD is
alsosert to a scaler.Each germaniumdetector needsa positive high voltage (the
exact value dependson the encapsulatedcrystal installed and is written on the
cryostat. Presertly the operational high voltage value is +4000 V) and a preamp
power supply. The block diagram of the germaniumelectronicsis shavn on Figure
2.3.

Figure 2.3: Block diagram of the germaniumelectronics.Each germaniumdetec-
tor needsa positive high voltage (HV) and a preampli er power supply (preamp).
The pre-ampli er outputs provide the energy signal, which is recordedwith a
peak-sensindADC after suitableampli cation in a Spectroscoy Ampli er (Spettr
Amp) and the time signal,which isampli ed in a Time Filter Amplier (TF Amp)
and after a Constart Fraction Discriminator is sert in a Time-to-Amplitude Con-
verter (TAC) to measurethe time di erence betweenthe arrival of a fragmert
and the detectionof a -ray.

The electronicsrequired for the scirtillators is standard: a splitter dividesthe
anadic signalfrom ead photomultiplier tube, then the two signalstravel to FRS-
Control Room where one s attenuated, delayed and sert to a QCD to measure
the energylossin the plastic scirtillator. The secondsignal is sert to a CFD,
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Figure 2.4: Electronic modulesneedfor ITAG and located at the F4 areaand at
the FRS-Electronic Room.

its outputs produce the coincidencelLeft-Right. The block diagram of the rst
plastic scirtillator is shovn on Figure 2.5.

2.2 Measuremen ts with ITAG

2.2.1 Eciency

To determinethe e ciency for detecting -rays, an absolutee ciency calibration
of the Ge detector is needed.Due to the large size of the beam spot and the
varying implantation depth, it is important to take into accour the geometry of
the setup and the absorption in the stopper material. Calibration spectra were
recordedusing®°Co sourcewith known activity placedat di erent positionsalong
the x-direction of a 14 mm thick PVC stopper and then varying the distance
detector-stopper (Fig. 2.6 left panel). The energy dependenceof the e ciency

was measuredusing a ®?Eu sourcewith known activity. The results are shovn
in Fig. 2.6 right panel.

2.2.2 Commissioning experiment

During an FRS000 experimert, a primary °Ru*** beam at an energy of 500
MeV/u and a maximum intensity of 10 ions/s impinged on a 2.5 g/cm? Be
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Figure 2.5: Block diagram of the electronic of the rst plastic scirtillator of the
ITAG setup.

50



Figure 2.6: Setup for the e ciency measuremen (left panel). The measurede -
ciencyasa function of the position (top panel) and e ciency asa function of the
energyat 50 mm from source(lower panel).
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target. The FRS wasusedin achromatic mode and optimized for the transmission
of ®*Ru ions. The ions were sloved down and implanted into the 3 mm thick Al

stopper of ITAG. The identi cation of the reaction products was performedusing
the standard time of ight and energylosstechniquesand the ITAG.

Total courting rate at S2: 4.5kHz

Total courting rate at S4: 2.0 kHz

Two isomers(*°*Mo and %Tc) were identi ed using this procedure and the
results are listed in the Table 2.1.

Production  -counts -lines(MeV) Ti- ( S)

2Tc | 113 10 95 2142 29 1:.04 03
8099 3.0

OMo | 86 10° 180 9477 30 1:13 0:16
10539 31

Table 2.1: Measured -energyvalues measuredin coincidencewith the selected
isotope. The half-life is obtained from the time di erence betweenthe implanta-
tion of the isomerand the detection of the -ray.
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Figure 2.7: On-line analysis steps: measuredidenti cation matrix (A); Mo
energyand time correlation matrix (B); ®®Mo gammalines (C) and **Mo half-life

(D).
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Chapter 3

Discovery of 63 New lIsotop es

In the recen yearsthe fragmertation reactionshave demonstratedto be a pow-
erful tool for the production of radioactive secondarybeamsand studies of the
most exotic nuclei. The new generation of in- igh t radioactive beamsfacilities
with a set of novel experimerts have signi cantly extendedthe knowledgeof nu-
clear physics. Seweral milestonesof the nuclear physics have been adcieved like
the production of the doubly magicnuclei *°°Sn[Stin94], "®Ni [Enge95jwhich are
available in quartities suitable for more detailed spectroscopicstudies[Hin10].

In the mid 90's, FRS experimerts setthe scierti ¢ frontiers for medium mass
neutron-rich isotopes[Ber94]. In theseexperimerts more than 120 new isotopes
have beendiscovered, and with these achievemerts a new researt activity for
projectile ssion studieswas launched [ArmO04]. The origin of heary elemens in
the r-processis one of the outstanding problemsin nuclear astrophysics[Cow06].
Its understandingrequiresimproved nuclear physicsdata, like masseqQ-values)
and half-lives.

Large progresshave beenacdhieved very recerily with intense?*®U beamat the
new Radioactive Beam Factory in RIKEN [Ohn10]and experimerts at the FRS
and ESR facilities [Kur06, Alv10, Chel0].In this work we report of the discovery
of 63 neutron-rich new isotopesin the elemen range Nd-Au.
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3.1 Exp erimental Setup

The experimernt wasperformedat the SISsyndirotron, which delivereda 1 A GeV
238y beamwith spills characterizedby 0.5-2s extraction times and a repetition
period of 2-4 s. The primary beam,with an intensity of about 2  10° ions/spill,
impinged on a 1.6 g/cm? thick beryllium target placedat the ertranceto the FRS
(seeFigure 1.7). The reaction products were separatedby the FRS in an acro-
matic mode. The FRS spatially separateswith two stagesof magnetic selection
(B ) and an atomic energylossin two degraderslocated at the rst (F1) and
second(F2) focal plane. With detectorsa full identi cation of reaction products
in-igh t was obtained with respect to their nuclear charge Z and massA. The
slowing down was performedin two aluminum degraders.Howeer, to increase
the yield of bare fragmerts, niobium and iron foil strippers were placed behind
the rst and seconddegrader,respectively. The time-of- ight measuremehwas
performed betweentwo pairs of plastic scirtillator detectors,one located at the
certral focal plane and the other one at the nal focal plane. The typical ight
time was around 160 ns and the adcieved resolution 1 30 ps. Four TPC
detectors, two placed at the certral and two at the nal focal plane, provided
tracking information (position and angle of ead detectedion). At the exit of
the spectrometer, two ionization chambers (MUSIC) were mounted with a 104
mg/cm? copper strippers placedin front of ead. The MUSIC detectors deliv-
eredthe energydeposition signal of fragmerts, thus providing the identi cation
of the atomic number. The implantation point located at the nal focal plane
was surrounded by the RISING germanium detector setup [Pie07]. The isomer
tagging technique was applied in order to verify the identi cation of the reaction
products. In this experimernt sewral B settings of the FRS were used, which
were chosento yield optimum beam intensities for neutron rich Dy, Os, Pt and
At isotopes,seeFigure 3.1. Other eld settingswereusedto con rm the patrticle
identi cation with known s-isomers.The total time dedicatedto eat fragmert
setting and the total doseof primary beamadhieved are givenin Table 3.1.
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Referenceragmert | Measuremeh Time Total Dose
225185+ 24.5h 34 1013
Z2AN185* 1.5h 2 102
25pp82* 10.5h 1:0 103
207pt 78+ 21.5h 2:5 1013
220576+ 52h 7:5 10t
1280576+ 4h 5.0 102
40s76* 1.5h 2:3 102
180f72 4.5h 6:2 1013
87Ho 2t 3h 36 1012
s&2Dyser 15h 2:1 10t
$L0Dy®6* 6h 6:5 102

