JUSTUS-LIEBIG-
ﬁ UNIVERSITAT

GIESSEN

Present and Future Isochronous
Mass Spectrometry at GSI-FAIR:

25 New Masses of Fission Fragments
Novel Analysis Method

Design of a New Time-of-Flight Detector System

Inauguraldissertation zur Erlangung des Doktorgrades der
Naturwissenschaftlichen Fakuli@at der Justus-LiebigvEhsiat Gie en

vorgelegt von

Marcel Diwisch

geboren in Wetzlar

Fachbereich 07 - Mathematik und Informatik, Physik, Geographie

Il. Physikalisches Institut Justus-Liebig-Universitat Gie en

Gie en 2015



Selbstsandigkeitserkrung

Ich erklare: Ich habe die vorgelegte Dissertation seltmtdig und ohne uner-
laubte fremde Hilfe und nur mit den Hilfen angefertigt, die ichin der Dis-
sertation angegeben habe. Alle Textstellen, die wertlich der sinngema aus
ver® entlichten Schriften enthommen sind, und alle Angaba, die auf mandlichen
Auskusnften beruhen, sind als solche kenntlich gemacht. Bden von mir durchge-
fuhrten und in der Dissertation erwahnten Untersuchungerhabe ich die Grundsatze
guter wissenschaftlicher Praxis, wie sie in dg6atzung der Justus-Liebig-Universitat
Gie en zur Sicherung guter wissenschaftlicher Praxis\ naergelegt sind, eingehal-
ten.

Datum Marcel Diwisch

Erstgutachter: Prof. Dr. Dr. h.c. Hans Geissel
Zweitgutachter: Prof. Dr. Christoph Scheidenberger



Ccontents

Abstract

1.

Introduction
1.1. Mass Models . . . . . . . . . e
1.2. Motivation for Mass Measurements . . . . . . . . . . . ... ...

Production and Separation of Exotic Nuclei

2.1. Nuclear Reactions . . . . . . . . . . . . ..

2.2. Separation of Exotic NuclearBeams . . . . . ... ... .. .. ..
22.1. ISOL Facility . . ... ... ... ... .. . .. ... ...
2.2.2. In-Flight Facility . . . ... ... ... ... ........

2.3. The Fragment Separator FRS . . . . . . . ... ... ... ....

Methods of Mass Measurements

3.1. De ection in Magnetic and Electric Fields . . . . ... ... .. .
3.2. Q-values . . . ...
3.3. Penning Traps . . . . . . . o 0 e e
3.4. Time-of-Flight Spectrometer . . . . . . . . ... ... ... ....
3.5. Storage RiNgs . . . . . . . .

Isochronous Mass Spectrometry

4.1. Principle of Isochronous Mass Spectrometry (IMS) ..

4.2. The Experimental Storage RngESR . . . . .. .. ... .....

4.3. Time-of-Flight Detector . . . . . .. ... .. ... .. ......
4.3.1. Secondary Electron Creation . . . . .. ... ........
4.3.2. Motion of Charged Particles in E-Fields and B-Fields . .
4.3.3. Timestamp Determination . . . . .. ... ... ......

The ESR ToF Detector

5.1. Modications and Improvements. . . . .. ... ... .. .....
5.1.1. Eciency of the ToF Detector . . . . .. .. ... .....
5.1.2. Timing properties of the ToF Detector . . .. ... .. ..

5.2. Results of the ToF Detector Test with Uranium lons . . . . . .

5.3. Planned Modications . .. .. .. ... ... ... .....

Data Analysis of Measurements with and without Accurate M omen-
tum De nition in the FRS

6.1. Determination of Revolution Times . . . . ... ... ... ....
6.2. Identication . .. ... . . . . ...
6.3. Matrix Method . . . . . ... ... . ...

13
13
16
17
18
18

23
23
24
25
27
28

33
33
40
43
44
46
50

55
55
55
55
60
62

65
65
71
75



6.4. Limitations of IMS . . . . . . . . .. ... 83

6.4.1. Contribution of ToF Detector and CFD Method . . . . . . 83

6.4.2. Contribution of the Isochronicity of the Ring . . . . . .. . 86

7. Results 91
7.1. Reference Masses . . . . . . . . . .. . 92
7.2. New Masses . . . . . . . . e 95
7.3. Improved Masses . . . . . . . ... 97
7.4. Comparison with Theory . . . . . ... ... ... ......... 100

8. Simulations for the new CR ToF detector 103
8.1. The CollectorRingCR atFAIR . . . . .. ... ... ....... 103
8.2. Foil Diameter . . . . . . . . . ... 104
8.3. Electron Transport . . . . . . . .. . . ... ... ... 108
8.4. MagneticField . . . ... ... .. .. ... ... . 109

9. Design of new CR ToF detector 113
9.1. New Structure of Foil-Frame in the CR-ToF detector . . .. .. . 113
9.2. Results of the Electric Field Simulations . . . . ... ... ... 114
9.3. Results of the Magnetic Field Simulations . . . . ... .. ... 117
9.4. FinalDesign . . . . . . . . . . . . 117
10.Outlook 121
A. Appendix 125
A.1. Experiments with and without Momentum De nition . . . . . . . 125
A2. Analysis . . . . . 126
A.3. Additional Simulation Results . . . . . ... ... ... ...... 131



List

1.1.

1.2.
1.3.

2.1
2.2.
2.3.
2.4
2.5.
2.6.
2.7.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

4.1.
4.2.

4.3.
4.4.
4.5.
4.6.
4.7.
4.8.
4.9.
4.10.
4.11.

5.1.
5.2.

5.3.

of Figures

Deviations of the liquid-drop model from experimentadata versus
neutron number N . . . ... L
Measured abundances of the elements in the solar system. . .
Predictions of di erent mass models for Cd isotopes . .... . . .

Production mechanisms shown in the chart of nuclides

Principle of Fusion . . . . . .. .. ... ... ... ...
Principle of Projectile Fragmentation . . . . . . ... ... .. ..
Principle of Projectile Fission . . . . ... ... .........
Principles of ISOL and In-Flight Facilites . . . . ... ... ...
Principle of Separation of Exotic Nuclei In-Flight . . . .. . . ..
Schematic layout of the high energy exotic nuclear beafacility
at GSI . . .

Principle of Mass Measurements via Q-Value . . . . . . . . ....
Principle of Mass Measurements with a Penning Trap . . .... .
Principle of Time-of-Flight Mass Measurements S
Di erent Types of Time-of-Flight Mass Spectrometers . . . . . .
Principle of Schottky-Mass-Spectrometry (SMS) . . . ... . ..
Principle of Isochronous-Mass-Spectrometry (IMS)

lllustration of orbits for dierentB . . . . ... ... .......
Coecient 1 é as a Function of the Velocity Deviation be-

tween Unknown a(ind Reference Particle . . . . .. ... ... ...
Isochronicity curves fordierentm/q . . . . ... ... ... ...
Comparison between experiments with and wihtolB -tagging
Lattice and Ring Parameters of the ESR . . . . . . ... ... ..
Schematic drawing of the ToF detector . . . . ... ... ... ..

Secondary Electron Spectra . . . . . .. ... ... L.

Electron Transport from foil to MCP detector . . . .. ... ...
Calculated Electron Trajectories in crossed E and B Has . . . .
Walk eects fordierentsignals . . . .. ... ... ........
Principle of the Constant Fraction Discrimination . .. . . . . ..

Transport E ciency Simulation and Measurements . . . . .. . .
Setup and Results of Timing Measurements in Dependerme the
Start Positiononthe Foil . . . . . .. ... ... ... .......
Time Spread for Di erent Kinetic Energies of the Secoraty Elec-
trONS . . . . . e

11

14
14
15
16
17
20

21

24
26
27
29
30
31

34



Vi

54. lonsurvivalinthering . . . ... ... ... ... .........
5.5. Optimum CFD parameters at a sampling rate of 10GS/s . . . .
5.6. Measured Timing Uncertainties in the Online Test 2014 . .. . . .
5.7. Measured Uranium ToF Spectrum from the Online Test 2014.. .
5.8. Inuence of External Magnetic Fields and Acceleration Mtages

of the MCP Detector on the Signal Shapes . . . . . .. ... ...

6.1. Time-of-Flight spectrum obtained in an IMS experiment. . . . .
6.2. Algorithm to identify Patterns in the ToF Spectrum . . . . .. ..
6.3. Residuals of Fits of Di erent Polynomial Order for the Revolution
Time Determination . . . . . ... ... ... .. .........
6.4. Example of the Determination of the Revolution Time andts Un-
certainty . . . . . . ..
6.5. Theoretical m/g values aroundm=q= 2:5 and a revolution time
spectrum measured with IMS . . . . . . ... ... ... .....
6.6. ldentication process . . . . . . . . . .
6.7. Principle of the Correlation Matrix Method . . . ... ... ...
6.8. s-Factor of Di erent m/q Intervals Determined with the Correla-
tion Matrix Method . . . . . . . ... L
6.9. Uncertainties of the Revolution Time for a Timestamp Unagainty
of 125 ps at dierent Turn Numbers . . . . . . .. ... ... ...
6.10. Uncertainties of the Revolution Time for a Timestamp Urertainty
of 50 ps at di erent Turn Numbers . . . . ... ... ... ....
6.11. Uncertainties of the Revolution Time for a Timestamp Urertainty
of 125 ps for 200 Turns and Di erent Detection E ciencies . . ..
6.12. In uence of the Ring Isochronicity . . . . . . ... ... ... ..
6.13. Isochronicity Limits of the ESR . . . . . .. ... ... ... ...
6.14. Summary of Major Contributionsto IMS . . . . .. .. ... ...

7.1. Mass Deviation of Reference Masses (Systematic Error) . . . .
7.2. Mass di erence between extrapolated AME12 mass valuastathis

work for masses measured for the rsttime . . . . . .. ... ...

7.3. Mass dierence between AME12 and this work for masses tvit
improved uncertainty . . . . . .. ... . ...
7.4. New Masses Covered in the Present Analysis . . . . . ... ...
7.5. One-Neutron Separation Energy and Pairing-Gap Energid¢or the
Cadmiumand TinChain . . . . ... ... ... ... .......
7.6. Comparison of lodine Isotopes with Theory . . ... .. .. ..

101

7.7. Dierences between Measuref, Values and Theoretical Prediction§01

8.1. Lattice and Ring Parameters of the Collector Ring . . . . ...
8.2. MOCADI Simulations for di erent Foil Diameters . . . . . . ...
8.3. Isochronicity Limitsofthe CR . . . . . .. .. ... ... .....
8.4. Working phases of the SIMION simulations. . . . . ... .. ..

9.1. Simulation results for di erent foil holders . . . . ... .. .. ..

113

9.2. Comparison between existing foil structure and newlyegigned onel14



9.3. Comparison of eld homogeneity for geometry with and whout
grid . e 115
9.4. Scheme of the Geometry for the Displacement of the MCP f@etor.116
9.5. Simulation of Time Spread for di erent Displacementsfahe MCP
Detector . . . . . . . . e 116
9.6. Simulation Results for the Magnet Field Homogeneity . . . . . . 118
9.7. Technical Drawing of the New CR-ToF Detector (Electrodgonly) 119
9.8. Scheme of the Electrodes and Applied Voltages . . . . .. . .. 120
9.9. Technical Drawing of the New CR-ToF Detector placed inde the
Vacuum Chamber and Magnet. . . . . . ... ... ... ..... 120
10.1. Known and Unknown Masses . . . .. .. .. .. .. ...... 122
10.2. Gain in Transmission for Fission and Fragmentation Bducts of
the Super-FRS comparedtothe FRS . . . . . ... ... ... .. 123
A.1. MOCADI simulations for di erent foil diameters and di er ent num-
bersoftumnsintheCR . . . . . . ... ... ... ......... 131
A.2. Simulated ToF Spectra for a Displacementof 6 mm . . . . . .. 132
A.3. Magnetic Field Simulations for di erent Pole Shoe Diamters and
aGapof258 mm .. ... ... ... .. 133
A.4. Magnetic Field Simulations for di erent Pole Shoe Diamtrs and
aGapof240mm . . . . ... 134

Vil






List of Tables

1.1

5.1.

5.2.

7.1.

7.2
7.3.
7.4.
7.5.

8.1.

9.1.

A.l.
A.2.
A.3.
AA4.

Fit parameters of nuclear binding energies for all knaw2149

masses in 200Fealq. . . . . . . . . 6
Electric and magnetic eld strengths for the initial ard optimized
detector settings. . . . . . . . . ... ... 55
Comparison of the measured time spread for uranium iomsd
-particles. . . . .. 61
Experimental eld settings for di erent isochronous entered ions. 91
List of used reference masses. . . . ... ... .. ... ..... 93
List of masses measured for the rsttime. . . .. .. ... ... 95
List of masses with improved uncertainty. . . . . . .. ... ... 97

Comparison of measured data with models. RMS deviat®rior

| isotopes for di erent theoretical models are presented. nlthis
comparison the new IMS values and the tabluated experimemta
values of AME12 are included. . . . ... ... ... ....... 100

Comparison between ESR and CR ring parameters in the gwonous
Mode . . . . .. 106

Performance and parameters of the ESR and CR ToF deterso . 117

IMS experiments with the FRS-ESR facilities since 2002. . . . . 125
The data points used for the example givenie.L . . . . . . . .. 126
Matrix elements in 3rd order for the isochronous mode ohé ESR.128
Matrix elements in 3rd order for the isochronous mode ohé CR. 130






Zusammenfassung

In dieser Arbeit wurden die grundlegenden Eigenschaften deochronen Massen-
spektrometrie (IMS), wie sie an den Anlagen der GSI, sowie inlnftigen Exper-
imenten an FAIR durchgefahrt wird, experimentell und theoetisch untersucht.
Die Perspektiven und Limitierungen der IMS wurden sorgfalg mit Rechnungen
und Experimenten studiert.

Die Daten von zwei unterschiedlichen, vorherigen IMS-Expenenten an GSI wur-
den kombiniert und mit einer neuartigen Korrelationsmatrkmethode (CMM)
analysiert. Beide Experimente wurden mit dem Fragmentsepator FRS und
dem Speicherring ESR durchgefuhrt. In beiden Experimentewurden Spaltfrag-
mente, die durch?®U Projektile in einem Beryllium-Target am Anfang des FRS
erzeugt wurden, raumlich separiert und in den isochronen3R injiziert. Im er-
sten Experiment wurde die volle B-Akzeptanz des ESR genutzt, wohingegen im
zweiten Experiment das B eines jeden Fragments durch Schlitze in der disper-
siven, zentralen Fokalebene des FRS de niert wurde. So wwdlie magnetische
Stei gkeit far alle injizierten Fragmente auf B =B = 1.5 10 # bestimmt. Die
Ausbeute dieser Analyse sind 25 neue Massen in der Nahe und am R=8chalen-
abschluss. Der Vergleich zwischen den experimentellen Batmit AME Extrap-
olationen und verschiedenen theoretischen Modellen zegrhebliche Abweichun-
gen aufgrund schwacher theoretischer Vorhersagen in dies&lassenbereich. In
dieser Hinsicht muss man hervorheben, dass durch die neugetiAnalysemeth-
ode dieser Arbeit 25 neue Massen gewonnen werden und zusaltizku den bere-
its von uns vem entlichten Ergebnissen hinzugefagt weden konnten. Die vor-
liegende Analyse hat keine Einschrankungen auf die Daten diiefert deswegen
Zugang zu einem neuen Massenbereich. Es ist fast unnetig emmahnen, dass
die neuen Massenwerte zu verbesserten r-Prozessrechnangeslche momentan
durchgefuhrt werden, beitragen werden.