Table 3.1: The di erent referencefragmert settings investigated during the ex-
perimert. Most of the beamtime was dewted to the production of neutron rich
isotopeswith Dy, Os, Pt and At settings. Other eld settings were usedto con-
rm the particle identi cation with known s-isomers.The total time dedicated
to ead fragmernt setting and the total doseof primary beamadcieved are listed

in the table.
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Figure 3.1: Part of the chart of nuclidesindicating the regionscovered by the
presen experimert. The seard for the new isotopes was done using di erent
eld settings of the FRS: 170172Dy, 194198202Qg 207pt gnd 224226At isotopes. The
settings of **’Ho, *®Hf and ?°>Pb veri ed the identi cation in-ight.

3.2 Identication of New Isotop es

The identi cation of heavy neutron-rich projectile fragmerts is a challengingtask.
Two issueshave to be overcometo obtain an unambiguousidenti cation:

contamination dueto charge statesproducedinside the FRS;

lossin resolutionin the energy-desition measuremets with the ionization
chambers (MUSIC) due to stochastic changesof charge-stateswithin the
gas.

Both problemsare mainly causedby the di erent ionic charge states populated
by the heary fragmerts. The chargestate of the ion can changewithin the active
region of the ionization chamber, and this e ect cortributes to the broadeningof
the energy-desition signal. The use of a pro led aluminium degrader,placed
at the certral focal plane of the FRS, and the conbined measuremen of the
energydeposition of the fragmerts in two MUSIC chamberswith a copper stripper
foil in front of eadr. The data recordedin ead setting were processedy using
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the combination of time-of- ight, position and energy-demsition described in
Chapter 1. Figure 3.2 illustrates the correlation between the measuredatomic
number Z in the two MUSIC detectors for a setting of the FRS certered on
180Hf, The probability of an ion being fully-stripp ed at least in one chamber
was optimized with a stripper Cu foil (104 mg/cm?) placed in front of ead.
The obsened pattern for ead spot in Figure 3.2 is due to the atomic charge
changing measuredin both chambers. For ead elemen, the energy-demsition
signal in the horizontal distribution correspnds to those ions which carry no
electronsin the rst chamber (MUSIC1). The correspnding vertical distributions
represen the fully-stripp ed ions at the secondchamber (MUSIC?2). The overlap
of both represetts the fully-stripp ed ions in the two MUSIC chambers. A tilted
line passingthrough the di erent corescorresmpnds to those ewverts for which
the sameatomic charge was measuredby the two chambers. The resolution for
the nuclear charge ; = 0:24 allowed to clearly all discriminate the di erent
elemerts up to uranium (seeFigure 1.15 left panel). Only ions shaving a full
energydepositionin both detectorswerechosenfor further analysis,thusrejecting
ions with di erent charge statesin both MUSIC detectorsor reaction products
createdin the material of the detector. In the secondstep a distribution of the
reconstructednuclear charge as a function of the energyloss of the ions in the
degraderlocatedat the certral focal planewascreated.This allowedto determine
the ionic chargestate of a fragmert within the FRS by the measuringthe energy
lossin the degrader,asdescribed in in Section1.4.1. Unambiguousiderti cation
of the transmitted nucleirequiredadditional selectionbasedon the analysisof the
position of the fragmerts at the nal focal plane. Figure 3.4 shows the selected
isotopesof Hf for the magnetic setting of the FRS certered on 8°Hf.

Seeralredundart measuremets of energylossin matter, positions,andtime-
of- ights were performedto obtain an unambiguousisotope identi cation. This
was possiblealso due to the good atomic massresolution o = 0:17.

In the particle identi cation plot (Fig. 3.5), all isotopescoveredin the mag-
netic eld settings certered on 172Dy and 194198292Qg are displayed with the full
statistics and all the separationcriteria applied. The red solid line indicates the
border of the discovrered new isotopes. From this analysis,the measuredcounts
for ead isotopesis deducedfor the cross-sectiordetermination described in the
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Figure 3.2: Correlation of the measuredatomic number Z in the two ionization
chamber for a eld setting of the FRS certered on *¥°Hf. The dashedline indicates
the events with the samenuclear charge(Z = g) measuredby the two chambers.

next Section.To demonstratethe number of new isotopesmore clearly than seen
in the two-dimensionalscatter plot, for eat elemen the projection on the A/q
axis wasdone.Figures 3.6 and 3.7 display the isotopesmeasuredduring the eld
settings certered on 12Dy and Figures 3.8 and 3.9 display the isotopesproduced
during the eld settings certered on 1941982020s, The massof the hitherto un-
obsened isotopesis indicated on the plots. In total, 63 new isotopes have been
unambiguouslyidenti ed and their production cross-sectiormeasured.

The progressadiieved with the discovery of 63 new isotopesin a relative
short FRS experimert represeis a wide potential for nuclearstructure and astro-
physics.In addition, this experimernt hasalsocon rmed the newisotopesreported
recerly. The results of the presen experimert have beenpossibledue to the im-
proved separation and particle identi cation at the FRS where the -tagging
technigue had a signi cant cortribution. Unambiguousfragmert iderti cation is
a key for these investigations at the frontiers. The next step after the discov-
ery phaseis to investigatethe basic properties of the the new nuclides. The rst
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Figure 3.3: The selectiondoneon the energylossof the fragmerts in the degrader
located at the certral focal plane for a setting of the FRS certered on 8Hf. The
red line shows the selectionof the bare fragmerts which are further analyzed.
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Figure 3.4: Horizontal position of the Hf isotopesat F4 asa function of their A/q
ratio. The condition implemerted to selectthe certered isotopesis shavn by the
red rectangle.
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Figure 3.5: Particle identi cation (nuclear charge Z versus A/q ratio) for the
full statistics recordedduring the eld settings certered on referencefragmerts
194OS7G+ 1980376+ 2020576+ and 172Dy66+.
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Figure 3.6: Projection on the A/q axis of the identi cation plot constructed by
selectionof a speci c elemen from the range coveredin the B setting of the
FRS certered on 172Dy. The massnumber of the hitherto unobsened isotopesis
indicated. In total 39 isotopeshave beendiscovered.
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Figure 3.7: Projection on the A/q axis of the identi cation plot constructed by
selectionof a speci c elemen from the range coveredin the B setting of the
FRS certered on "2Dy. The massnumber of the hitherto unobsened isotopesis
indicated. In total 39 isotopeshave beendiscorered.
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Figure 3.8: Projection on the A/q axis of the identi cation plot constructed by
selectionof a speci ¢ elemen from the rangecoveredin the B setting of the FRS.
The results are the superposition of data recordedwith eld settings certered on
1940s, 1980s and 2°20s. The massnumber of the hitherto unobsered isotopesis
indicated. In total 24 new isotopeshave beendiscovered.
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Figure 3.9: Projection on the A/q axis of the identi cation plot constructed by

selectionof a speci ¢ elemen from the rangecoveredin the B setting of the FRS.
The results are the superposition of data recordedwith eld settings certered on
1940s, 1980s and 2°20Os. The massnumber of the hitherto unobsened isotopesis
indicated. In total 24 new isotopeshave beendiscovered.
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property of importanceis the determination of the production crosssection.They
are highly relevant to plan further studieswith the eld of discoverednuclei and
cortribute to the basicunderstandingof projectile fragmertation reactions.

3.3 Determination of the Pro duction Cross-sections
for the Discovered Isotop es

The production cross-sections; aredeterminedby se\eral di erent experimertal

cortributions: the measuredyield N¢ of singleisotopesdetectedat the nal focal

plane, the primary beam intensity N,, the number of atoms in the target N

and correction factors dueto the limited transmission,the dead-time of the data

acquisition systemand the secondaryreactionsin the matter (target, degraders
and detectors) summarizedwith the term f o, :

N¢

= — 3.1
Np N¢ feorr ( )

f

The measuredyield N¢ aredirectly deducedfrom the identi cation matricesin
the previous Section. They are shown for the di erent eld settingsand di erent
isotopesin Figure 3.10,3.11,3.12and 3.13.

The number of target atoms per unit areaNy is given by:

Not

Ny = -2
t A,

(3.2)

whereNg is Avogadronumber, t is the arealweight of the target and A, is the mass
number of the target material. The arealweight was measuredwith a microgram
scaleand with medanical sensors.The target non-uniformity was cortrolled by
a commercialtarget scanner[Tarll]. The areal weight of the applied target was
1627 1 mg/cm?.

The intensity of the primary beamis measuredby meansof the secondary
electron transmissionmonitor (SEETRAM) which provides the number of pro-
jectiles for ead spill. The principle of the SEETRAM detector is that the sec-
ondary electron yield is strictly proportional to the inelastic stopping power of
the incoming ions [Rot90]. In reference[Rot90] this statemen has beenexperi-
mertally demonstratedfor di erent projectiles,from proton to uranium, over four

67



Figure 3.10:Measuredyields of the di erent fragmerts obtained with the B eld
setting of the FRS certered on 172Dy®¢* jons.

Figure 3.11:Measuredyields of the di erent fragmerts obtainedwith the B eld
setting of the FRS certered on 1%0s’%* ions.
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Figure 3.12:Measuredyields of the di erent fragmerts obtainedwith the B eld
setting of the FRS certered on 2°20s’%* ions.

Figure 3.13:Measuredyields of the di erent fragmerts obtainedwith the B eld
setting of the FRS certered on ??°At8* jons.
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ordersof magnitude. Neverthelessthe calibration of the SEETRAM detector has
to beveri ed especially in experimerts where precisecross-sectiormeasuremets
are performed. In this experimernt the SEETRAM calibration was veri ed with
a plastic scirtillator (SCI1) detector in coincidence.Both detectorsrecordedthe
number of uranium ionsertering the FRS. For this measuremet) the beaminten-
sity was strongly reducedand varied from a few thousandsto 2 10° projectiles
per spill. In this calibration measuremen the maximum spill length of about
10 secondswas selected.In Figure 3.14the courts of both detectorsare shown.
Over the operating range of the scirtillator detector, both signals are linearly
correlated, i.e., the slope yields the calibration factor.
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Figure 3.14: Number of 238U ions measuredwith the scirtillator in coincidence
with the SEETRAM detector. Each data point correspndsto the counts accu-
mulated during onespill. The full line represets a linear t to the data.

Also for the measuredrate N, the mertioned corrections have to be de-
termined. The measuredyields at F4 correspnd only to fully-stripp ed ions.
Therefore, the population of other charge states have to be included after eath
dipole stage of the FRS. In previous experimerts, the charge states population
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have been measuredand the results were implemerted in the computer codes
GLOBAL [Sc98] and CHARGE [St98]. Basedon the accurate measuremets
both programs are very reliable (few percert accuracy) in this energy range.
Hence, the calculations of charge state distribution for the di erent fragmerts
emergingfrom matter, were performedwith thesetheoretical codes. The optical
transmissionthrough the FRS was taken into accoun by computer simulations
using MOCADI [lwa97] calculating the phase-spacgopulation of the fragmernt
beam and the complete FRS setup including apertures, slits and matter. The
transmissionlossesdue to secondaryreactionsare also taken into accoun with
MOCADI simulations.

The dead-time of the data acquisition and detectors is also an important
correctionfor precisecross-sectiormeasuremets. It is de ned asthe time elapsed
after one event is registeredby the detection systemin which it is not able to
record another incoming evernt. In ead event readout we registeredwith scalers
the number of “freetriggers' and the number of “acceptedtriggers'. The free and
acceptedtriggers represen all the everts coming from the scirtillator detector
and the number of the fully-processedevents including all hardware conditions,
respectively. The ratio betweenthese two numbers is the overall dead-time of
the detection system.During the experimert the valuesof the dead-timeranged
from 5% for the most exotic nuclidesup to 30%for fragmerts producedwith high
rates.