In der vorliegenden Analyse wurde die Matrixmethode von Z. Bg um einen
variablen Skalierungsfaktor (s) erweitert. Dieser wurdeif unterschiedliche Masse-
zu-Ladungsverhatnisse (m/q) bestimmt und als Funktion va m/qg in die Analyse
implementiert. Dies erweiterte den zuganglichen m/q Beieh der Auswertung.
Die Umlaufzeit wurde durch eine Polynomanpassung 3. Ordnuran die Zeit-
marken bei Nnax/2 bestimmt. N« Steht hierbei jeweils far die maximale An-
zahl an Umlaufen, die jedes einzelne lon im ESR gemacht hamIGegensatz zu
vorherigen Analysen wurden keine Einschrankungen an die @ gesetzt. Dies
ermeglichte selbst die exotischsten Kerne, die mit natuegna geringer Statistik
vorkommen, in dieser Arbeit zu erfassen. Die Genauigkeit deeuen Massen-
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werte, welche hauptsachlich durch systematische Fehlemd der Statistik bes-
timmt ist, liegt bei etwa 180 keV.

Die Leistungsfahigkeit des Flugzeitdetektors, die Bestimung der Zeitmarken
(constant-fraction discrimation) sowie die ionenoptis@n Eigenschaften bestim-
men die Genauigkeit und die Limitierung der IMS inklusive deCMM. Diese
unterschiedlichen Beitrage wurden in der vorliegenden At mittels systematis-
cher Simulationen und Testexperimenten untersucht. Ein Haulergebnis dieser
Studien ist, dass die Leistungsfahigkeit des jetzigen Fzeitdetektors fur lonen,
die mehr als 200 Umlaufe im Ring machen, nur einen geringenriiss auf die
Massengenauigkeit hat. Die lonenoptik des Ringes hat dem@ren Ein uss.
MOCADI Simulationen mit erster und dritter Ordnung Transfermatrizen zeigen
dies besonders deutlich far m/q Werte mit gro er Abweichungzu dem m/q Wert
des isochronen lons. Diese Ergebnisse bestatigen diehfwen Feststellungen
[G* 06, dass fur die IMS neben der Umlaufzeit eine Messung der magischen
Stei gkeit oder eine Messung der Geschwindigkeit notwerglist. In zukunftigen
IMS Experimenten kann diese Forderung mit einem neuen duald-lugzeitde-
tektorsystem, welches ebenfalls im Rahmen dieser Diss¢ida entworfen wurde,
erfullt werden.

Das Timing des gegenwartigen ESR Flugzeitdetektors wurdeheblich verbessert,
indem die elektrische Feldsi@rke von 156 V/mm auf 300 V/mm esht wurde.
Durch dieseAnderung wurde die Zeitverbreiterung von 45 ps auf 35 ps redaed.
Die Ergebnisse wurden aus Simulationen gewonnen und mit Tegperimenten
mit Alphateilchen bestatigt. Die exzellente Ubereinstimmung zwischen Messun-
gen und Simulationen war die Grundlage des Entwurfs des auktigen dualen
Flugzeitdetektorsystems, welches im Collector Ring an FAlmRstalliert werden
wird. Die beiden Flugzeitdetektoren werden in einem Abstanebn 22 m voneinan-
der eingebaut und erlauben eine Genauigkeit der Geschwigkleitsmessung von
besser als 10¢, die far eine genaue Massenbestimmung benetigt wird. Dereue
Flugzeitdetektor ist eine gro e Herausforderung, da der Fgindurchmesser im In-
neren des Detektors im Vergleich zum jetzigen ESR Detektoerdoppelt werden
muss. Eine gm ere Folie ist notwendig, damit der Detektorzu der viel gm® eren
Emittanz der gespeicherten Fragmentstrahlen im CR passt. &0 Durchmesser der
geplanten Kohlensto folie betragt 80 mm und die geometrishen Dimensionen
des Detektors sind: 562 mm Breite, 180 mm Hehe und 236 mm Tiefatlang der
Strahlrichtung. Der Entwurf des neuen Detektors wurde erdeitet und die Leis-
tungsfahigkeit in systematischen Simulationen untersint. Das au erordentliche
Ergebnis dieser Untersuchung ist, dass sich das Timing desiaa Detektors, trotz
seiner viel gm® eren Dimension, im Vergleich zum ESR Detéér verbessert hat.
Durch Nachbildung gemessener Daten des ESR Detektors in deim&ationen
wurde die Galtigkeit der Simulationsergebnisse des neudetektors untersucht.
In diesem Sinne sind wir zuversichtlich, dass mit dem neuemialen Flugzeitde-
tektorsystem IMS Experimente ein gro es Entdeckungspotéial besitzen. Dies
gilt besonders fur sehr kurzlebige exotische Kerne, die nkieiner anderen exper-
imentellen Methode erreicht werden kennen.



Abstract

In this work the basic features of isochronous mass spectopy (IMS) for the
present facilities at GSI and also for the future experimestat FAIR have been
experimentally and theoretically investigated. The prospcts and limitations of
IMS have been carefully studied with calculations and expienents.

The data of two di erent previous IMS experiments at GSI havdbeen combined
and analyzed with a novel correlation-matrix method (CMM).Both experiments
were performed with the fragment separator FRS and the exgerental ion stor-
age ring ESR. In both experiments ssion fragments, createdy 23U projectiles
in a beryllium target at the entrance of the FRS, were spati& separated and
injected into the isochronous ESR. In the rst experiment tle full B acceptance
of the ESR was used whereas in the second one the & each fragment was
de ned by slits in the dispersive central focal plane of the RS. In this way the
magnetic rigidity was well-determined for all injected frgmentsto B=B =
1.510 4. The harvest of this analysis is 25 new masses near and at the 82
shell closure. The comparison of the experimental resultstivthe AME extrapo-
lation and di erent theoretical models reveal signi cant d erences due to the low
theoretical prediction power of the calculations in this mss range. In this respect
one has to emphasize that due to the novel analysis method ihig work these
25 new masses could be extracted additional to our previousllready published
results. The present analysis has no restrictions to the datand thus gave access
to a new mass region. It is almost needless to mention that theew mass values
will contribute to improved r-process calculations which i@ in progress.

In the present analysis the matrix method of Z. Patyk was extaled with a
variable scaling factor (s). The scaling factor was determed for each mass-
to-charge ratio (m/q) of the measured ions and implementedsaa function of
m/q in the analysis. This has extended the accessible m/q rge. The revolution
time was determined via a 3rd-order t of the time stamps at \.ax /2, where Npax
represents the maximum number of turns an individual ion hagached circulating
in the ESR. Contrary to previous analysis works no restriotin was applied and
thus the most exotic nuclides with naturally low statisticsvere included here. The
accuracy for the new mass values are about 180 keV which is nigidetermined
by the systematic error and the statistics.

The performance of the ToF detector, the extraction of the the stamps (constant-
fraction discrimination), and the ion-optical propertiesdetermine the accuracy
and limitation of IMS including CMM. These di erent contrib utions were inves-
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tigated in the present work by systematic simulations and & experiments. A
main result of these studies is that for ions that circulate @ turns or more the
present timing performance of the ToF detector has a minor inence on the
possible mass accuracy but the ion-optics of the ring. MOCARimulations with
rst- and third-order matrices clearly demonstrate the later statement, especially
for m/q values far from the isochronous ion. This result comms the previous
statements [5* 0] that for IMS one has to measure the revolution time and inde-
pendently the magnetic rigidity or the velocity. In future IMS experiments this
requirement can be ful lled with the new dual ToF detector sgtem designed in
the frame work of this doctoral thesis.

The timing performance of the present ESR ToF detector has be substantially
improved by increasing the electric eld strength from 156 WWnhm to 300 V/mm.
This change has decreased the time spread from 45 ps to 35 phke Tesults were
obtained in simulations and veri ed in test experiments wih alpha particles. The
excellent agreement between measurements and simulatidres been the basis
for the design of the future dual time-of- ight detector sysem which will be
installed in the Collector Ring of FAIR. The two ToF detectorswill be installed
about 22 m apart and allow a velocity determination of bettethan 10 # which is
needed for accurate mass determination. The new ToF detecis a big challenge
because the foil diameter has to be doubled compared to theepent ESR detector.
The increase in size is needed to match the much larger emiitae of the stored
fragment beam circulating in the CR. The diameter of the planed carbon foil is
80 mm and the geometrical dimensions of the detector are:

562 mm width, 180 mm height, and 236 mm length in beam directio The design
of the new detector was done and the performance investigdten systematic
simulations. The excellent result is that despite of the murclarger dimension
of the detector the timing performance has even increasedngpared to the ESR
detector. The validity of the results from the simulation pograms has been tested
by reproducing the measured data of the present ESR detectdn this sense we
are con dent that with the new dual ToF detector system IMS eperiments have
a large discovery potential especially for the very shorived exotic nuclei that
cannot be accessed by other experimental methods.



1. Introduction

The origin of modern nuclear physics was the discovery of radctivity by Henri
Becquerel and experiments by Pierre and Marie Curie. Theirokk was honoured
with the Nobel Prize in physics in 1903Nlob14. In the following years many im-
portant experiments were performed to establish a new and ter understanding
of the atomic structure. In 1909 Ernest Rutherford and his stdents Hans Geiger
and Ernest Marsden performed the famous scattering expemmt with -particles
on a gold foil that completely changed the understanding ohe atoms GMQ9].
Rutherford concluded from the results that almost the comglte mass and the
positive charge of the ions have to be concentrated in its §rcentre, the nucleus.

Further experiments with -particles and hydrogen atoms showed, that the mass
of an -particle is less than 4 times the mass of hydrogen. Arthur Stéey Edding-
ton connected this so called "mass defect" in 1928dd20 to the popular equation
by Einstein E = mc? and it was believed that it is the source of stellar energy.
After the discovery of the proton by Ernest Rutherford (1920JRut20] and the
neutron by James Chadwick (1932)Gha33, the two nuclear constituents were
known and descriptions of nuclei as we know them today, e.g-particles(=5He)
consist of 2 protons and 2 neutrons, were possible. Later @stigations and theo-
ries showed that the mass di erence (mass defect) between aund nucleus and
its constituents is a result of the binding energy of the nuelis. Carl Friedrich von
Weizsacker introduced a rst (semi-empirical) mass modah 1935yW35]. This
model made it possible to predict the masses of nuclei with elient compositions
of neutrons and protons in a good approximation.

1.1. Mass Models

A nucleus can be described by its element symbXl, that is given by its charge

number Z and its mass numberA. It is the sum of charge number and number
of neutronsA = Z + N. In some cased is stated as an additional information

as well2X.

The mass of an atom with a given number of neutrons N and a numbef protons
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Z can be written as

M(N;Z) = ]Z mp+ N Pgn BEnucleﬁ"’F Me {?Eelectron}:; (1-1)

nuclear contribution atomic contribution

where m,, m,, me are the rest masses of a proton, a neutron and an electron
respectively,BE nycear IS the nuclear binding energy, an®E ¢jectrons iS the binding
energy of the electrons for a neutral atom. Since the massdsneutrons and
protons are well known, the contribution of the nuclear binohg energy is the
value of interest. The goal of mass models is to describe anegict this binding
energy.

A rst approach to introduce a general formula for the bindirg energy of any
nuclei2X was given by Weizsacker and BethevjV35]. The idea of this model is
that a nucleus can be described as a liquid drop. This liquidrop model includes
several terms. The model includes a volume ternvdl), a surface term 6f), a
coulomb term, an asymmetry term §ym) and a pairing term. Most of them are
based on a macroscopic picture:

8
362 < 42 : e-e nuclei

BE nuctear(A; Z) = @A+ agA”S+ —Z°A B+a,Al%+ 0, e-oor o-e nuclei
Sro " 2; o0-0nuclei
(1.2)
In this casel = ¥ and all other parametersa, ass, 8sym, o, and are free t
parameters that can be tted to all known measured masses. Thcan be done
for example for all known 2149 masses collected in the Atormass Evaluation
2003 RAWTO03]. The results of the free t parameters can be found in tablé.1

Table 1.1.: Fit parameters of nuclear binding energies fotl &known 2149 masses
in 2003 Pea01.

Parameter Value
Ayol -15.697550 MeV
Asf 17.662690 MeV
Asym 26.308165 MeV
Ass -17.003132 MeV
ro 1.221897 fm
-1.250000 MeV

In gure 1.1the di erence between the calculated binding energy of theguid-drop

model and the experimental data for nuclides with di erent mmber of neutrons
is plotted. One can recognize a pattern that leads to largerediations of the
formula for certain numbers of neutrons, namely at N= 20, 28,05 82, 126. This
was a clear signature for the shell structure in nuclei. At thse N values the
corresponding nuclei were stronger bound than predicted.
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Figure 1.1.: Comparison of calculated nuclear binding ergges from the liquid-
drop model and the experimental data versus the neutron nureb N
[Pealq

The deviation is a good indication for a substructure existg in the nucleus that is
not considered by the liquid drop model and has to be invesagged further. As we
know today this substructure can be explained by the nucleahell model. A shell-
correction term was included in the liquid drop model by Myes and Swiatecki
in 1966 MS6€6. Nevertheless this macroscopic model has its limits. A more
promising approach for modern mass models is the considéoat of microscopic
e ects.

A pure microscopic theoretical solution for masses of nuidéis of any composition
can be formulated with the nuclear many body Hamiltonian.

H=E (1.3)
with
2 X ) X X
H= oy it Vit Vi (1.4)
i i>] i>j>k

Unfortunately, the solution of this Schredinger equation $ very di cult and no
available solution ful lls the required accuracy for astrphysical applications. The
approach of semi-empirical mass models (as already done bgi¥¢acker) has to
be used again, as it is the only way to achieve a mass model wittasonable ac-
curacy. At this point there are two possible ways to achieveeésible and reliable
mass models.
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One way is to go back to the Weizsacker formula and re ne it vt a lot of addi-
tional parameters. This approach leads to the so called mascopic-microscopic
models ,e.g. Finite-Range-Droplet Model (FRDM) and FiniteRange-Liquid-
Drop Model (FRLDM) [ MNMS95.

The other possibility is the so called Hartree-Fock model wth simpli es the
many body problem from equationl.3 and uses an e ective shell model Hamil-
tonian

He = —  r2+ V¢ (1.5)

i i>j

With this Hamiltonian, it is possible to construct a forcev; and tits parameters
to known mass values. A force that was found in this way and thas used in
many mass models is the 10 parameter Skyrme foréeh01[SGP04. Since this
model still lacks the possibility to handle pairing correlaons the Hartree-Fock-
Bogoluibov (HFB) method is introduced into the theory by addng an additional
pairing force.

Over the past years, a lot of additional contributions and pisical phenomena
have been included in the development of HFB models, which lemnew versions,
e.g. from HFB14 in 2007 GSP07 to HFB27 in 2013 GCP13.

1.2. Motivation for Mass Measurements

The application of macroscopic-microscopic or pure micragpic (HFB) approaches
and the information from new measurements led to the develm@nt of numerous
di erent theoretical mass models. The predictive power in aew mass region
Is a crucial criterion for the validity of a model or semi-emipical formula. New

mass measurements of known masses with higher accuracy ané éxtension in
unknown regions are both crucial tests for theoretical deggtions. However, a

good mass model must in principle also be able to predict othbasic nuclear
properties, like lifetimes and radii, if the strong interation is well included.