The correction factor f o, including all the discussedcorntributions hasbeen
separatelydeterminedfor ead isotope. The measuredcross-sectiongor eat el-
emer are presetted in Figures3.15,3.16and 3.17.In addition the experimertal
data from other experimert [Ber03,Ber06]are shavn to demonstratethe smooth
transition from the literature valuesto the new data. The experimertal data
are comparedto the theoretical modelsABRABLA [Gai91l]. The agreemeh with
the ABRABLA predictionsis excellert in the regionwheretheoretical valuesare
available. The ABRABLA code is basedon Monte Carlo methods which gives
practical restrictions to low cross-sectionsNote that we reached with our presen
experimert the sub-nanobarnlevel in the production cross-sections.
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Figure 3.15: Measured production cross-sectionsof fragmerts produced in the
reaction 238U (1000 MeV/u) + Be (red circles), comparedwith the experimen-
tal results obtained by Bernaset al. [Ber03, Ber06] in the reaction 228U (1000
MeV/u) + p (black triangles). The cortinuous line indicates the predictions of
the ABRABLA model [Gai91].
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Figure 3.16: Measured production cross-sectionsf fragmerts produced in the
reaction 238U (1000 MeV/u) + Be (red circles), comparedwith the experimen-
tal results obtained by Bernaset al. [Ber03, Ber06]in the reaction 2*U (1000
MeV/u) + p (black triangles). The continuous line indicates the predictions of
the ABRABLA model [Gai9l].
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Figure 3.17: Measured production cross-sectionsof fragmerts produced in the
reaction 238U (1000 MeV/u) + Be (red circles), comparedwith the experimen-
tal results obtained by Bernaset al. [Ber03, Ber06] in the reaction 228U (1000
MeV/u) + p (black triangles). The cortinuous line indicates the predictions of
the ABRABLA model [Gai9l].
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Chapter 4

Investigation and Decay
Measuremen ts of Neutral and
H-lik e ?1Fr lons

Already in the pioneeringexperimerts with the conmbination of the FRS and the
ESR (seeFig. 4.1), Q-values and half-lives of bare and few electron projectile
fragmerts have beenmeasuredfor stored projectile fragmerts decaing via weak
interaction [Irn96, Lit07, Win09]. The decy of stored mother and daughter nuclei
can be measuredin di erent experimertal scenariosdepending on the di erence
of their magneticrigidities. If the half-lives of the selected -emitters and their
daughters are a few secondsor longer, the combination of stochastic [Nol04] and
electroncooling [SteO4]canbe applied. Both mother and daughter nucleicirculate
in closedorbits in the ESR, where it is possibleto perform a time-correlated
Sdottky analysis[Lit05]. In casethe B -di erence of the mother and daugher
nuclei exceed2%, the daugtter can be detectedleaving the closedorbit at the
next dispersive section[Gei92b].

It is our aim, with the presen experimert, to start a campaignof measure-
merts dewted to the investigation of -decg properties of highly charged and
bare nuclei [Erm57, Rub72, Zin06]. The deca of highly-chargedionsis of impor-
tance in hot stellar plasmasand can now be investigatedin the laboratory for
the rst time. Another open questionin nuclear astrophysicsis the in uence of
electronscreeningin nuclear reactionswith light nuclei [Engs80].As pointed out
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by seweral authors [Ald71, Eng80, StrO1, Bar02, Ass87,Pat08] screeningcan sig-
ni cantly aect the reaction rates at low energies.n fact, the -deca constart
, in the phaseintegral appraximation (WKB), is proportional to the barrier

penetration factor:
|

P5-2z

/ Q exp thm : P dr 4.1)
wherem is the reducedmass,Q is the sum of the kinetic energyof the particle
and the recoiling daughter nucleus,r is the distancebetweenthe particle and
the certer of the daughter nucleusand r,; and r, are the classicalturning points
for the equationP(r) V(r) Q = 0. The di erence of the barrier penetrability
in the neutral (Py (r)) and H-like (P (r))) systemshaving atomic number Z can

be written as:

Pu(r) Pu(r)= (B(Z) B(1)H2Ve(Z;0) 2Ve(1;0)+(2 Ve(Z;r) 2 Ve(1;r)):

(4.2)
The rst twoterms B(Z) B(Z;Z) B(Z 2,z 2) B(2;2) are related
to the electron binding energyand B (Z; N¢) indicates the binding energyof N
electronsin a eld of the nucleuswith Z protons. The secondand third pairs of
terms in equation 4.2 are the variation of the electron screeningV, at the site
of the nucleusand at a distancer betweenthe particle and the certer of the
nucleus. To perform the calculation in equation 4.2 and obtain an estimation
of the half-life from equation 4.1, sewral approximation are required. Precise
calculationsof the -decay constart's shift for neutral and bare ?3Fr have been
performed[PatO8]andthe resultsprovideavalueof = =2( v )= n*t B)
on the order of few per mill.

With the combination of FRS and ESR we have for the rst time the possibil-
ity to investigatethis topic [Mus06].In Figure 4.2, it is clearly demonstratedthat
by selectingan appropriate projectile energyand stripper medium, it is possible
to inject bare and highly ionized -emitters into the ESR.

The di erent phasesof our experimertal campaignare:

lifetime measuremets of neutral atoms at the FRS focal plane;

Q -valuesand -decy lifetimes measuremen of bare and highly ionized
-emitters circulating in the ultra-high vacuum of the ESR.
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Figure 4.1: Setupfor deca studiesof neutral and few-electronions. The heavy
projectile fragmernts are separatedin- igh t with the FRS. They read the F4 area
wherethey are implanted in a silicon detector for deca studiesof neutral atoms.
Alternativ ely, they areinjected into the storagering ESR for decay measuremets
of bare and H-like states.

213Fr and 2**Ra nuclei have been selectedas good candidates for sud an
investigation. These nuclei are known to be pure -emitters and can be easily
producedin uranium projectile fragmertation. Table 4.1 summarizesheir known
deca properties.

T1=2 (s) -branch (%) Q (keV)
21387+ 1 34.82(14)  99.44(5) 6904.9(18)
214Ra%* | 2.46(3) 99.941(4) 7273(4)

Table4.1:Decay propertiesof the selectednuclei, 2**Fr [Bas07]and ?'*Ra [Bro03].

4.1 Experiment for half-life determination of -

decaying neutral atoms

The main goal of the experimert wasto determinethe -decg half-livesof two
selectednuclei 2:3Fr and ?**Ra. Their half-livesof seweral secondsare well suited
for storagering experimerts applying electroncooling and Schottky spectrometry:.
For the implantation experiment at the FRS directly, the half-life restriction
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stripper medium. Lower panel: Calculated [Sd98] charge state ewlution of 500
MeV/u ?13Fr ions at the exit of di erent materials.
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would be the ight time through the optical system,i.e., it shouldbe longerthan
200ns.

4.1.1 Setup and measurements

An overview of the experimertal setup is schematically shavn in Figure 4.1,
a zoom of the implantation areais shown in Figure 1.21. The experimernt was
performed at the FRS, by using a 22U beamat 1 GeV/u impinging on a 2.5
g/cm? thick beryllium target with a Nb stripper badking. The beam intensity
was reducedto about 5 10’ ions/s. The nuclei of interest were 23Fr and ?'*Ra.

The selectedfragmerts transmitted through the FRS readed the nal focal
plane at energiesin the range of 500to 600 MeV/u. In order to measuretheir
deca half-lives, the selectednuclei were implanted into the active stopper, see
Section 1.5.2. It senes as an implantation catcher and as a detector of the
activity. A degraderin the middle focal plane of the FRS was usedfor the sepa-
ration of the reaction products in-igh t. In order to implant the nuclei into the
active stopper, another homogeneousariable aluminium degraderhasbeenused
to slowv down the fragmerts in front of the active stopper. Two plastic scirtillation
detectorswere placed both in front and behind the catcher to verify the correct
implantation.

4.1.2 Data analysis and results

The analysisprocedureconsistedof se\eral steps:
in- igh t identi cation including veri cation with s-isomers;
implantation in the active stopper (seeSection1.5);
decay measuremets during the beam-o period;
measuremen of the half-life of the selectedfragmerts.

The identi cation of the fragmerts reading the nal focal plane was per-
formed using the time-of- ight and energy deposition technique described in
Chapter 1. The identi cation pattern was veri ed by measuringin coincidence

-rays from known s-isomersFor this veri cation a dedicated eld setting of the

79



FRS was usedfor the referencefragmert 2'2Rn. In Figure 4.3 the iderti cation
plot together with the measured spectrum and the half-life of 212Rn isomerare
shaovn. The three peakscorrespnd to the cascadetransitions (6+ ! 4+),
(4+ ! 2+) and(2+ ! 0+) with anhalf-life 0f0.91 0.03 s[Bro05].In the same
FRS setting, sewral other known isomers?'Rn, 2°°At and ?'°At were included
to redundartly verify the identi cation matrix. The additional iderti cation pro-
cedureis illustrated in Figure 4.4 taking into accourn the secondaryreactionsin
the F4 matter. The correlation of the two MUSICs signalsallowed us to select
the bare Fr ions. Then, the position measuremen at F4 combined with the A/q
information providesthe isotopic separationseeFigure 4.4 certral part. The de-
graderin front of the active stopper causedabout 40% secondaryreactionswhich
have beenremoved from the analysisby Z selectionusing the energydeposition
in the scirtillator SCI2.

In order to correlatein position and time the implantation and deca ewens,
the multiplicit y of the implantation evernts during the spill waskept around 1 per
pixel. This condition wasachieved with a reducedimplantation rate of about 100
Hz. The multiplicit y is de ned as the number of individual strips participating
in oneimplantation or decg ewert in the silicon detector. Figure 4.5 shaws the
implantation (left panel) and decg (right panel) multiplicit y per pixel averaged
over the total number of spills. The beam extracted from SIS-18 had a spill
structure, with a spill length varying from 1 to 4 s and a cycle up to 180s (Fig.
4.6). The half-life measuremetwas performedwith the correlated implantation
anddecg ewerts in the silicondetector. The signalsfrom the silicon detectorsgave
information about the location wherethe identied -emitters were implanted.
The deca ewerts represemn the kinetic energy of the emitted  particle. The
atomic rangeof the emitted particlesin the silicon material is about 0.05mm,
therefore this evert comesfrom the samestrip as the implanted mother ion.
The absolutetime of eat evert was measuredvia precisetime stamping with a
resolution of 25 ns.

After the identi cation for ead selectedfragmert the spill number and the
coordinates(strip x and strip y in the silicon detector) of the implanted ionswere
recorded.The full identi cation with all the conditions discussedabove, was ap-
pliedto recordthe -decg spectrumin coincidenceThe resultsof this correlation
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Figure 4.3: Experimenrtal veri cation of the iderti cation matrix via the coin-
cidence measuremen of the known s-isomer??2Rn. TOP: Measured particle
identi cation for the FRS setting for fully stripped ??Rn. BOTTOM: Measured

-ray energy spectrum gated on the selectionof the ??2Rn fragmert. The inset
shows the half-life of the isomericdeca. The measured energiesand half-life
arein good agreemeh with the literature values[Bro05].
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Figure 4.4: Rejection of secondaryreactionsin the matter at F4. Left panel: The
Z information extracted from the two ionization chambersplacedat F4. The con-
dition shown in red selectsthe bare Fr isotopes which did not undergo nuclear
charge-danging reaction. Right panel: Horizontal position of the Fr isotopes at
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from the analysisvia selectingthe energydeposition signal of the SCI2 directly
behind the degrader.
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Figure 4.5: Measuredimplantation (left panel) and deca (right panel) multiplic-
ities averagedover the total number of spills for 23Fr with beam-o period of 180
s and an implantation rate of about 100Hz. Note that the goal of multiplicit y 1
has beenadieved.

b oA bt i

Figure 4.6: Selectedspill structure of the implantation experimert at F4. The
implantation evernts during the spill (black line) and the deca everts during the
beam-o period (red line) are indicated for 2*3Fré*

83



method is a cleanenergyspectrum measuredwith the silicon detector, seeFigure
4.7 upper and lower panel for 2*Fr and ?'*Ra, respectively. For comparisonthe
correspnding -decg spectrawithout any conditionsare alsoshown in the same
pictures. Despite of the applied identi cation conditions, there is an inevitable
bad-ground dueto random coincidencesvith the radioactivity accunulated from
previously implanted ion speciesin the detector. Therefore,an energy selection
window was applied to the characteristic -line of ?1*Ra and ?'3Fr. The energy
window has a width of 3 of the peak. Table 1.2 summarizesthe measured
decy energieof all implanted -emitters without iderti cation conditionsonthe
mother fragmerts. The table lists also the daughters producedin the decys.
The kinetic energiesare in excelleh agreemen with the well-known literature
values, seecomparisonin Figure 1.29. Thus this measuremen provides another
completeand independent identi cation pattern of the implanted -emitters. The
latter method has beensuccessfullyapplied for the identi cation of super-heary
elemerts at GSI and se\eral other laboratories [Hof0O].