The knowledge of the nuclear binding and structure is the basto understand
also the creation of matter in the universe. The nucleosynéisis of the chem-
ical elements is closely connected to the nuclear propesie Figure 1.2 shows
the measured abundances of chemical elements in the solasteyn compared to
theoretical predictions based on di erent mass models.
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Figure 1.2.: Measured abundances of the elements in the sadgstem (lled cir-
cles) compared with theoretical predictions based on di ent mass
models ArclQ].

The creation of elements started with the big bang and the faration of hy-
drogen. After the clustering of matter, the formation of stas, hydrogen fusion
was ignited due to the gravitational pressure and the corraled temperature
rise. Fusion processes in stars can energetically producdycelements up to iron
(exothermic reaction).

The origin of trans-iron elements is believed to be in supesmae explosions. In
those explosions neutron capture creates the heaviest kmoelements in the uni-
verse. Whilst the pretty well known p-process (proton capte) and other pro-
cesses on the proton rich side of the nuclear chart explainnse of the observed
solar system abundances, they do not explain everything vehi means other pro-
cesses have to be involved. On the neutron-rich side of theahear chart the so
called r-process (rapid neutron capture) add neutrons to aed nuclei on di er-
ent timescales and leads to the formation of heavier nuclebim -decay. The
synthesis along the so called r-process path is crucial fdret explanation of the
abundances of those elements not producible by proton captuprocesses, but
it is still not completely understood. The investigation ofvery neutron rich el-
ements is not easy, since the production rate in the most mauteaccelerator
facilities is fairly small. Presently the r-process path isnainly based on theoret-
ical predictions with large uncertainties and has to be vead experimentally by
measuring the masses of those very neutron rich nuclei. Sintbe binding energy
of a nucleus is approximately only 1% of its total mass it is messary to measure
the mass very precisely.

Depending on the physical problem, the needed accuracy teeld new informa-
tion should be between m=m 10 ® 10 7 for nuclear structure and nuclear
astrophysics down to a requirement of m=m 10 @ for fundamental questions
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like weak interactions [PTO03][Bla06[FGMO08].

One of the above mentioned accelerator facilities that enks experiments with
exotic nuclei is the "GSI Helmholtzzentrum far Schwerioneforschung"” in Darm-
stadt, Germany. After producing the nuclei they can be sepated by the Frag-
ment Separator (FRS) and stored in the Experimental Storageing (ESR) where
Isochronous Mass Spectrometry (IMS) is used to measure vgmecisely and ac-
curately the masses of nuclei with half-lives down to a fewre of s [S"10].

The work presented in this thesis can be divided into two past The rst part
describes the recently performed improvements on the exigg IMS performance
at the FRS-ESR facility and presents mass measurements of 2&wly measured
masses gained with a new data evaluation approach from expeents performed
in 2002 and 2006. The second part concentrates on the develgmt of a new
dual time-of- ight (TOF) detector system, which will be employed in the future
Collector Ring (CR) at the FAIR facility, and which allows the investigation of
even more exotic nuclei as well as measure them with a highecaracy.

As stated above, there are many di erent mass models. In gema¢rmost models

reproduce well all masses in the range of experimentally kmo nuclei, but show

large deviation for new regions. This is shown in gur&.3. For known masses all
models are in good agreement but for new regions, the predact power is poor,

especially for models with a large number of t parameters.

This means, it is absolutely necessary to perform new acctgamass measure-
ments of nuclei in unknown regions of the chart of nuclides. &8s and lifetime

measurements are the most important properties of any disered nuclide. These
measured new values yield valuable tests of the predictiorower of theoretical

models.

On the next pages, the superheavy elements production andetlexperiments
to measure their masses will be explained. The focus of thisesis will be the
presentation of masses measured for the rst time with the éehronous Mass
Spectrometry (IMS), as well as a discussion of the limits arfdture perspectives
of the method.

10
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Figure 1.3.: Experimental WAW12] and calculated P*96, MNMS95, A*95,
P*96, DZ99 mass values for cadmium isotopes. The region of exper-

imental mass values is indicated by the grey area. The extrajated
values from AME2012 WAW12] is included by full circles
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2. Production and Separation of
Exotic Nuclel

The most interesting species for nuclear research are raafitive short-lived nuclei
far away from beta stability, because they reveal new basiecgperties, like novel
matter distribution, excitation and decay modes. Those nuei do not exist on
Earth but in stellar environments they are still produced. Therefore, exotic nuclei
have to be produced in nuclear reactions in the laboratory towvestigate their
unusual properties. However, exotic nuclei represent a gteaxperimental chal-
lenge, because in general their production cross sectioms gery small and their
lifetimes short. The consequence is that one needs poweradcelerators with
large primary beam intensities and fast and e cient separairs in combination
with spectrometers and detectors.

2.1. Nuclear Reactions

The rst man-made nuclear reaction was performed by Ernest iRherford in
1917 and published in 1919Rut19]. He shot -particles onto nitrogen-14 which
transformed into oxygen-17 ¥*N(* ,*H)*’0O). Following his example many other
experiments have been performed to arti cially produce newsotopes or even
new elements. By varying the experimental parameters (pregtile energy, pro-
jectile particle, target material, etc.), di erent reactions can be chosen for the
production of the nuclei of interest. One distinguishes beeen three reaction
mechanisms:

1) Fusion
i) Fission
iif) Fragmentation

Figure 2.1 demonstrates which nuclei can be best produced via fusiorgsion and
fragmentation. While fusion processes mainly create prateich nuclei it is not
feasible to use fusion to create neutron-rich particles vhitstable projectile-target
combinations. To access very neutron rich areas one has tceusagmentation.
Fission products can reach medium mass nuclei and their distution depends
mainly on the excitation energy of the impinging projectile

Which one of the above mentioned scenarios will take placepdds mainly on
the chosen energy of the projectile and the target material.

13
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N ——

Figure 2.1.: The di erent areas of exotic nuclides togethewith their established
production mechanisms are shown in the chart of nuclides Wwithe
magic numbers in N and Z, the proton drip lineB,, the neutron drip
line B, and the ssion barrier B at 4 MeV [GHMD14].

Projectile energies close to the Coulomb barrier allow thergectile to fuse with

the target nuclei and form a heavier compound nucleus in an @ted state (see
gure 2.2).

Projectile  Target Fusion
Products
Figure 2.2.: Scheme of Fusion. In the fusion process two reicbvercome the

Coulomb barrier in central collisions and fuse into a heaviexcited

compound nucleus which de-excites by emission cfays and nucle-
ons.

The compound nucleus de-excites by emitting-rays and evaporation of nucleons.
The formed compound nucleus only survives if the de-excitah happens via

14
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emission. Because of momentum conservation the compoundlews carries the
total momentum of the projectile:

¥iusion = _erel ¥proj » (2.1)

whereA,; is the mass number of the projectileAy is the mass number of the
target nucleus, andvssion and ¥ are the velocities of the fused nucleus and the
target, respectively.

By increasing the energy of mostly heavy nuclei (such as, e.granium) up to
relativistic energies and using light target materials (sth as, e.g. beryllium)
fragmentation of the projectile nucleus occurs, see gur23.

Projectile e Ablation

Abrasion Fragment

Figure 2.3.: Scheme of projectile fragmentation. Fast heaprojectiles interact
with target nuclei in peripheral collisions. In the abrasio stage nu-
cleons are removed and a pre-fragment is formed. The de-¢axton
process ablates nucleons and clusters.

In the collision nucleons are removed from the projectile aiabrasion and a pre-
fragment is formed in an excited state. The pre-fragment dexcites via ablation,
which leads to the nal fragment that then can be transportedo di erent exper-
imental areas. Since the energy deposition is small, the weity of the fragment
is approximately the same as the velocity of the projectile.

Virag Yproj s (2 . 2)

with ¥q,9 and ¥, being the velocity of the fragment and the projectile, respe
tively.

15
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Projectile

Fission
¥ Target Fragments

Figure 2.4.: Scheme of electromagnetic projectile ssiollectromagnetic excita-
tion occurs in distant collisions with impact parameters leger than
the strong interaction zone. The interaction of their Coulmb elds
excites the nucleus which then may de-excite by evaporatiaf nu-
cleons and ssion. Projectile ssion can also be induced bybeasion
(Abrasion-Fission) in the rst collision process. A nucleomemoval re-
action creates a residual nucleus with an excitation of abb80 MeV.

By passing a heavy nucleus with another heavy nucleus the Gomb interaction
between both nuclei can excite the projectile which then dexcites by evaporating
single nucleons or ssion. The impact parameter of the impging projectile is
an important parameter that determines the distribution ofthe ssion products.
Large impact parameters (i.e. peripheral reactions) leadtasymmetric product
distributions with a light and heavy group HS39[Wag91][Ich12]. The velocity
distribution of the ssion products ¥,q is rather large due to the velocity of

the projectile ¥, and the additional velocity ¥ss added by the ssion process
itself.

2.2. Separation of Exotic Nuclear Beams

Exotic nuclei can be produced by the reactions described imé previous sec-
tion. Unfortunately, the most interesting and most exotic nglei have very small

production cross section down to the pico-barn domain. Thefore, these species
can only be studied if the non-reacted primary beam and all habundant less

interesting nuclides have been removed.

Over the last 50 years, mainly two di erent separations havéeen established.
One is the so called Isotope Separator OnLine (ISOL) methocha the other one
is the in- ight method. Recently, a combined separation sc&rio has been es-
tablished in addition. The in-ight separated exotic nucle are energy bunched
and stopped in a helium lled gas cell. The reviews by Geisset al. [GHMD14]

16
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and Blumenfeld et al. BND13] give a detailed overview of the modern develop-
ments of separation techniques for exotic nucei. A " ow chdl of the di erent
techniques can be found in gure2.5.

_ In-Flight +
a) ISOL b) |n'F||ght C) Stopp|ng Cell
lon (protons) lon (HI) lon
Acceleration Acceleration Acceleration
Production Target — Production Target | — Production Target
(110 glem’) (several g/lcm’) (several g/cm®)
lon Electromagnetic
Source Separator
. . lus
Electromagnetic Electromagnetic )
Separator Separator 0.1-500 MeV/u
Stopping
~1s <1us Cell
10-100 keV 1-1000 keV
long Trap lon< Trap
Source I::I (Source
Storage Collider ~1ms
Rings
Post Post
Accelerator Accelerator
Secondary Secondary Secondary
Target Target Target

Figure 2.5.: Principles of ISOL and in- ight facilities andtheir combination. The
ISOL (panel a)) and in-ight (panel b)) methods are powerfuland
complementary for the production and separation of exoticutlides.
The combination of an in- ight facility with a gas- lled sto pping cell
presents the advantages of both methods (panel c))

[GMR95, GHMD14].

2.2.1. ISOL Facility

The rst beams separated with the ISOL method were reportedni 1951 by O.
Kofoed-Hansen and K.O. NielsenKHN51]. The idea is to produce the ions of
interest with a high current ion beam (achievable with lightelements) impinging
on a thick and heated target. The nuclei of interest are prodied in the target,
thermalized and di use toward the target surface. From the drget surface they
are transported into an ion source for ionization and are aelerated to energies
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typically between 10-100 keV. These accelerated ions canithiee separated ac-
cording to their mass-to-charge (m/q) ratio by electrical ad magnetic elds and
transported to designated experimental areas.

While the very intense ion beams allow for a high productionate in the tar-

get itself, the extraction e ciency and the di usion process out of the target are
limiting factors for the yield of the extracted ions since itdepends strongly on
the chemical properties of the selected elements. Anothersddvantage of this
method is the relatively long time that the elements need toidise to the sur-

face, which makes it impossible to extract secondary ion lrea consisting of very
exotic (hence short lived) nuclei. The minimum half-life ohuclei in the beam
achievable is in the order of a few tens of m87199.

2.2.2. In-Flight Facility

An in- ight separator uses relatively thin production targets and takes advantage
of the high kinetic energy of the reaction products. The sepation time is only
limited by the time-of- ight through the separator elements and is usually less
than 1 s, at relativistic energies several hundred nanosecondsegd2nding on
the energy domain of the primary beam di erent spatial sepation scenarios can
be applied. At low energies near the Coulomb barrier eleatrand magnetic elds
can be applied, whereas at relativistic energies the electrelds are replaced by
the separation properties of atomic energy loss in shapedidanaterials. Elec-
tric sector elds reach at high rigidities a technical limitfor realisation. Gas- lled
separators are applied for fusion products and are besidesocity Iters the most
successful facilities for the research with superheavy mlents.

The main advantages of the separation in- ight is the univesal access of very
short-lived exotic nuclei, the spatial separation withoutny in uence of the chem-

ical properties of the fragments, and nally the high kinem#c energies which

directly allow the investigation of exotic nuclides via semdary nuclear reactions.
The combination of the in- ight production and separation echniques with stop-

ping in a gas-lled cell opens up new experimental elds forolv-energy high

precision experiments with traps P* 13]. This separation principle is illustrated

in the right panel of gure 2.5

2.3. The Fragment Separator FRS

The heavy-ion results presented in this thesis have been abted in experiments
performed with the FRS-ESR facilities at GSI. Detector tes have been made
with  -particles in the laboratory or in the ESR test chamber.

Projectile fragments and ssion products have been produdeavith primary beams

18
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delivered by the UNIversal Linear ACcelerator (UNILAC) and the eavy-ion syn-
chrotron SIS18 with a maximum magnetic rigidity of up to 18 Tm The UNILAC

Is capable of pre-accelerating any stable element rangingrh hydrogen up to
uranium to an energy of 11.4 MeV/u AS69. These accelerated beams are in-
jected into SIS18 and post-accelerated up to 90% of the spesdight depending
on the ionic charge state BF92].

The primary beams from SIS18 are focused on the productionrggets placed
at the entrance of the FRagment Separator (FRSY3* 92h]. The production tar-

gets are most often beryllium targets but can also be made oédwier elements
depending on the experimental goals. The targets are rekadly thin, of the or-

der of 10% of the atomic range of the projectiles. The kinetienergies of the
fragments emerging from the target are in the range of 70-90 &6 the velocity

of light. Most ions are fully ionized at these high velocitie thus the charge-state
population is no problem for the in- ight-separation.

The FRS has 4 magnetic dipole stages with quadrupole and h@xde magnets.
The maximum magnetic rigidity of the FRS is 18 Tm. The FRS has B®ranches
which are used in combination with di erent experimental seips. One branch
injects the spatially separated beams into the storage rirgSR for accurate mass
measurements. The spatial separation is based on two-foldagnetic rigidity

analysis in front and behind the shaped energy degradé3 ( E B separation
method)[G* 92b, SG9§.

The ion-optical system of the FRS is achromatic at the nal foal plane. The
energy degrader is relatively thick, of the order of half othe atomic range of the
selected fragments. The degrader is shaped such that the emhatism is pre-
served at the nal focal plane. An achromatic system has the Beperformance
for spatial separation of mono-isotopic beams. The prindg of the B - E-B
separation with the FRS is shown in gure2.6.

The FRS is primarily a powerful separator but represents sinftaneously also a
high-resolution spectrometer. This property is used in a loit experiment com-
bined with the isochronous ESR analysed in this thesis. The Bresolution in
the central focal plane of FRS can be used to determine the welty spread of
each fragment beam before it is injected in the ESR. In expearents with the
ESR fast-extracted beams from SIS18 have to be used thus thatly with me-
chanical slits one can realize such a momentum de nition. laxperiments with
slow-extraction from SIS18 of course, one can use positieeasitive detectors
in coincidence. Note that the isochronous operation of the ESwith uncooled
beams has only a moderate transverse resolving power. Howetke ESR has
always a high longitudinal B resolving power, which can be used in frequency
measurements for accurate mass and lifetime experiments.