Half-life determination

For all the decgys which ful lled the identi cation and position correlation condi-
tions, the time di erencesbetweenead -decg event andthe endof the previous
spill phasehave beendetermined. Theseewerts were accunulated in a histogram
to obtain a deca curve. The radioactive deca is described by:
3? = n e (4.3)
wheredn is the number of decays betweenthe time t andt+ dt, n is the total num-
ber of courts and = In2=T,-, is the decg constart. The decg curve wasthen
tted usingan exponertial function implemerted in the MINUIT padkagewithin
the ROOT software ervironment [ROOT]. The tted range of the deca/ curve
wastruncated to the largestcommonbeam-o period. The t parametersprovide
the half-life and the correspnding uncertainties. The reduced 2= 2=NDF of
the t resultsareshavn in Table4.2. Example of the deca/ curveswith the tted
curvesfor 2*Fr (180 secondsbeam-o0 ) and 2“Ra are shown in Figure 4.8 from
top to bottom respectively.
The measuredweighted meanvalue of the half-life for 213Fr in this experimert
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Figure4.7: -energyspectrameasuredduring the FRS eld setting for the separa-

tion of 213Fr (upper panel) and ?**Ra (lower panel). The black peaksrepresemn the
-decasrecordedwithout any additional identi cation condition. The red shaded
spectrum (?**Fr) and the greenone (*'*Ra) were obtained under the condition

of particle identi cation in-igh t for 223Fr and ?'*Ra, respectively, in coincidence

with the implantation position in the silicon detector and excluding secondary
reactionsin the material at F4. The half-life measuremets of 2*Fr and ?“Ra
have beenperformedusing the evers inside the indicated energywindow of the

characteristic -line.
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213|:r
Beam-o period (s) Decascounts Ti- T (S) 2
180 16188 340 0.3 1.18
60 20697 342 0.7 0.94
weighted mean value 34.03 0.27
214Ra
Beam-o period (s) Decascounts Ti- T (S) 2
12 23064 2441 0.021 1.11

Table 4.2: Resultsof the half-life measuremets of neutral ?*Fr and ?'“Ra atoms.
The valuesof the half-life and the correspnding uncertainties have beenobtained
from the t parameters.The number of degreeof freedomand the valuesof the
reduced ? are alsolisted.

was determinedto be 3403 0:27 s. Comparing this result with the valuesfrom
the literature [Gr64, Va67,Ho74,Bo82, Bas07]it appearsto be lower than the
correspnding valuesfrom the previous experimerts. This comparisonis shavn
in the upper panel of Figure 4.9. Howewer, our half-life measuremen for ?**Ra
(T2 = 2441 0:021s)isin excellen agreemen with the literature values[Bas]
especially with the experimert with the highestaccuracy To investigatethe issue
of the half-life of 213Fr, we performedanother experimert with fusion evaporation
residuesat Laboratori Nazionali del Sud in Catania. The result of the Catania
experiment is Ty, = 34126 0:056s, which is in excelleh agreemeh with the
GSI experimert. The value of the Catania experimen is alsodepictedin Figure
4.9 upper panel [Mus11].

4.2 Experiment for half-life determination of -
decaying H-lik e ions

4.2.1 Setup and measuremen ts

213Fr jons have beenproducedvia projectile fragmertation of 455MeV/u 23®U73*
ions with an intensity of  10° ions/spill. Using the fast extraction mode of the
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Figure 4.10:Layout of the ion storage-cwoler ring ESR [Fra87]. The circumference
of the ring is about 108.4 m. The beam circulates clockwise in the ring. The
positions of the electron cooler, the resonan Sdottky pick-up and the scraper
are indicated.

SIS, the projectiles impinged on the production target (1.03 g/cm? thick beryl-

lium) placed at the ertrance of the FRS (Fig. 4.1). The H-like ?'3Fr ions were
separatedin- ight by meansof the B - E-B  method at the FRS and subse-
quertly injected into the Experimertal StorageRing (ESR) [Fra87]. The di erent

isotopesinjected and circulating in the ring wereidenti ed by meansof their rev-
olution frequency A pure ?'3Fr ion beamwascooledand storedto perform precise
half-life measuremets. Possiblecortaminants wereremoved from the closedorbit

with suitable medanical slits (scrapers) beforethe decgy measuremen started.

The decay of H-like ?*3Fr ions was measuredoy applying time-resohed Scottky

Mass Spectrometry (SMS) [Fra08, Lit10].

The revolution frequencyis directly proportional to the mass-eer-chargera-
tio, particular if the velocity spread( v/v) is negligible. The relation between
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the revolution frequency(f) and the mass-wer-charge (m/q) ratio is given by:

(m=q | |
» (m=q

where , is the momertum compaction factor and is the relativistic Lorentz

\Y; 1
727 o (4.4)

_t
f

factor.

The projectile fragmerts have an inevitable velocity spreadof a few percert
dueto their creationprocessTherefore,we applied electroncooling which reduced
the velocity spreadto  v=v 5 10 ’ for storedbeamswith low intensity [Ste96].
The cooling time in the ESR normally takesa few secondswhich is the reasonof
the selected®®®Fr -emitter with a half-life of about 34 s.

There are mainly two methods to measurehalf-livesof storedionsin the ESR
with the Sdottky pickup. The rst oneinvolvesthe changeof the Sdottky area
under the frequencypeakfor many particles (many-particle method). The second
one dealswith very few stored particles and the deca/ is manifestedby discrete
jumps in the frequencyintensity (single-particlemethod). This latter method has
the advantage to be independert from the assumptionof a strict proportionality
of the Schottky areaand the number of storedions.

A newresonarn Sdottky pickup wasusedto measurethe revolution frequency
spectra[Nolll, Sanl11].The resonatorhasa factor 100 higher sensitivity than the
parallel plate broad band old Sdottky pickup. At our energiesthe stored ions
circulate in the ESR typically with revolution frequenciesof about 2 MHz. Figure
4.11 shows a block diagram of the resonan Scottky pickup [Nolll]. The RLC
circuit is an equivalert of the pick-up cavity with the couplingloop. The low noise
ampli er (LNA) is mourted directly onthe ange of the couplingloop. The LNA
is a wide-band ampli er. Thereforethe following band-pass Iter is necessaryto
prevert intermodulation in the following ampli ers due to the wide-band noise
from the LNA. The ampliers A2 and A3 amplify the signalto a level which is
su cient to transport it through a long coaxialline to the Fast Fourier Transform
(FFT) spectrum analyzerin the main cortrol room.

The resonatorsignal is mixed with the direct signal from a local oscillator to
shift the signal to the operating domain of the spectrum analyzer. To obtain a
more accurate Fourier analysis,the multitap er analysishas beenapplied instead
of the Hanning windowing [Per93].
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Figure 4.11: The signalsof the resonatorare processedand which noise sources
appear [Nol11]. On resonancethe noisespectrum is dominated by the unavoid-

able thermal 300 K noisefrom the resonator. The preampli er (Al) are special
low-noise devices. The bandpass lters in the processingchain are neededto

prevert overloadingthe broad band ampli ers A2 and AS.

4.2.2 Data analysis and results

The analysishasbeenperformedwith the Schottky signalsrecordedwith a real-
time spectrum analyzer(Tektronix RSA3303B).In orderto improve the signal-to-
noiseratio, the Scottky frequencyspectra have beencreatedby averagingFFT

spectra over seeral blocks. The value of the number of averagesN,, = 25 has
beenchosenconsideringthe expectedhalf-life of the 2'3Fr ions. The correspnding

integrated time bin was 0.8 s. The relative error asseiated to the area

| Schottk y

determination of the Schottky noisepower density spectrum | schotky, IS given by
[SchI97]:

1
|Schottk y — p : (45)
I Schottk y N av

Seweral les wererecordedwith circulating H-like ?13Fr ionsfor 300secondsaf-
ter the injection. A presenmation of the obtainedfrequencyspectra versusthe time
after injection is illustrated in Figure 4.12 (top) and the correspnding Schottky
frequencyspectra at di erent times after injection are displayed at the bottom
panel. For ead recorded le, the frequencyinterval correspnding to the trace of
213Fr jons was selectedand the noise power density projected to the time axis.
All the measuredprojections were accunulated to createa decg histogram. For
eath le, the error bars assaiated to the noise power density were calculated
accordingto equation4.5. The accurnulated histogram plotted in Figure 4.13was
tted with the function:

Ne/ (1) = Nec(to)e *; (4.6)

where Ng, (t) and Ng,(tp) are the number of parert ions at the time t after the
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Figure 4.12:Left panel: Scottky frequencyspectraasa function of the time after
injection into the ESR. The time increasesrom bottom to top. The areaunder
the frequencyline is assumedto be proportional to the number of stored ions
(many particles method). Right panel: The correspnding Sdottky frequency
spectra at 20, 100, 200 s after injection.
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Figure 4.13:Deca spectrum deducedfrom the Scottky areaof H-like ?'3Fr ions
(many-particle method). The data points correspnd to the integrated frequency
peak of 213Fr8¢* and are shown in the laboratory frame with a resolution of 2.4
s. The error bars assaiated to the noisepower density were calculatedaccording
to equation 4.5. The line represem the t accordingto the exponertial decay
function.

injection and ty the time of injection and is the decg constart in the laboratory
frame. The tting rangehasbeenchosento excludethe cooling phaseatt 20
s and to excludet > 180 s where only few H-like ?'3Fr ions were left. The t

parameters, calculated with the MINUIT padage within the ROOT software
[ROOT], provided the half-life and the correspnding uncertainty. The half-life
value obtained correspnds to the laboratory frame. With the known velocity
from the electroncooler the Lorentz factor = 1.39transformsthe tted results
to the rest frame:

LE= SN P 4.7)

whereT,-, represems the half-life in the rest frame of the decging particle. The
half-life in the rest frame deducedwith the many-particle method amourts to
T1=2(?3Fr8*) = 344 1.6 s. The value of the reduced 2 proved the good
quality of the t. The half-life in the rest frame and the 2 valuesare shawn in
Table 4.3.

Applying the single-particledecay method [Bos06,Fra08]only a fewionswere
injected into the ESR, becausahe Sdottky massspectrometry is sensitive down
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Figure 4.14: Examplesof single-particle decay spectra for H-like 2*3Fr ions. The
number of storedions (5 in the left panel spectrum and 3 in the right one) has
beencalculatedfrom the noisepower density.

to singlestoredions. The stepsof the deca could beidenti ed only for 3-5 stored
and cooledions, seeFigure 4.14.1n the Sdottky spectra, the disappearanceof the
mother nuclei have detectedand the deca time measured.The time resolution
for the decg time assignmen was about 100 ms.

In total 36 single-particledecgs have beenunambiguouslyiderti ed and mea-
sured.The deducedtiime wasinsertedin a spectrum with alogarithmic time-scale.
In this presenation the exponertial dece is converted to a distribution with a
universal shape independent of the half-life [Sd84]. The frequencydistribution
of the deca/ time can be, thus, written as a function of the logarithm of time

= logg(t) as:
dn
a4 =

Two free parameters,the number n of courts and the half-life T,-, = log(2)=,

ne e ¢ : (4.8)

determinethe height andthe position of the peak,respectively. The most probable
value of this distribution is the logarithm of the life time ( = 1= ). Figure 4.15
shows the spectrum of the time intervals betweenthe decg and the injection
into the ESR. The solid line represets the t to data with the function givenin
equation(4.8). The tting rangewaschosenbetween20 and 300secondsn order
to excludethe cooling time. The dashedline is the extensionof the t function
outside the consideredrange. The deducedhalf-life in the rest frame amourts to
T1=2(3*3Fr8*) = 34 6s.The relatively big 2 of 3.5indicatesthe low statistics
of this pilot experimert.
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Figure 4.15: Spectrum of the time interval betweenthe decgs and the injection
into the ESR. The horizortal axis represets the logarithm of the time after
injection. For orientation the upper part of the horizontal axis shavs the time
after the injection in seconds.The solid line represeis the best t of the data
with the function preserted in equation (4.8). The tting rangewas set from 20
to 300 secondsdue to the cooling time. The dashedline is the extensionof the
tting function outside the consideredrange.
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Table 4.3 summarizeshe measured -decg ratesin the rest frame of the ions
for neutral and H-like ?*3Fr ions.

neutral 2*3Fr
Decy everts Ty T () 2
FRS 36885 34.03 0.27 /
LNS 620000 34.160 0.058 0.98
H-like 23Fr
Decay everts Ty T (8) 2
ESR 500 344 16 1.7
many-particle method
ESR 36 34 6 3.5
single-particle method

Table 4.3: Comparison of the results for the half-life measuremets of neutral
and H-like 2'°Fr ions. The half-life (T 1=) of neutral ?**Fr has been measured
at the Fragmernt Separatorat GSI and at the Laboratori Nazionali del Sud in
Catania. The measuremets of H-like stored 2*3Fr ions have been performed at
the FRS-ESR facility at GSI. The valuesof the reduced ? are also shown for
comparison.