In experiments with the goal of mass measurements in the ESRet degrader
at the FRS is usually thin or even omitted to measure simultagously a broad
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production target I 20.000 m A
4
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beam D, D,

Br, Br,

Figure 2.6.: Principle of the in-ight separation of exoticnuclei with the FRS
applying the B - E-B technique. The 4 dipole stagesY;-D,) in-
cluding the quadrupole and hexapole lenses are shown togathwith
calculated envelopes in the dispersive plane. The shapecdry de-
grader is placed in the symmetric midplane of the ion-optitaystem.
The overall system is achromatic as it is demonstrated withhe cal-
culated ion-optical trajectories.

spectrum with known and unknown masses. A schematic layout the complete
SIS-FRS-ESR system is given in gure.7.
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injection production
from target
UNILAC
Br -tagging
injection of
spatially separated
exotic nuclei

Figure 2.7.. Schematic layout of the high energy exotic nwdr beam facility at
GSI. It consists of the synchrotron SIS18, the fragment sefador
FRS and the experimental storage ring ESR. The third branchfahe

FRS with the experimental setups in the other caves are not sfvn
in this picture.
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3. Methods of Mass Measurements

The determination of atomic masses can be performed with mali erent ex-

perimental methods. Often special beam preparations are gessary to perform
mass measurements. For example, they can include the stamgpiof relativistic

ion beams in a gas- lled cell or the storage of a pulsed beam am ion storage
ring.

Historically, one has distinguished between indirect (e.gQ-value) and direct
(e.g. Isochronous Mass Spectromentry) mass measuremeisth methods have
advantages and are characterized by di erent systematic rers.

3.1. De ection in Magnetic and Electric Fields

The rst mass-spectrometry experiments were performed ir@12 by Joseph John
Thomson [Thol2] and 1919 by Francis William Aston Ast19]. They used a
simple spectrometer that de ected di erent ion species aceding to their mass-
to-charge ratio and velocity. With the known magnetic eld ¢rength (B), known
charge state () and knowledge of their velocity ¥), it was possible to measure
their masses in) directly by the determination of the bending radius . They
obtained accurate mass values by reference measurementth wnown masses
in the same spectrum. This experimental method is still ap@d in modern
experiments nowadays.

[l
ol|3
W<

0

m
a (3.1)

Although the mass resolving power ((m/ m) (130-600)) of these pioneer exper-
iments were not high, yet the nature of isotopes was discoeer. F.W. Aston has
207 isotopes discovered by his mass measurements! The setofpthe pioneers
have been steadily improved. In a double focusing mass speateter (Mattauch-
Herzog geometry and Nier-Johnson geometry) an ion beam withelient kinetic
energies is rstly separated according to its kinetic energs in the electrostatic
sector eld and secondly de ected by the magnetic sector dl according to its
momentum, hence its mass-to-charge ratio is the nal resulfThe ions were singly
charged thus the mass values were directly extracted.

The kinetic energy in an electrostatic eld with potential U is given by
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Ein = %mvz = Uq (32)

This means that by combining magnetic and electrostatic @ls (combining equa-
tion 3.1and 3.2) one can determine the mass-to-charge ratio by

BZ 2
2U

m —
h (3.3)

With this formula the mass resolving powelR of a double focusing sector eld
with constant magnetic eld B and constant electrical potentialU is

— m f—
R= — = (3.4)

2
These double focusing sector eld mass spectrometers are ttlassical mass an-
alyzers. Advantages are the high reproducibility of the measements, the high

resolving power (up to 100,000), and the large dynamic rang&he limitations
of the method are the large geometrical setups and the highsto

3.2. Q-values

Another approach is to measure the mass of an unknown nucleua determina-
tion of the Q-value of a nuclear reaction, see principle in gre 3.1

e P- -8 0
ma mA mb mB

Figure 3.1.: Principle of mass measurements via Q-value nseeements. The in-
cident projectile with mass m, interacts with target ma. In the
reaction my and ejectilemg are created and the binding energ® is
released.

For a nuclear reaction
a+A! b+B (3.5)

with a,A,b,B being di erent nuclei involved in the reaction, the Q-valuas de ned
as
Q=[(ma+ ma) (Mp+ mg)]c (3.6)
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or via the total initial and nal kinetic energies E["" and E 22 , respectively

x . X
Q= Ea" Eyin - (3.7)

If three masses are known the unknown mass can be determindthe Q-value is
also completely determined if all kinetic energies are measd.

Similar to the Q-value measurements, one can measure radibee decays in

order to access new masses. In these kind of measurementsl@tlay products
and their energy have to be measured and identi edH[" 79]. In most applications

(especially for superheavy elements) the nuclei of intetegre implanted into a

silicon detector where the decay products are recorded. Tiask is simple for

pure alpha-decay into the ground state of the daughter. Thimethod is success-
fully used for example in experiments at the Separator for Hea lon reaction

Products (SHIP) [MFH* 79 [H"12b. In this way the reaction products have
been unambiguously identi ed by A and Z.

A disadvantage of mass measurements via the Q-value methadthat all decay
products and possible excited states have to be known.

3.3. Penning Traps

Penning traps are used for direct mass measurements at lowabe energies. At
most ISOL facilities the masses of the created ions are meeesd with one or
more Penning traps. The condition that the kinetic energy othe secondary
beams from an ISOL system is about 10 - 100 keV it is ideal to &gt the exotic
nuclides in traps.

However, it is also possible to use secondary beams from ight separators.
This is done, for example, with the SHIP velocity Iter MFH™ 79]. The fusion
products are stopped after in- ight separation in a gas- led stopping cell and
from there extracted for the Penning-trap measurement.

In a Penning trap ions are injected via tiny holes in the end s and con ned by
quadrupolar electrical elds in axial direction and by a magetic eld parallel to
the beam axis in radial direction. The trajectories in the tap are dependent on
the applied magnetic eld strength and the mass-to-chargeatio of the injected
ion. The motion is a superposition of three independent matms namely the
modi ed cyclotron motion ! ...+, the magnetron motion! .4, and the axial
motion ! giar .

The mass information of the ion in the trap is given by the cyokron frequency:

! eyclo = %B =1 cyclot Tt ! magn (3.8)
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The axial motion can be neglected in the cyclotron frequencwhich is induced
by the magnetic eld, because the axial contribution of the ragnetic eld is O.

A schematic view of a Penning trap and the three super positied frequencies
can be found in gure3.2

modified cyclotron motion

axial and magnetron
motion

Figure 3.2.: Panel a): Principle setup of a toroidal penningrap. The electrode
shapes, the applied electrical potential, and the magnetield are
shown. Panel b): Shown are the magnetron, modi ed cyclotroand
axial motion, which are the basic motions inside a penning ap.
[Heil2

The measurement of the cyclotron frequency can be done in #&& di erent ways:
the Fourier transform of the ion cyclotron resonance (FT-IR) [MHJ98], the
time-of- ight ion cyclotron resonance (ToF-ICR) [K* 95|, and the phase imaging
ion cyclotron resonance method (PI-ICR)Gon14. In the FT-ICR the cyclotron
frequency is measured by a pair of electrode plates picking mirror charges that
can then be analysed via Fourier transformation.

In the ToF-ICR a time-of- ight resonance curve is measuredhat yields the cy-
clotron frequency. An additional electric radio-frequencys applied to excite the
ion in the trap. If the applied radio frequency is close to theyclotron frequency,
the radial motion increases. The variation of the radial mabn leads to the cor-
responding variation in the time-of- ight for the ion ejected from the trap onto a
ToF detector.

The new PI-ICR method measures the phases of the magnetrondamodi ed
cyclotron ion motion, accumulated after a given period of # excitation-free
phase evolution which increases the accuracggnlq but also relies on measur-
ing the ToF as in the ToF-ICR method.

The mass resolving poweR of the ToF-ICR method for a measurement time
tis

Iyl
R = im - CZVC'O (3.9)
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3. Methods of Mass Measurements

The advantage of Penning traps are high accuracy and resaigipower. However,
they cannot access the most exotic nuclei with half-lives gstib ms. A measure-
ment time in the order of seconds is required to achieve a vemgh accuracy.

3.4. Time-of-Flight Spectrometer

The Time-of-Flight (ToF) mass measurements use the relatiobetween the ight
time t and the covered distancé. determined by a given kinetic energK . The
kinetic energy is determined by an acceleration voltagd.

r— r
L m m
—=L —=L — A
v 2K 2Uq (3.10)

lons with the same kinetic energyK but di erent mass-to-charge ratios have
di erent velocities v, which causes a separation in time. With known calibrants in
a ToF mass spectrometer a calibration curve with the simpleocrelation m=q=

a; t>+ a, can be tted that allows to measure masses for unknown ions @n
molecules. Figure3.3 shows the three main parts of a ToF-mass spectrometer.
The ions are created and stored in the ion source. A startingufse opens the
ion source and allows the ions to leave into a eld free driftpace (the analyzer).
Here the separation of the di erent masses happens and in thest stage the time
signals are detected by detectors that yield the ToF spectnu for all measured
ions.

lon source Analyzer Detector

g

o—— o

O O~ 0O- O

(vassssssssvssmssmns
<

S

Int & t(m,)
t(m,)

A ‘

Time of Flight

Start Stop

Figure 3.3.: Principle of time-of- ight mass measurements lons are produced
in an ion source and released with the same kinetic energy onan
analyzer where they are separated in time according to them/q
ratio. A detector system records the time of arrival of eaclon which
leads to a ToF spectrum from which the masses of the ions can be
determined.
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3. Methods of Mass Measurements

In measurements the ions can dier in their start position aswvell as in their
start velocity. This leads to a broadening of the measured Fospectrum for one
species and decreases the mass resolving poRer m= m. These in uences
can be partly compensated by using ion optics that shift theoscalled time and
energy focus onto the detector plane. A simple example of hdw compensate
is an electrostatic re ector as shown in panel (b) in gure3.4 that de ects the
incoming ions by 180. lons with larger kinetic energy penetrate deeper into
the re ector, whilst slower ions are re ected faster and lez the re ector earlier.
Beside the possibility to shift the time focus of the ions toard the detector, the
re ector allows to measure the absolute ToF more preciselysahe total ight
path also increases. Pushing this principle even furtherelds the possibility to
build a multiple re ection time of ight mass spectrometer (MR-ToF-MS) (panel
(c) of gure 3.4) that can prolong the total ight path [ DicO6] [Dic10]. With the
MR-ToF-MS a mass resolving power of 500,000 (FWHM) can be aeked. Other
types of time-of- ight mass spectrometer can also be found igure 3.4

The mass resolving poweR is for a constant ight length L and a constant
electrical potential U according to equation3.10

t

5 (3.11)

m
R= — =
m

A disadvantage of the ToF mass spectrometry is that only putsl beams can be
used.

3.5. Storage Rings

Another method to measure the masses of nuclei by their ToF ava certain
distance can also be accomplished in storage rings. Thosessianeasurements
in rings were proposed in 198Wol87d [WWV87] [FGM87] and later demon-
strated in the Experimental Storage Ring (ESR) at GSIG* 924 [R* 97] [W™ 97].
Two complementary methods to deduce the masses of nuclei bgasuring their
revolution time in the ring are established. These methodsra the Schottky-
Mass-Spectrometry (SMS) and the Isochronous Mass Spectremy (IMS).

Whilst di erent kinetic energies of ions lead to uncertaintes in mass measure-
ments via the already presented ToF method in sectioB.4 the same holds for
di erent kinetic energies of ions injected into a storage mng.
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3. Methods of Mass Measurements

(@)

()

Linear TOF-MS (b) Reflector-TOF-MS
— e
Multiple-Reflection (d) Multiple-Turn
TOF-MS (closed Path) TOF-MS (closed path)

.

Multiple-Reflection 4} Multiple-Turn
TOF-MS (open Path) TOF-MS (open path)

Figure 3.4.: An overview of di erent time-of- ight mass spetrometers is given in

panels (a)-(f). (a) represents the linear, (b) the single rection, (c)
the multiple-re ection with closed path, (d) the multiple-turn with
closed path, (e) the multiple-re ection with open path and {) the
multiple-turn with open path types. [P*13]

The di erence of both methods is the compensation of the velily spread which
adds an additional term to the simple dependence between odwtion frequency
and mass-to-charge ratio. The SMS method uses stochastioliog and electron
cooling to decrease the velocity contribution of the beam @ relative velocity dis-

tribution

v=v 10 7. The revolution frequency is measured by non-destructive

Schottky-noise pickups Lit03].
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3. Methods of Mass Measurements

Injection

[ ] Septum
(mia) ™ Sy
> N E—
—O
/
Schottk (m/a), Electron
Noise-P)ilckups 4 Cooler

Figure 3.5.: SMS uses stochastic and electron cooling to ueé the relative ve-
locity spread of ions injected into the ESR to 10 ‘. In this way
the revolution time of the ions stored in the ring depends owlon the
m/q ratio and can be used to determine the masses. The revaiomn
frequency is recorded with Schottky-Noise pickups.

Due to the needed beam cooling -which presently lasts a feweeeds- the method
is limited to nuclei with half-lives of a few seconds as well.

In order to access exotic nuclei with half-lives down to a fewens of s the
IMS method can be used§' 10]. In IMS the ring is operated in an ion optical
mode that di erent velocities of ions of the same species ammpensated by
di erent path lengths in the ring. This means that faster paticles travel longer
trajectories and slower particles travel shorter trajectoes in such a way that
all particles of the same species but di erent velocities ka the same revolution
time at one position (time focus). A ToF detector system is piced at that very
position to measure the revolution timeT of single ions T*92] [Tre93].
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(miq), * N
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TOF-Detector (m/q),
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Figure 3.6.: Principle of Isochronous-Mass-Spectromet(iMS). In IMS the dif-
ferent velocities of the injected ion species are compereatby dif-
ferent trajectories to yield the same revolution time for ezh m/q.
Calculated ion trajectories for two di erent velocities am two dif-
ferent species are shown. The revolution time is recordedthwia
Time-of-Flight (ToF) detector.

The mass resolving power of IMS with transition point ; (an explanation follows
in the next chapter) is

m T
R= — = _— A2
m T (312)

ol P

A more detailed consideration of the motions in storage risgwill be given in
chapter 4.
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4. Isochronous Mass Spectrometry

4.1. Principle of Isochronous Mass Spectrometry
(IMS)

The revolution time T of an ion with velocity v in a ring with circumferenceC
Is given as

C
T=— 4.1
. (4.1)
the total di erential then is
T T 1 C
= — + — = — J— .
dT c dC v dv VdC Vzdv (4.2)
Using equation4.1 the relative change in revolution timedT=T can be written
as
dT 1 C dC dv
+ = 7IC  rdv= = v (4.3)

With this relation one can already see that the revolution tne depends on the
relative change in circumference (hence the orbit in the niy) as well as on the rel-
ative change in velocity. The di erences between the ight pths of the reference
particle and the non-reference patrticle will be consideredh terms of accelerator
physics the relative change of the orbit in a circular accekgtor or storage ring
is described with the so called momentum compaction factor, [BJ93]. | is

de ned as 1 I D(s)
S
=~ —=ds
P C
with D(C9 being the dispersion from the central orbit at positionC°and the
de ection radius. The dispersion describes the dependenbgtween a shift from
the central orbit °relative to its momentump. Since the momentum of a con ned
particle in a ring depends on the magnetic rigidity of the cdral orbit B and its
change according to the shift from the orbit, the dispersionan be written as

(4.4)

As)
diB )=(B )

Figure 4.1 illustrates that particles with central orbit ( ) move along the trajec-
tory ds whilst particles with an orbit + ©move along a di erent trajectory
ds+ dC° The trajectory ds+ dCPbelongs to the particle with magnetic rigidity
ofB +B °=B +d(B).

D(s) = (4.5)
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4. Isochronous Mass Spectrometry

ds+dCl!

ref
rl

Figure 4.1.: Reference particles with central orbit () move along the trajectory

ds. Particles with orbit + © move along a dierent trajectory

ds+ dC® The trajectory ds+ dCP°corresponds to the particle with a
magnetic rigidity of B + B °= B + d(B ).

This also means that

ds

+ 0: ds+ dCO and —0: @: - (46)

H
With these relations and knowing thatdC = dL is the dierence in the full

revolution circumference, we can rewrite equatiod.4 into
I

_1 1s) d_S_I dc®° _dc B _ 1 @7
P C dB)X(B)  dB)XB) CdB) °? '
Going back to equation4.3 and using equation4.7 we get
dT d(B dv
G “9

In mass measurements the magnetic rigidity is a measure fdret mass-to-charge

ratio and can be written for a magnetic dipole eld in the reldivistic case with
momentump= mv as

mv _ m
= — = — C
q q
With c the speed of light in vacuum,
=(1 ? ¥¥and = (1
IS

B

I
Nolho]

(4.9)

= v=¢g the relativistic Lorentz factor
2) ¥2_ The total di erential of equation 4.9

ae )= Blg m , (B)

m m
o+ d = ¢ d — + ——c d 410
n a ) () a q () (410
Taking again the relative di erential and using equation4.9 yields
dB )_9 9 _d )
5 = m“ + (4.11)
q
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4. Isochronous Mass Spectrometry

In a nal step the last term 2 will be evaluated.

Taking the total di erential

— ) - N 1 § — 2 3 — 2
di )= ——d = P=="a = d =(+ °9d = 1+ ))d
(4.12)
and then using the relative di erential
d. ) 5 d 2 d 1 2+ 2 d
— 1 =(1+ — = 1+ - - =
LR T T
1 d d
= 13 —° pa— (4.13)
Combining equation4.11with 4.130ne gets
dB)_9 9  ,d
B - m + — (4.14)
q
Substitution of equation4.14in equation4.8with d = = dv=v nally yields the
dependency between revolution tim& and the mass-to-charge ration=q
0 - 1
dT d g dv, dv_  d(}) dv
5 = , @ Tt 27A o = qu+( b 2 1)7 (4.15)
q q

Using the so called transition point ; = pl—T from equation 4.6, equation 4.15
can be written for revolution time T or revolution frequencyf as

dT
T

dv
1 m (4.16)

+

1d 7§
2
t

"'|\>| N

m
q

This equation allows it to connect the revolution times of kawn (reference) and
unknown nuclei with their mass-to-charge ratio if the seca@hterm in equation
4.16 vanishes. For the Schottky Mass Spectrometry the statistiand electron
cooling leads todv=v 10 7, which makes the second term negligible in a rst
order approximation. For the Isochronous Mass Spectromegtithe second term
also cancels, however this is not done with cooling but by timg the ion optical
parameter . to be equal to the Lorentz factor of one selectable m/q. During
the experiments it is more practicable to set the ring to a xd ; and change the
energy (and with it their Lorentz factor) of the particles irjected into the ring

untii =  is reached. Together with formula4.16 the mass resolving poweR
is given by
m 1T
R= —= 5—: 4.17
dm  2dT (4.17)
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4. Isochronous Mass Spectrometry

The isochronous condition is only valid for one single m/q Vae. Particles with
di erent mass-to-charge ratios are not isochronous and tirerevolution time is
not independent from their velocity therefore the distribion gets broader which
decreases the mass accuracy of the method.

This fact is discussed in the publications of Y. Yamaguch¥[ 08] and A. Ozawa
[O* 12] and emphasized by the introduction of a velocity dependerfdctor k. The
assumption of a perfect cyclotron with circumferenc€ =2  together with the
relativistic ion velocity v = q=mB = (equation 4.9) yields the revolution time T
being:

T =

I
N
|3

(4.18)

<0

B

In case of the isochronous reference particle, mo, @ and o =  are xed
and known. In order to determine the mass-to-charge ratio @n unknown non
isochronous particle (h;=q), it is assumed that the reference particle and the
unknown particle have the sam® , hence the same path length in the ring. With
this assumption the ratio between reference revolution tiemT, and measured
revolution time T; can be written as

To_ Mmoo @

0= 4.19

T1 G My ( )
which can be solved fom;=qg and yields

mi_MoTi o (4.20)

Because both particles circulate on the same orbiB( is identical for both) one
can use
1T1 = oTo: (421)

To evaluate the in uence of each single variable on the nal masurement of
m.=q the relative di erential d(mml;;zﬂ) is derived and is

dmi=q) _ dmo=g) | ,d(T1=To) , d 1.

: 4.22
m;=q Mo=0 ° Ti=To 1 (4.22)
As stated in [Y* 08] and [O* 12] the additional factor k is
T 2 2 2
k= 2 L L (4.23)

To 1 (T=Tp)2?2 1 %

It is important to note at that this complicated expression @an be further simpli-
ed and reduces to

T, 2
S Rl R (4.24)
1

k =
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which is exactly the expression as in equatiof.16 solved ford(m=q=(m=0):

d G dT dv
1 - 2_4 2 27 (4.25)

al3

Alternatively to the velocity the magnetic rigidity B can be measured as well.
Using equation4.14 equation 4.16 can be written in terms ofB :

d ™ 2
g _ LdT
= 22—+ 1 —% — (4.26)

8

4
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Figure 4.2.: Coecient 1 —;; as a function of the velocity deviation of parti-
cles with unknown mass (index 1) and reference particle (ieg 0).

Both equations (in terms of velocity and in terms of magneticigidity) show
that for non isochronous particles an additional factor hato be considered. To
achieve a mass accuracy af{m=0)=(m=q) in the order of 10 ©, all terms have
to be known with the same accuracy or better. The require®8 accuracy is
determined by the term (1 2= 3). As can be seen in gure4.2, this coe cient
in the order of 10 2 for velocity deviations between the unknown particle and
the reference particle of 2%. This means that a relative velocity and magnetic
rigidity determination in the order of 10 # is needed to correct for this additional
term in order to maintain an overall accuracy of 10°. In experiments without
additional velocity and magnetic rigidity determination the mass accuracy will
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4. Isochronous Mass Spectrometry

decrease progressively for m/q ratios di erent to the m/q vlue of the reference
particle.

To check the isochronicity of the ring in the beginning of anxperiment the
so called isochronicity curves can be measured by using araion cooler. By
varying the cooler voltage of the electron beam the injectdoseam in the ring can
be varied in energy hence its nominal magnetic rigidity. Soaing the magnetic
rigidity and measuring the revolution time for each rigidiy results in a isochronic-
ity curve.

10 —ftr 1T r -1t 1 - r -1t 1 1 1
g ] —— 23890+ (m/q = 2.6445) i
] —e— 133gn%*(m/q = 2.6579) ]
61 . "9pg**(m/q = 2.5847) N
4] —— BMn®(mig = 2.5175) i
5 2 =
o ]
= 9
t 4 / 4
B 2- _
-4 4 .
-6 - i
-8 4 i
_10 i I i I i I I I i I i I

— 1 T T T T — 1 T 1
-30 -25 -20 -15 -10 -05 00 O5 10 15 20 25 3.0
DBr/Br [107]

Figure 4.3.: Measured relative deviation in revolution tire  T=T versus the rela-
tive change inB is shown for di erent m/q ratios. This isochronicity
curve illustrates that the isochronous condition is only wkful lled
for one speci ¢ m/q. The same accuracy for very di erent m/q alues
can only be achieved by knowing th& for every ion or accepting
only aB deviation of 1.5 10 # (indicated by the yellow area) into
the ring. [G* 0f]
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Figure 4.3 shows a measured isochronicity curve for the primary beafu®*
and transformed isochronicity curves for other mass-to-ahge ratios. The trans-
formation is done by assuming again thaB is identical for all particles. With
this assumption the measured revolution frequendy is directly proportional to
the velocity v of the particle. The velocity can also be written in terms oB
and m=q

1 1 v=@+v=¢ 1 v=¢ 1 _ 1 1
v2 V2 ST v et et e”
2— 2—
m=¢ 1 1_wm?=¢ 1 4.27)
m2—q2 2V2 C2 BZ 2 CZ
Usingf / v the transformed frequency can be calculated with
f trans - Vtrans (428)

f exp Vexp

The relation between measured frequencley, and the transformed frequency
f[rans IS then

2
(m=q)exp + 1
B c?

f trans = f exp Ir (4.29)

_ 2
(m=q)trans + 1
B c?

The ion optical setting can compensate for di erent magneti rigidities for one
speci ¢ m/q ratio and results in a constant time of ight. For nuclei with di erent
mass-to-charge ratios the time of ight deviations start toincrease for largeiB
deviations (hence larger velocity deviations) as prediaden 4.26

The broadening of the revolution time spectrum for non refence mass-to-charge
ratios limits the mass accuracy reachable with the IMS metltbas shown in
equation 4.26 In order to overcome this problem additionaB determinations
are necessary. One approach to do so was performed for the tisme in 2005 by
using the so calledB -tagging. This tagging method uses geometrical slits at the
central high-resolution focal plane in the FRS in order to dermine the relative
magnetic rigidity of B =B 1.5 10 4 [G*06]. The improvement gained by
this technique is visualized in gure4.4.
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Figure 4.4.: Shown are two measured revolution time spectfar identical iso-
topes. The upper spectrum (black line) shows the measurenen
from an experiment performed in 2005 with additionaB de nition
of 1.5 10 # (B -tagging). The lower spectrum (blue line) shows
the revolution time measurements from an experiment perfored in
2002 without any additional B de nition. [ G" 06]

A drawback of this technique is the loss of any particle with B=B > 1.5 10 4
at the slits which leads to a reduced statistic of the overaéxperiment.

The second and more elegant way to de ne th8 of each particle would be
a dedicated velocity measurement of each particle in add to its revolution

time. This can be done by implementation of a second ToF-deti®r. Future

experiments performed at the Collector Ring (CR) at FAIR aim o implement
this and will be discussed in chapte8.

4.2. The Experimental Storage Ring ESR

The experimental data of this work have been measured at thexgerimental
Storage Ring (ESR) at GSI. The ring has a circumference of 188 m, six large
dipole magnets with a maximum magnetic eld of 1.6 T, four qudrupole triplets
and dublets, and eight sextupole magnets. The ring can be dséor di erent
kinds of experiments (e.g. laser spectroscopy or mass measients in di erent
modes). An electron cooler, which is installed in one of theraight sections of the
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ring, allows to match (cool) the velocity of revolving ions i coulomb interactions
with electrons with well de ned velocities.

In order to apply the IMS the ring has to be set into the isochmous mode
which di ers from the standard one. In the standard storage wde of the ring
the transition point  equals 2.5, which is changed to 1.4 for the isochronous
mode by changing the quadrupoles. The ring itself is evacwt to a pressure of
approximately 10 ** mbar which can only be reached by baking the whole system
with temperatures of about 300 C. The layout of the ESR and the measurement
position for IMS is shown in gure4.5.

41



4. Isochronous Mass Spectrometry
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Circumference C = 108.36n
Magnetic Rigidity Br = 84Tm
Transition Point g = 1.41
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Emittance e, = 7mmmrad

Figure 4.5.: Panel a): The lattice of the ESR including the T6 detector. The
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dipole magnets (D) are colored in cyan and the quadrupole nagts
(duplets QD and triplets QT) are colored in dark blue. The magets
surrounding the ToF detector are Helmholtz magnets. Panel b)rhe

main ring parameters of the ESR.
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4.3. Time-of-Flight Detector

With revolution times of about 500 ns in the ring a very fast deection system in
the order of tens of picoseconds is needed to measure the havon time of the
particles in the ring. A Time-of-Flight (ToF) detector capable of this requirement
was built at the University Gie en in 1993 and continuously inproved over the
last two decadesfab08 [Diw09] [Diwl1l] [Kuzll]. The principle of this detector
is similar to the detector designed by J. Bowman and R. He nerBH78] and is
based on a thin foil inside the beamline surrounded by an amgement of electric
and magnetic elds. When heavy relativistic ions (as storeih the ESR) pass
through the foil, they create secondary electrons (SEs) wih are detected. For
one turn the energy loss fof*U is approximately 250 keV. However, after a few
hundred turns (depending on the foil thickness) the total egrgy loss of the ions is
too large; they can no longer be stored and are lost. The pasit of the detector
in the ring is placed at the time focus at which the ions are isbronous. In case
of the ESR this is at the straight section opposite to the injetion section.

Figure 4.6.: Schematic drawing of the ESR-ToF-detector. Ahin foil in the cen-
ter of the detector is used to provide secondary electronsabatime
an ion passes through. The electrons are then guided by elgxl
and magnetic elds in forward and backward direction to the Ntro-
Channel-Plate (MCP) detectors.

In order to detect the created secondary electrons electicelds along the beam
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axis and magnetic elds perpendicular to the beam axis trap®rt the electrons
iIsochronously to Micro-Channel-Plate (MCP) detectors pasoned in forward and
backward beam direction parallel to the foil. Figured.6 illustrates the principle
of the ToF detector and its electrodes to shape the elds as is used at GSI. A
duplicated detector at University Gie en allows faster and asier tests and im-
provements on the detector that are then implemented at theetector at GSI.

4.3.1. Secondary Electron Creation

The ToF detector used in the IMS experiments, is capable to tet the ions in
the ring because of secondary electrons (SEs) that are eraitfrom a thin carbon
foil placed in the center of the detector. Creating those SHs not a trivial issue
and has been investigated for a long time. The theory of iondnced secondary
electron emission can be separated into two processes:

When ions penetrate through matter, they create via inelagt collisions fast -
electrons and slow "real" secondary electrons along theiraw [HGK98]. The
interaction of relativistic ions with charge numberZ, energyE and velocity v
with matter can be described by the Bethe formulaget32]

dE _4Nzz? €& n 2mec? 2 )
dx  mec? 4 I 1 ?

(4.30)

dE=dx is the energy loss per path length (stopping powerN is the number
of atoms in the material with charge numberz, m¢ is the electron massgc the
velocity of light, = v=g ( the vacuum permittivity and | the mean excitation
potential of the matter. Equation 4.30is only a rst-order Born approximation
and systematically deviates for relativistic ions from themeasured energy loss
[S"94]. One has to correct for these systematic deviations by usgjiradditional
correction terms in order to describe the experimental obsations. Formula 4.30
can be rewritten

dE _ 4Nzz? €

& B rneC2 4

h [

whereL = In % 2 for the Bethe-Formula. The Bethe-Formula is
only valid in rst Born approximation which is not applicable for heavy ions. To
account for relativistic e ects, L becomes a superpositionf multiple correction
terms:

L (4.31)

L = I-Bethe + L shell + L density + L Barkas T L s + L screen (4-32)

The correction terms L shei, L density, L Barkas, L s, and L screen @re correct for
involved shell e ects, for the Fermi-density e ect Fer4(, for the Barkas-e ect
[B* 63, for the Lindhard and S rensen expansion and for the screiely e ect re-
spectively. A more detailed explanation of each correctiaierm can be found in
[SG98.
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Released SEs diuse through the material to the surface andf they are en-
ergetic enough) overcome the surface barrier into the vaam[Ste57.