The resultsfrom our experimerts with neutral and H-like ?*3Fr clearly demon-
strate that both half-livesare in agreemen within the error bars. This result con-
tradicts to the previous theoretical work of [Erm57] which predicts a di erence
of the half-lives of about 40%. We achieved an accuracyfor neutral 2*3Fr atoms
of 0.8% and 0.2 % in our experimerts at GSI and Catania, respectively. The
errors are larger, (more than 4%), for our pilot experiment with the FRS-ESR.
According to a more realistic model [Pat08, Zin06, Typ11] we expect for neutral
and H-like 213Fr a di erence in the sub-percer region. For a more conclusive ex-
perimertal cortribution in this expected much smaller di erence we plan future
experimens with the FRS-ESRfacility with much higher statistics.
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Summary

The researt of exotic, short-lived nucleiis a main cortribution of modern nuclear
physicsto improve the knowledgeof the strong interaction and to understandthe
syrnthesis of elemens in stellar media. Nature is still ahead of the laboratories
sincein the astrophysical r-processvery neutron-rich nuclides are cortinuously
createdwhich we just barely reat or which still have to be discovered.

For this challengenew powerful acceleratorsand experimertal tools have been
dewelopedto expandthe frontiers of discoverednuclides. Besidesa high intensity
primary beam e cient and very sensitive in- igh t separatorsare neededto ac-
cessnew nuclidesin this eld. To exploit the full discovery potertial also the
applied particle detectorsand especially the unambiguousidenti cation have to
be steadily improved and extendedin the experimerts.

In the preserted work Uranium projectile fragmertation and ssion have been
usedto discover new neutron-rich nuclidesin the Z-rangeabove 60 at the FRS. In
this region of heavy nuclides most radioactive beamfacilities have clearly strong
limitations.

A 1000MeV/u 28U beam impinged on the 1.6 g/cm? thick beryllium pro-
duction target at the erntrance of the FRS with an intensity of 2 10° ions/spill.
The reaction products were separatedby the FRS in an achromatic ion-optical
mode. The spatial isotopic separationin ight was obtained with two stagesof
magnetic selection(B ) and atomic energylossin two degraderslocated at the
rst and secondfocal plane of the FRS. With detectorsa full identi cation of
reaction products in- igh t was obtained with respect to their nuclear charge Z
and massA.

The particle iderti cation is even at thesehigh energiesa challengebecause
a small fraction of the separatedions s still carrying seweral bound atomic elec-
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trons emergingfrom the layersof matter placedat the di erent focal planes,i.e.,
the magneticrigidity and the energydeposition measuremets could leadto am-
biguousisotope identi cation. This experimertal problem has beensolved with

a new implantation setup viewed by e cient gamma-detectors.This so-called
ITAG setup, deweloped and applied in the framework of this doctoral researa,

hasthe task to identify implanted fragmerts by measuringthe gamma-radiation
emitted by well-known sisomers.This isomertagging technique was applied in

order to verify the iderti cation of the reaction products.

The major result of this experimertal e orts were the discovery of 63 new
isotopesin the relative short FRS experimert. This progressrepresems a wide
potertial for nuclear structure and astrophysics.In addition, this experimert has
also con rmed the new isotopesreported in the literature recerly. The results
of the presen experimert have been possibledue to the improved separation
and particle identi cation at the FRS wherethe isomertagging technique hasa
signi cant cortribution. Unambiguous fragmert identi cation is a key for these
investigationsat the frontiers.

The rst measuredproperty of the discoveredisotopeswasthe determination
of the production crosssections.They are highly relevant to plan further studies
with the discoverednuclei and cortribute to the basicunderstandingof projectile
fragmertation reactions.A comparisonwith theoretical model calculationsshav
good agreemeh However, for the most neutron-rich nuclei no predictions were
available yet.

Another part of this doctoral work wasto start a campaignof measuremets
dewted to the investigation of -decg properties of highly-charged and bare
ions comparedto the convertional experimerts with neutral atoms. The decy
of highly-chargedions is of importance in hot stellar plasmasand can now be
investigatedin the laboratory for the rst time.

In the rst part of the decay experimernt the main goal was to determine
the -decay half-livesof neutral 2*3Fr and ?*Ra atoms. The selectedfragmerts
separatedby the FRS readed the nal focal plane at energiesin the range of
500to 600 MeV/u. In order to measuretheir decg half-lives, the selectednu-
clei wereimplanted into a position-sensitive Si detector. The measuredweighted
meanvalue of the half-life for 213Fr in this experimernt was34:03 0:27 s and for
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214Ra 2.441 0:021s. The experimert with 2**Fr under completely di erent con-
ditions to be sensitive to unknown systematic errors. The result of the Catania
experiment wasT,-, = 34126 0:056s, which isin excelleh agreemeh with the
GSI experimert.

In the secondpart of the -dece study a pilot experimernt hasbeenlaunched
for a feasibility study. H-like 2'3Fr ions have beenseparatedin- igh t with the FRS
and subsequetly injected ESR. The deca of the H-like 2*3Fr ions was measured
by applying Sdottky MassSpectrometry. The resultsfrom our experimerts with
neutral and H-like ?13Fr clearly demonstratethat both half-livesare in excellert
agreemenh within the error bars. This fact is a strong experimertal evidence
against the previous results of the theoretical paper from Erma [Erm57] which
predicts a di erence of the half-lives of the about of 40%. According to a more
realistic model [Pat08] we expect for neutral and H-like 2*3Fr a di erence in the
0.35% range. For a more conclusiwe experimertal cortribution in this expected
much smaller di erence we plan future experimerts with the FRS-ESR facility
with much higher statistics.
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