True SEs are those with a kinetic energy between 0 and 50 e}96] and repre-
sent the majority in the overall SE spectrum. Because of thdiow kinetic energies
and low mass, SE's are ideal detection particles in the ToF getor since moder-
ate electrical (few kV/cm) and magnetic elds (few tens of mT)are su cient to
guide them from their creation point to the MCP detectors wihout disturbing
the trajectories of the heavy and high energetic ions in theng. The shape of the
secondary electron spectra depends on the target materite projectile species
and projectile energy H* 86]. A lot of measurements of secondary electron yields
after interaction of ions or protons with thin foils have bee performed H* 86|
[RT90] [DD96.

A total electron spectrum is presented in gure4.7. It shows besides the true
SE's also the other contributions to the spectrum that are rtoconsidered and
used in the IMS experiments. Electrons with larger energieannot be detected
by the ToF detector.

Simulations of the ToF detector consider this spectrum andse a homogenous
Maxwellian velocity distribution with a most probable knod&out energy of 1.8 eV.
A more detailed description on how the amount of created seuwtary electrons
depends on the foil material can be found irR* 95] and is discussed in terms of
IMS in [Fab0§ and [Kuz11].
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Figure 4.7.. Secondary electron yields produced with 1.2 Merotons in carbon
target with a thickness of 1500A under O emission angle versus
the electron velocity are shown in the large graph. The seatary
electron yield versus the electron energy is shown in the giain the
upper right corner. The slow secondary electrons ("true" SE) are
detected by the ToF detector HGK98]

4.3.2. Motion of Charged Particles in E-Fields and B-Fields

The transport of the created SE from the foil surface to the MEs is achieved
by electrical and magnetic elds aligned perpendicular toah other. Figure
4 8illustrates the geometry of the detector used as well as theientation of the

elds. The force created by an electric eldE and a magnetic eldB on a charged

particle with charge q is given as

ma=q E+v B ; (4.33)
which can also be written as
L™ (4.34)
az - dt '
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Figure 4.8.: The electron transport from the foil ¢0) = (0;0;0)) to the MCP
detectors (+(T) = ( D; 0;0)) is shown. The electrical eldE and the

magnetic eld B force the electron on a cycloidal path with cycle
duration T =2 m=(qgB).

Transforming this into Cartesian coordinates yields the geeral equation system

d?x dy dz

mﬁ =q Ex+ aBZ aBy (4.35)
d’y dz dx
d’z dx dy
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Taking the direction of the electrical eld E = j Ej & and magnetic eld
B = j Bj & simplies this to

d?x dz
ma = an (4.38)
d?y _
ma =0 (4.39)
d’z dx
ma = q aB +E (4.40)

The solution of this coupled di erential equations of secahorder is BH78]

v2(0)

X(t) = \/X(())Iﬂsin(!t) §t+ Slcoglt) 1)+ x(0) (4.41)
y(t) = vy (0)t + y(0) (4.42)
2(t) = "X(())Iﬂ(cos(!t) 1) VZ|(O)sin(!t )+ 2(0) (4.43)

with the starting position r = (x(0);y(0); z(0)) and

velocity w = (vx(0); vy (0); v,(0)) of the electrons starting from the foil, and the
cyclotron frequency! = gB=m.

The total motion of the electrons is a cycloidal path with a cgle duration of
T =2 =! . This means the time needed for one full cycle is T (z(0)=z(T)and
the lateral (x-direction) distance D covered is

_2Em._ 2Emg.

D = x(T) x(0)= x(0) ZI_E x(0) = B2q " B2

(4.44)

The maximum distance covered in z directioz,,x iS then given by

(vw(0) + E=B)2m,

Zmax = 2(T=2)  z(0) = z(0) 2(Vx(0)|+ E=B)

z(0) =

(4.45)
For a distance of 79 mm between the center of the carbon foil dthe center of
MCP aratio E=B of 1:85 10’ m/s is needed to detect the electrons. The transport
time T for a given magnetic eld of typically 8.41 mT (as usedn the ESR) is
approximately 4.248 ns with a maximum distance in z-dire@n zy.x =26 mm.
The timing uctuations dT can be approximated with the relative di erential
and usingv = D!

d dv_ v(0) _ v(0)

T v D' ~ 2E=B

which yields after multiplication with T =2 =!

1O _mv) _, m * vO)

aT=TE=mB_ qE q BZD

(4.46)
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Together with the needed electric eld E of 156 V/mm and a most pbable
electron starting kinetic energy of 1.8 eV the timing uctudion is approximately
dT = 29 ps. The calculated trajectories for electronsg(= €) with start velocity
1.8 eV and 0 eV are plotted in gure4.9.
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Figure 4.9.: Calculated trajectories of electrons in the x-plane for two di erent
starting velocitiesv(0). E =156 V/mm and B = 8:41 mT were used
for the calculation.

At this point the in uence of changing the geometry of such a etector, which
will be necessary for the future ToF detector at FAIR (see alschapter 8), will be
discussed. Assuming the whole geometry is scaled by a facErthis also scales
the distanceD from foil to MCP. Besides the lateral distanceD the distanced
between the electrodes will change, too. This means that ftme same applied
voltages the electric eld strengthE = U=d changes with £S. Increasing the
applied potentials is not a trivial issue but would be neceasy to compensate for
larger geometries. In case one has to use the same potentfatsall geometries,
the scaled magnetic eld can then be calculated using 44

S S
2m e Escaled _ 2m e Eoriginal

q Dscaled q S2D original

1
Bscaled = = § B original (4.47)
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Equation 4.46then becomes

m ?  v(0) ) m ?  Sv(0)

dTscaled = 2 e r—
2 2
q BscaledD scaled q Boriginal Doriginal

= SdToriginal

(4.48)
which shows that the detector uncertainty is directly propdional to the scaling
factor S. To be able to keep the timing uctuations of the original gemetry, one
has to guarantee that the electrical eld strength after sding is the same as in
the original geometry.

The last step of the detection in the ToF detector is the micraehannel-plate
detector which ampli es the incoming secondary electronsyla factor up to 13

the total ToF spectrum is then recorded with a digital oscitbscope. In order to
achieve a maximum detection e ciency of the MCP detectors fosingle electrons
the kinetic energy of the electron has to be at least 300 eV asdturates between
300 eV and 1000 eVWiz79] [BC79].

For the above mentioned principle the impact energy of theettrons at the MCPs
is v;(0), which is only in the order of 1-2 eV. Two options can be usdd still be

able to detect the electrons. The rst option is a slight disppcement of the MCP
detector towards the electron trajectory (in our example irpositive z-direction),

but this leads to a non isochronous impact for di erent startpositions. The
second option is to apply a more negative voltage to the foihan to the MCP

detector. The average kinetic energy with which the electns hit the MCPs is

then given by the potential di erence between foil and MCP dector. These
both options can be used together and are realized in the ToFetgctor.

4.3.3. Timestamp Determination

The determination of a time stamp for each ion circulating irthe ring is the result
of the detection of the secondary electrons hitting the MCP etectors. An elec-
tron that hits the inside of a MCP tube with at least 300 eV causs an avalanche
of many electrons throughout the tube like a many-dynode si&n does in a pho-
tomultiplier tube (PMT). The di erence is that MCP channels are continuous
dynodes with an outer gradient eld that allows the MCP to be ‘ery thin in
comparison to a normal PMT. One plate is capable of amplifyqby a factor of
106 10* By adding a second MCP after the rst this factor can be incrased
up to 10°. To ensure that no electron can pass both MCPs without hittig the
walls the channels have a skew angle of about 18nd both plates are turned
180 in respect to each other. This con guration is called Cheviecon guration
and represents a standard con guration for MCP detectors.

The fast MCP signals are recorded with a digital oscilloscep The MCP signals
and parameters of the digital oscilloscope are crucial foné quality of the times-
tamp determination. Important parameters for the oscillosope are the band-
width, which should be at least 1 GHz for the fast MCP signals approximately
1 ns signal width, the sampling rate, which should be as larges possible to
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sample the signals with enough points, the vertical resolioh (8-bit is standard)
and a large and fast memory to record spectra over severa.

Besides these technical parameters of the oscilloscopeesthncertainties in de-
termining the time out of signals arise from the signal itsél One can distinguish
between three main contributions that add up in uncertaintgs for the time de-
termination (see also gure4.10:

signal noise
rise-time walk
amplitude walk

The signal noise cause di erent time stamps for two identi¢aignals due to signal
noise uctuations. These uctuations mainly originate fran thermal instabilities
(thermal noise) that can only be reduced by cooling the whobkystem. Compared
to the two other e ects the signal noise can be neglected.

Two signals with the same trigger level, the same amplitudend the same starting
time, but di erent rise times result in di erent time stamps because of the so
called rise time walk e ect. This e ect can be minimized by vey fast rise times
in general or by ensuring that all signals have the same risinee.

The last and in our case main e ect is the so called amplitudeadk e ect that
leads to di erent time stamps for signals with the same riseirhe but di erent
amplitudes.

Using a simple threshold determination of signals with vargig rise times and
uctuating amplitudes result in di erent timestamps, even if the signals start at
the same time. A more sophisticated way to determine the tinstamps of such
signals is the constant fraction discrimination (CFD). Theprinciple is shown in
gure 4.11 In the CFD method the measured signal is split into two sigria.
One of the two signals is delayed by a certain time whilst theesond signal is
attenuated and inverted. Summing up the two signals resultsm a new signal
which (in case the delay and attenuation was done properlyyasses the baseline
(zero crossing). The time at which the resulting signal cress the baseline is then
the determined timestamp. This method can be applied direlgtto the measured
signals or after recording the signals via software and is ¢apable of canceling
the rise-time walk as well as the amplitude walk.
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Figure 4.10.: Panel a): The uctuations of the signal noisenduce a time jitter
that adds an uncertainty to the determination of the timestanp.
Panel b): Two signals with the same trigger level, same ampide
and same starting time but di erent rise times yield di erert time
stamps due to the so called rise time walk e ect. Panel c): Two
signals with the same trigger level, same rise time and samarting
time but di erent amplitudes result in di erent time stamps because
of the amplitude walk e ect.
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Figure 4.11.: Left hand side: The amplitudes of three Sigrsaal(A-C) with the
same starting time but di erent rise times and di erent amplitudes
against the time. The trigger level (red horizontal line) indlicates
the timestamps determined by the given threshold. Right hath
side: The amplitudes of the delayed (dashed lines), invedeand
attenuated (dotted lines) and the resulting CFD signal (sadl lines)
for three di erent signals against the time. The zero crossg (red
horizontal line) determines the timestamp in the CFD method One
can see that with this CFD method the time walk can be canceled
for di erent rise-times and amplitudes.

53






5. The ESR ToF Detector

5.1. Modi cations and Improvements

5.1.1. E ciency of the ToF Detector

Many modi cations and improvements of the ESR-ToF detectowere performed
and achieved since the rstinstallation and use of a ToF dettor in the isochronous
mode in the ESR in 1993T*92] [Tr®93]. lon or electron trajectories in electro-
magnetic elds can be simulated using 3D simulation prograsnlike COMSOL
[COMOS8] or SIMION [MDO7]. In order to optimize the transport e ciency of the
ToF detector simulations for the existing geometry of the T detector have been
performed and a new combination of electric and magnetic @b was found to in-
crease the transport e ciency from 38% to 83%Hab0§. The non-optimized and
optimized voltage settings are shown in tabl®.1 A laser was used to measure
the transport e ciency in dependence of the start position a the foil to verify
the simulations Kuz11]. The results are shown in gureb.l

Table 5.1.: Electric and magnetic eld strengths for the irtial and optimized
detector settings.

| | initial | optimized |
MCP potential -2,700 V -2,700 V
Foil potential -3,400 V -3,400 V

Largest negative electrode potential U | -2,000 V -2,700 V

Largest positive electrode potential U 5,200 V 5,000 V
E- eld 144 V/mm | 154 V/mm
B- eld 7.9 mT 8.4 mT

5.1.2. Timing properties of the ToF Detector

Besides the transport e ciency, the timing performance fordi erent start posi-
tions on the foil were measured tooLjpll]. For the time measurements alpha
particles were used to release SE from the foil. The MCP sigaaf the detector
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Figure 5.1.: Simulations (top) and measurements (bottom)fdhe transport e -
ciency of the secondary electrons (SE) for di erent start pgtion on
the folil for initial (left) and optimized voltage settings (right).[ Fab0g
[Kuz1]]

in forward and backward direction were analyzed in coincidee with the alpha
particles hitting a Si-detector. A movable aperture was plzed in front of the

Si-detector and varied for di erent positions to achieve a gsition resolved mea-
surement. The measurements showed that ions hitting the ceit area of the foll
have a slightly larger timing spread (rms) than ions hittingthe center of the foil

(gure 5.2. However, this is in line with new and more detailed simulatins

for the support structure of the foil. This observation is cased by electric eld

inhomogeneities at the edge of the foil.
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Figure 5.2.: Panel a): Setup used for position-resolved ténmeasurements.
5.5 MeV alpha particles release SE from the foil and are deted by a
silicon detector. A moveable aperture in front of the siliao detector
yields the position information where the alpha particle pssed the
foil. Time measurements of the ToF detector in coincidenceitlv the
alpha particle allowed a distinction between di erent stat positions
on the foil. Panel b): Schematic illustration of the determrmation
of .in from the time di erence between two MCP signals. Panel
c): Results of the position-resolved time measurements. rFeach
measured position the determined standard deviation of theme
spectrum iy IS plotted.



5. The ESR ToF Detector

Larger eld strengths, to reduce the time spread, have beerpplied to the detec-
tor to increase the kinetic transport energy of the SE from fbto MCP detector.

Simulations of the electron transport showed already an immpvement of the time
spread with increasing transport energies. The duplicatd the detector, operated
in Gie en, was upgraded to be able to be used up to 20 kV. The meamsments
con rmed the simulations. Since the simulations could not @ount for all con-
tributions that are present in experiments a constant o setof 25 ps (sigma) for
additional contributions (e.g. transit time spread of the MCPs or the uncertainty
of the event time determination) was experimentally deterined and added in-
dependently to the simulation. The measured time distribubn is in very good
agreement with the simulationsDiw11]. The results are presented in gures.3.
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Figure 5.3.: Measured and simulated time spread.i, as a function of the ki-
netic energy of the secondary electrons (lower axis) versasd the
corresponding electrical eld strength (upper axis)Diwl1l].

The capability to measure many ions over a large number of tas in the ring is
also essential for accurate mass measurements. Two chaniges the original

design have been made in order to achieve this. Firstly, theif thickness was
changed from 17 g/cm? carbon foils coated on both sides with 10g/cm? Csl

down to 10 g/cm? carbon foils without any coating. The reduction in foil thidk-

ness and omitting the additional coating decreases the amuof emitted SE per
ilon but decreases also the energy loss per turn for each i&wuf11]. The latter

In uence is superior for accurate measurements.
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Figure 5.4.. Comparison of di erent experiments with urandam ssion fragments
at energies at the transition point { = 1:41. Shown is the normal-
ized intensity versus the achieved number of turns in the rqp The
colors indicate the di erent foil thicknesses (thick: [1061:17C:10Csl]

g/cm?, and thin: (10 g/cm?) carbon foil) and pore sizes of the used
MCPs.[Kuz1]]

Secondly, the MCP pore diameter was changed from 1énto 5 m, which allows

the operation of a 4 times higher rate)iw09]. These two changes led to a total
increase of the detection e ciency over many turns in the rig [Kuzl1l], see also
gure 5.4

As already described it.3.3the determination of the timestamps uses a software
CFD method. The software implementation of the method needaputs on how
to treat the experimental data. The main two parameters arehe so called bin
shift parameter b (delay of the signal) and the fraction panmaeter f (attenuation
of the signal). Because the quality of the determination ofhie timestamp varies
for a xed set of b and f for di erent sampling rates of the osdioscope, optimum
parameters have to be found.

Therefore, a detailed investigation was performed and a mam was written to
scan the parameters to nd the optimum value for di erent sanpling rates of the
scope, di erent mean amplitudes, and rise times of the sigisa|Ber14].
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Figure 5.5.: Measured time spreads are shown for the di ereGFD input param-
eters (fractionf and bin shift b). The optimum parameters for 10
GS/s weref =0:89 andb= 6 (0.6 ns) with a time spread of about
20 ps Berl4. The optimum parameter combination is indicated by
a red dot.

5.2. Results of the ToF Detector Test with
Uranium lons

The ESR-ToF detector was modi ed to be able to test the full pgormance o ine
as well. This was achieved by installing an -source and two Si-detectors. The
-source is mounted on a rotary feed-through to perform measmnents with and
without. Both Si-detectors are placed on a rotatable disc Iwnd the detector to
measure the transport e ciency in the center as well for the oter areas of the
foil. Due to the geometrical path of the -particles the spatial resolution of the
measurement is approximately 3 mm. This new o ine test setupvill be routinely

used in preparation to mass-measurement runs in the ring.

In a short experiment in October 2014, it was possible to teshe ToF detector
with uranium ions circulating in the ESR and thus compare theaesults to the
measurements with the -particles. The intrinsic time spread between forward
and backward MCP detectors was measured. As already explainm 5.1.2the
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time spread of the detector depends on the applied electricald strength. The
goal of the uranium experiment was to verify the results obtaed from the -
measurements. Two electric eld strength of 68 V/mm and 156 V/im were used
in these measurements. The corresponding time distributis are shown in gure
5.6. The standard deviations of the distributions are presentkin the gures and
are listed in table5.2 The results from the online tests are in excellent agreenten
with the o ine measurements and thus verify the role of highe eld strengths in
time measurements.
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Figure 5.6.: The measured time distributions and their stagard deviations n
are shown. The measurements have been performed with a ceinc
dence of forward and backward MCPs. The upper spectrum was
measured with a 68 V/mm electrical eld strength. For the lowe
spectrum an electrical eld strength of 156 V/mm was used.

Table 5.2.: Comparison of the measured time spread for uram ions and -

particles.
lons E =67 V/imm | E =156 V/mm
“He?* (1.4 MeV/u) (91 3) ps (55 3) ps
23890+ (193.7 MeV/u) | (85 3) ps (58 5)ps

Another goal of the experiment was the determination of the dection e ciency

for uranium ions. Heavy ions such as uranium release a largewher of electrons
in the carbon foil which are easily detected by the MCPs. Thigads to a detection
e ciency of almost 100% even if the transport e ciency of sirgle electrons is less
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than 70%. A measured spectrum for both detector branches igpmicted in gure
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Figure 5.7.: A complete signal trace of an uranium primary l@en is shown on the
top. The spectra below are successive zooms of the markedaare
The revolution time of the shown patrticle is approximately 87.954
ns.

5.3. Planned Modi cations

As mentioned in the previous sections, it is possible to dease the time spread
of the ToF detector by increasing the electric eld strength This requires higher
electrode potentials. For the present electric eld strerthy of the ESR-ToF detec-
tor of 156 V/mm a maximum voltage of 7,800 V has to be applied. tmeasing the
voltage up to 20,000 V the maximum eld strength applicable vil be 400 V/mm.
This goal has been reached with the duplicated detector in ¢hlaboratory. The
implementation for the ESR detector is planned.

The signal shape of the MCP detectors was also subject of istigations and
could be improved by designing a new anode geometry that hass$ parasitic
capacity and transmits higher bandwidths. In total, the newanode is capable of
decreasing the signal width from approximately 1100 ps dowa 650 ps for dark
counts without the magnetic eld [Kuzll]. However, in real ToF measurements
a magnetic eld is present. Its in uence was investigated irthe following mea-
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surements. The schematic setup of the measurement is simita the one shown
in gure 5.2

The results of the measurements with -particles and varied magnetic elds are
summarized in gure 5.8 In general, the signal widths (FWHM) are improved
by the new geometrical anode desigiKiz11] as demonstrated in gure5.8 by

the measured range of acceleration voltages above 600 V fibapplied magnetic
elds [Hor13).

Figure 5.8.: The plot shows measured signal widths (FWHM) fati erent applied
magnetic elds and di erent acceleration voltagesHorl3]

In addition to the geometrical optimization of the anode, itis planned to imple-
ment a position sensitive anode that would allow tracking tl ion motion perpen-
dicular to the beam axis. This would help to track the ion motn between two
ToF detectors and yield the correlation of time resolution ad position on the foil
(see sectiorb.1.2. Depending on the local dispersion at the detector positoit
might be possible to deduce information on the energy losscamagnetic rigidity.

Another desirable concept for future IMS experiments is theniroduction of a
pilot ion-beam during the experiment. This reference pilobeam could be a pri-
mary beam in a selected charge states. It could be used for &@auhal calibration

and monitoring of any drift during the measurement. The injetion of a pilot

beam every 5 minutes would be ideal to avoid or correct for ds.
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6. Data Analysis of Measurements
with and without Accurate
Momentum De nition in the
FRS

In this work a novel data analysis is used for IMS mass measurents. Compared
to previous IMS analyses this work uses a new insight into tH&S method im-
proved analysis process and helps with the understanding lodw future experi-
ments should be performed in order to achieve the maximum agacy possible.
The new approach allowed the combination of data from two derent experi-
ments and di erent conditions (with and without momentum denition) in one
analysis. This combination leads to an increase in statis8 and enhances the
quality of the data without momentum de nition by correlation to the experi-
ment with momentum de nition.

The following sections explain how the measured raw data Ydeto the nal mass
determination. The basic method and tools used for the detmination of the
revolution time are already well established and can be fodnfor instance, in
[Hau99g [Sta02 [Mat04] [Kne08].

6.1. Determination of Revolution Times

The revolution times of the ions in the storage ring are detarined with the ToF
detector and recorded with a Digital Sampling Oscilloscop@®SO). An example
of an obtained ToF spectrum can be seen in guré.1L Depending on the used
DSO (high sampling rates needed) smoothing of the signal is aption to reduce
the noise. In case of high sampling rates of the DSO one is meessitive to noise
that might overlap signals with small amplitudes. Smoothig the signal reduced
the e ect of the noise on the signal and improves the timestgmdetermination.
In the experiment performed in 2006 the data were recordeding a DSO with
a sampling rate of 40 GS/s. The exact description of smoothgrthe data can be
found in [Kn®08]. Signals of experiments recorded with smaller samplingtes
have not been smoothed.

As already explained in sectiod.3.3a CFD method is used to determine the
times recorded with the DSO. Each timestamp has an uncertdayn The total
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Figure 6.1.: Recorded signals of the ToF detector for uramu ssion fragments

at energies corresponding to; = 1:41 within the rst 200 s after
injection.

timestamp uncertainty consists of the uncertainty of the CB method and the
timing uncertainty due to the SE transport in the ToF detecta.

aq
2p & (6.1)

timestamp = CFD detector

With a list of timestamps found in a spectrum a pattern algothm [Hau99 is
used to assign the timestamps to the corresponding partickthin a given time
window. In our case, this time window was chosen to be betwedb0 and 550
ns, which corresponds to 10% of the reference ToF of approximately 500 ns.
The program "mtrace” [Hau99 [Sta0Z uses the last timestamp in the list and
calculates its di erence to the second last one. After thishie list is searched for
another timestamp that corresponds to an integer multiple fothis di erence in
a window of 0.6 ns. This procedure is repeated for all entri@s the list starting
from the last one and proceeds with new starting points dowrotthe second one.
In some cases this leads to an ambiguous assignment of tina@sps and particles.
In this case the routine crosschecks the number of total ewsrper particle. In
case of ambiguous timestamps the given timestamp is assidrie the particle
with more timestamps. The routine o ers also the possibilit to combine chains
in the spectrum that seem to be 2 separate particles but are eéhresult of low
detection e ciency. Another condition that can be set for di erent experiments
is the amount of timestamps needed (usually 7) to de ne a padle. In previous
works the settings have been optimized and are taken for thealysis as well.
An illustration of the tracing procedure is shown in gure6.2
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With the time stamps assigned to the corresponding particline revolution time
of each patrticle is determined. To do so the event that occursst is assumed
to be the starting point. For each following event a turn numler is assigned ac-
cording to the integer multiple of the di erence between twaneighboring events.
With the functional correlation between event time and turnnumber a function
can be tted. The t function is a 3rd order polynomial. The 3rd order is neces-
sary since t functions of smaller order show that the correltion between event
time and turn number is not described well (see gureé.3). A linear function
does not describe the dependency between ToF and turn numbdszcause of the
energy loss in the foil in case for non isochronous particlel case of perfectly
isochronous particles an exact linear dependence can beevlsd.

The least square method (as for example described iBR02]) can be used to
t data with a polynomial of any order.
The t function is de ned as

X0
yxi) = afw(xi) (6.2)
k=0

with fi(x;) = xK. Herek de nes the order of the polynomial t function, m is

the number of data points anday are the free t parameters that are determined
by the method.

The least square method investigates the? function and minimizes it with a set
of coupled linear equations.

xXoq
= =y ya)P (6.3)

i=0 Vi

A t function can be found that ful lls

X 1 X 1 X 1
—yifi(xi) = a —-Fi(xi)fk(Xi) (6.4)
Yi k=0 Yi

This linear equation system can be written in form of matrice

=a (6.5)
with the matrix elements
k= — Yifk(Xi) : K = —fi(xi)fk(xi) (6.6)
yi Yi

Inverting yields the t parameters ax. In case of a polynomial t of 3rd order
(k = 3) the matrices have the following structures
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=[ o; 1; 2; 3l a =[ag; a; ap; ag] (6.7)
0 1
00 01 02 03

— % 10 11 12 13§ (6 8)
20 21 22 23
30 31 32 33

The inverse of is the so called covariance matrix

= (6.9)

0 1
00 01 02 03

— % 10 11 12 13§ (6 10)
20 21 22 23
30 31 32 33

The t parameters a = [ap; a;; a,; az] are the result of

a= (6.11)

Errors for the determined t parameters can be calculated uisg the covariances
(errors can be interdependent) as

2 = X f_ f_ 2 (6.12)
| k;l ak ai ak;l .

Taking the covariance matrix this expression can be writtefor a 3rd order poly-
nomial t.

2 _ 2 4 6
i = o0t Xi 11t Xj 22+ Xj 33t

+2(Xi 10+ Xiz 20t Xi3 307t X? 21t Xi4 a1t X? 32) (6.13)
The revolution time is determined from the slope at a given tn number. In
previous experiments and publications the turn number at wbh the revolution
time was extracted was de ned to be Oth turn in 2002Mat04] and the 50th
turn in 2006 [Kne08] [Sun0§. In this work the given turn number of 50 is not
applicable anymore since also particles with a maximum tumumber of less than
50 turns are analyzed. An evaluation at the 50th turn of a partle with less than
50 turns in the ring would lead to an extrapolation of the t function and thereby
to a large error.
The combined experiments have a large di erence in maximunutn numbers and
therefore a variable choice of turn number (speci c for eacharticle) has been
implemented.
The nal t function is

f(x)= ag+ ax + ax® + agx’; (6.14)

69



6. Data Analysis of Measurements with and without Accurate Momentum
De nition in the FRS

where the revolution timeT is given by:
T= fO(X) = a.1+28.2X+3a3X2 (615)
The rst derivative of the error ¢ is
-|2-0|: = 11+4X2 22+9X4 33+4X 12+6X3 13+12X3 23 (616)
As an example the function of the revolution time of a particléhat was measured

with 22 events circulating 33 turns in the ring is shown in gue 6.4 The data
points and t parameters for this example are attached in theppendix.
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2
s ToF [nS]

0,010 4
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504,66 0,000 4

504,64 T T T T T T T T T -0,005 T T T T T T T

Turns

Figure 6.4.: Left hand side: Example of a rst derivative of gpolynomial t of
3rd order against the turn number. Right hand side: Functiorto
determine the ToF uncertainty o against the turn number. In the
example the particle revolved for 33 turns in the ring.

To be able to compare the revolution times of particles withicerent turn num-
bers, each particle has to be analyzed under the same physicanditions. In
order to do so the turn number of choice is variable and depegwt on the num-
ber of maximum turns circulated in the ring. According to the t functions the
minimum of the t function for each particle j in terms of revolution time and its
error is found at turn numberN/, ., =2. For each particleN/, ., =2 was then chosen
to be the turn number at which the revolution time was determmed.

A last step of the tting process introduces another 2 test to measure the qual-
ity of the t function according to the slope of each point. An alditional factor
Is introduced that is multiplied to the assumed error of the @volution time. A
factor < 1 indicates that no large scattering of the data points usedas observed
and that the t function describes the data points very well. Factors above 1
indicate that the assumed error does not perfectly accounorf larger scattering
of the data points. In general, particles with only few detded events have a
larger scattering and therefore a large factor. Revolutiotime errors (including
the factor) larger than 6 ps are declared as non reliable deteinations. The

70



6. Data Analysis of Measurements with and without Accurate Moentum
De nition in the FRS

factor is de ned as

3
S . o2
T X gt m
factor = N (m 1) iﬁ 2 E (6.17)
with
2.+ 2

6.2. ldenti cation

With the revolution time determined for all measured partites the next step of
the analysis is the identi cation of each particle. To do so @CADI [MOC15|
simulations of the ESR in the isochronous mode as used in thgeriments as well
as simple calculations with LISE++ [LIS15] were performed to get the theoretical
revolution time of nuclei expected to be measured in the exp@ent.

The revolution times are binned (1 ps) into a revolution timespectrum. From
this spectrum a start point for the identi cation has to be faund to be able to
identify all the other nuclei according to formula4.16 If one particle is identi ed,
particles close to the reference identi cation can be identd as well. The formula
including a reference identi cation can be written for idehisochronous conditions
(= 1as

dT izd(m:(]) 0 Tiheory  Tref iz(m:q)theory (M=0)ref (6.19)
: t

Tref B ( m :q) ref

Here T, and (m=q),es are the revolution time and mass-to-charge ratio of the
reference identi cation respectively. For theory valuesfahe mass-to-charge ratio

(M=0Q)eory the corresponding theoretical revolution timeTyeoy Can be found by

solving equation6.19for Tineory :

T 1 (mchtheory (mzq)ref-l-
theory — ? (m:q)ref

ref + Tref (620)

To nd areference identi cation in the revolution time spedrum, a mass to charge
ratio distribution around 2.5 can be used. Looking into all kown masses of the
atomic mass evaluation 2012W§AW12] a gap of nuclei below and above m/q =
2.5 can be found. This same gap of nuclei can be found in the okuion time
spectra of the IMS experiments.

This gives a rst glance on the m/q values for the revolution itmes obtained in
this very region. A closer look into this region allows us tond characteristic
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peaks with given relative di erences in their revolution tmes that can only cor-
respond to unambiguous identi cations found for nuclei ckke tom=q= 2:5.
Having one unambiguous reference identi cation equatiod.20allows identifying
all other peaks in the revolution time spectra. Figures.6 illustrates how the
identi cation process works for a reference identi cation(in this case2>Nel%*).
By choosing one peak to be the reference mass the theoreti@lolution time for
all surrounding peaks can be calculated and compared to theeasured ones. In
case the chosen reference was correct, the measured revatutimes t to the
calculated ones. If this is not the case another referencemdi cation for the same
peak has to be taken and the theoretical revolution times hawo be recalculated.
This is done until the pattern ts to the theoretical values. An additional aspect
which, helps to be certain about the identi cation, is the ocurrence of character-
Istic patterns along the identi cation. For example, it is expected to nd chains
of identi cations that dierin A = 5andZ = 2. This pattern can also be
seen in gure6.6.

Note: Equation 6.20 is only valid for revolution times close to the reference
revolution time. Taking this into account one has to changehie reference iden-
ti cation towards larger (or smaller) m/q values by declarng a newly identi ed
peak to be the new reference identi cation. The nal identi cation list contains
the measured revolution timeT (including its uncertainty +1,r) connected to a
mass number A, an atomic number Z, a charge state g, the theoiel m/q value
and the information whether it is an isomeric state or not.
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Figure 6.5.: The upper panel shows all possible m/g valuesoamd m=q = 2:5
as known in the AME 12 WAW12]. A revolution time spectrum
measured with IMS is shown in the lower panel and shows the cha

acteristic gap atm=q=2:5 as well.
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30 . ; . : . : . :
“Ne'” 494.666 ns
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A
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0
E 494.480 ns
S
(@]
O 494,519 ns
107 494781 ns |
0 -
494,300 494,400 494,500 494,600 494,700 494,800

Revolution time [ns]

T theory [ns]| m/q [Th] A z Q

494,425082 | 2,497328 50 20 20
494,425393 | 2,497332 95 38 38
494,427262 | 2,497352 65 26 26
494,429170 | 2,497373 60 24 24
494,431521 | 2,497398| 100 40 40
494,433452 | 2,497419 55 22 22
494,438819 | 2,497477| 105 42 42
494,441182 | 2,497503| 110 44 44
494,447974 | 2,497577| 120 48 48
494,448117 | 2,497578| 115 46 46
494,451109 | 2,497611| 125 50 50
494,454902 | 2,497652| 130 52 52
494,457193 | 2,497677 45 18 18
494,462790 | 2,497737| 135 54 54
494,479403 | 2,497918 40 16 16
494,519342 | 2,498351 35 14 14
494,599983 | 2,49922549 25 10 10
494,667837 | 2,499961 20 8 8
494,932945 | 2,502835 10 4 4

Figure 6.6.: lllustration of the performed identi cation process with?®®Ne'®* cho-
sen to be the reference identi cation for revolution time 48.600 ns.
Calculating the theoretical revolution times for possibldadenti ca-
tions from literature shows that the other measured revolubn times
t perfectly to the literature values and veri es the identi cation.
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6.3. Matrix Method

The correlation-matrix method used to extract the mass valks from the measured
data is similar to the one used in several previous analyse$he rst analysis
using the correlation matrix method was done for Schottky nmes measurements
[RT0Q]. Since both IMS and SMS experiments measure the revolutitme (fre-
quency) calibrated with literature values, the matrix can &o be applied to IMS
data.

The mathematical description below follows the descriptioof these worksR*™ 0Q].

The basic idea of the matrix method is to use a maximum likeldod method
to nd a maximum in a joint probability density function that describes all in-
terconnections and correlations between measured massed eeference masses.
For each revolution timeT; in a spectrumj and nucleus the m/q value can be
described by a polynomial function with coe cientsalk and orderk

X
m=q= a]!‘(Tj )k (6.21)
k=0

The dierence |; between the real m/q value and the t function is expected to
be Gaussian distributed around 0 and can be written as

X
R UL (6.22)
q k=0

with ; being the standard deviation of the Gaussian distributionwhich is also
directly connected by a scaling factos to the standard deviation T of measured

revolution time Tj

j . (6.23)

1
(0]

The scaling factor is necessary because the input data are/akution times and
revolution time uncertainties. s scales and translates the revolution time uncer-
tainty into a mass uncertainty. It is important to note that for IMS this scaling
factor is not constant for all m/q regions. Because of the ishronicity of the
ring, particles with m/q ratios di erent to the isochronous nuclide have a larger
revolution time distribution that has to be accounted for bythe scaling factor.
This on the other hand means thats is a function of m/g. In the rst step of
the analysis only small m/q intervals are analyzed and a cotast s factor in this
interval is assumed. For the full analysis a variable scalyjnfactor s(m=g) is used
in a second iteration.
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With a Gaussian distribution de ned as

G(l: )= pzlre E (6.24)

the equation system6.22 can be written as a probability density function con-
sisting of Gaussian distributions for each nucleus and spectrumj :

Y
Lexp = G5 ) j =1;2;::;Ns and =1;2;::5 Ny (6.25)

This correlates all measured revolution times of bare (fyllionized) nuclei. More
correlations should be added to increase the strength of timeatrix method. In
the IMS experiments not only bare nuclides but also di erentharge states are
measured. By adding the masses and binding energies of thé&r@xelectrons for
measured charge states, additional correlations can bedi@.

This can be implemented into equatior6.22 by de ning the measured massn,
in general to be

m, = m° + E, (6.26)

Here m® is the mass of the bare nucleus and E; the total electron binding
energy including the electron rest masses for the corresplamy charge state. For
bare nuclides measureé; is simply 0. The values of the rest mass and binding
energies of the electrons have been extracted from atomictaldables H* 7§,
[JS89 and [PJS94.

Besides unknown nuclides also very well known nuclides aresasured in the
experiments. For those nuclides another correlation to &trature values of the
atomic mass evaluation (AME) 2012\VAW12] can be added. For the measured
reference masses a similar dependency, as assumed in eqn&i22 can be writ-
ten:

m m*=] m (6.27)

The dierence | between the estimated mass value in the data analysis and
the corresponding literature valuem™' is also expected to be a Gaussian distribu-
tion around 0 with a standard deviation m , which is given by the uncertainty
of the literature value m™". The probability density function for the reference
correlations (hereN, is the number of total reference masses) is

Y
Liet=  G(l; m); =1;2;:5 N, (6.28)

Ultimately joining the probability density function of the correlated experimen-
tal massesL ¢y, together with the probability density function of the corrdated
reference masseds,es Yields the likelihood function
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Y Y

Figure 6.7 illustrates the correlation between every measured revdion time, the
input data for reference masses (AME2012) and the joining di& two probability
density functionsL ey, and L.
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Figure 6.7.: Principle of the correlation matrix method. Eah measured revolu-
tion time in every spectrum (black bars in left graph) is comlated
to all other measured revolution times (demonstrated by theed ar-
rows). This is included in the probability density functionL ¢y,. Ref-
erence masses (right tabular) are represented by the probi#ly den-
sity function L. Combining the measured revolution times with the
reference masses (yellow arrows) leads to the joint probkiyi den-
sity function L that is then minimized in the maximum likelihood
method.

To nd the maximum of this joint probability density functio n as a function of the
calibration curve the coe cients a]!‘, the mass of a bare nucleusi® and (in small

m/q intervalls) the scaling factor s, have to be found with the three likelihood
conditions. In order to simplify the expressions of the Gasmn functions the
natural logarithm is commonly applied toL. The values that maximize the
normal probability density function L are the same that maximize the logarithmic
form InL, because the logarithm is a strictly monotonically increasg function.

The three likelihood conditions are:
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L 6.30

a (6.30
InL

% =0 (6.31)

% =0 (6.32)

The solution for equation6.30includes for each spectrunp unknown coe cients.
It can be written as

0 1 0 1
ajl X T:L
A %a])é = w q—‘% : § (6.33)
a]k (T, )k
w; are the weights
1 1
W = = 6.34
O S ©39
and A is ak k matrix of the form:
0O P P I .
= Wir p W% _I'_I'j y op W"(g")zﬂ
W . W . T W .
A = % :J j J: j ; j ) j § (6.35)
P . P . . P .
w; (T, )X wy (T, )%t o w; (T, )%

By inverting A‘j the coe cients a}‘ can be calculated from

0 1 o 1
21 1X m. Tj
¢ = A w, q—' : (6.36)
a]k (T, )

Dependent on thle choice of the polynomial ordds the analytical solution for the
k k matrix A‘j can get pretty complex (starting fromk = 3). To still be able

to use polynomial ts with orders larger than 3, the inversio of the matrix A\j
has to be performed numerically.

The second equatior6.31 can be solved for each mass by using the relation

X mi X -ﬁ (Tj ) INL et _
W (q )2 ‘ W q mb

J

0 (6.37)
j
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The function T, can be rewritten in a matrix notation:

0,1

a].
1

(T, )= ey(T )= (1T (T, )k)%ﬁiﬁ (6.38)
a]!<

Equation 6.38now allows us to substitute equatior6.36into equation 6.37which
yields

(6.39)
Index runs over all nuclei that appear in spectrunj . This is the nal equation
to determine the massesn®. A shorter way to write this equation can be done
symbolically by introducing aN,, Ny (N, is the number of di erent nuclei)
matrix W :
WM =w (6.40)

The diagonal elements of the matrixV are given as

2 0 13
1
T
W = | (q)2 1w (L J;::"(T))A\ E (6.41)
| a )k
and the non diagonal elements are given as
2 0 13
1
X
W= §W LT, (T )94, %T § 6 (642
R
(T; )¥

The vector w di ers for reference nuclei and non reference nuclei. Forfezence
nuclei w is

0 1 1
Xoww, 1%T § X w E m
_ SEES A\
w j; qq(l’J’ (T)) E; j (q)z ( m)2
(T, )
(6.43)
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and in case of non reference nuclei the last term =( m )? is not added.

The nal mass valuesm® for bare nuclei can be obtained by solving equatioh40
for M. To do soW has to be inverted and multiplied with w:

Nt =W lw (6.44)

The last equation from the maximum likelihood ansatB.32allows us to determine
the scaling parameter s

(6.45)

As already mentioned above, an analytical solution for thegeatrices is not possi-
ble. The solutions for equatior6.44and 6.45were achieved by numerical iteration.

With this rst iteration of the analysis only mass values anda scaling factors for

a investigated m/q interval are valid. In a second and nal ieration the found

scaling factors can be used to determine the variable scajifactor as a function
of m/q. This function is then implemented into the matrix anda nal analysis of

all measured m/q regions is possible in one correlation. Thalso means that in
the second and nal evaluation the third likelihood conditon 6.32is not needed
anymore. Figure6.8 shows the determined scaling factors after the rst analysi
step and the t function implemented for the nal evaluation.

The determination of the statistical error in this method ugs the diagonal ele-
ments of the inverse matrixW ! and is de ned as

(a)?=w * (6.46)

In the application of the matrix to measured data one has to asire that enough
connections between measured and reference masses areitpessThis can be
done by summing up a minimum of 100 particles for each speatny . Increasing
the number of particles inside a spectrum makes the connemis stronger and
decreases the statistical error for exotic nuclei, becauséth increasing particle
number it gets more likely that exotic nuclei are in the samep®ctrum as the
reference mass closest to it. A drawback of adding too manyrpeles into one
spectrum is the time needed to measure the amount of partislelf the measure-
ment time to accumulate the desired amount of particles pempsctrum in the
experiment is too long, additional errors due to drifts dued drifts (e.g. magnet
drifts) decrease the measurement accuracy. In order to miize the in uence of
time-dependent e ects the number of accumulated particleger spectrum must
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Figure 6.8.: The scaling factors for di erent m/q intervals. A 2nd order poly-
nomial t is shown in red. The observed dependence re ects ¢h
fact that the mass uncertainty is indeed dependent on m/q. Fathe
isochronous m/q value a minimum s-factor is reached.

be chosen appropriately.
The estimation of the systematical error ¥ of the experiment was done using
the relation

X (mb mb)z
( ~mb)2 4+ ( syst)2 + ( stat)2 =N (6.47)

wherem® are the mass values and m® the uncertainties of the reference nuclides.
stat gre the statistical errors of the measured masse®. N, is the number of
reference masses and”s the systematic error.
For the described procedure a Gaussian statistical distuiion is assumed. How-
ever, for very rare nuclides characerized with a few recodlevents in the whole
experiment, a Gaussian description is very likely to undesémate the uncer-
tainty. Therefore, it was looked for additional correlatims. Indeed, a strong
correlation between the measured uncertainty of the revdion time 1 and the
number of turns recorded in the ring could be observed.An awage error for
nuclides with low statistics has been calculated by takinghio account this addi-
tional uncertainty as a function of the turn number. The addiional error 'S
is quadratically added for nuclides with less than 15 recoed ions.
The reason for this observed correlation is probably the imence of the initial
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phase-space coordinates, e.g., the position and angulaoinates of the in-
jected ions before they reached a close orbit in the ring. Theansformation from

the time uncertainty to the corresponding mass uncertaintyvas done using the
relation:

m=T=T 2 m (6.48)

This relation yields, for example, 480 keV/ps for an ion with anass of 130 u and
an ionic charge of 50. Hence overall uncertainty of the measdrmass is

m = P ( stat)2 4 ( syst)2 (6.49)
and for nuclides with less than 15 counts
m = P ( stat)2 4 ( Istat)2 4 (- syst)2: (6.50)
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6.4. Limitations of IMS

The introduced variable s-factor in the matrix method is neessary because one
has to account for the di erent isochronicity quality for dierent m/q values. A
discussion of the basic limitations of the IMS method follosv Altogether the nal
uncertainty of the mass determination is a combination of m@y di erent error
contributions starting from the revolution time uncertainty for non isochronous
nuclei, adding uncertainties from the detector for each tur and its timestamp
determination.

The sources of possible uncertainties to the nal mass detemation can be sep-
arated into three elds:

ToF Detector
Analysis Method

Storage Ring

6.4.1. Contribution of ToF Detector and CFD Method

The observable that determines the nal mass value is the relution time T.
The uncertainty of the revolution time is dependent on the ucertainty of each
timestamp and the number of turns in H1e ring. The uncertaing of the times-
tamp was assumed to be: gmestamp = detector T &rp+ This uncertainty is
determined by the CFD method. For a typical revolution time ¢ 500 ns a list of
timestamps according to a selectable turn number was gentrd for 100 parti-
cles assuming the time uncertainties to be Gaussian disttited. The timestamps
were analyzed with the program "mtrace" Hau99 [Sta0d as explained in section
6.1 The distribution of the revolution time T and the corresponding standard
deviations 1(det) are presented in the gures. The guress.9and 6.10show the
results for di erent turn numbers.

Stored ions measured for only 30 turns in the ring with a timéamp uncertainty

of 125 ps yield a broad revolution time distribution of appreimately 2.7 ps stan-
dard deviation. This time spread will cause even for perfdgtisochronous ions
a severe limit in the resolving power. 1 ps uncertainty of theevolution time

corresponds to 480 keV in the mass resolving power for an iomss of 133 u. For
a 125 ps timestamp uncertainty this means only particles wit more than 120
turns must be selected to achieve an accuracy of 240 keV.

By improving the timing performance from 125 ps to 50 ps onlyO7turns are

required to reach the same accuracy. Presently the best meeed timing perfor-

mance of the detector reached is 35 ps (see gubed). Combined with the best
CFD method accuracy of 20 ps (high sampling rates needed) thest timestamp
accuracy achieved until now is 40 ps.
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Figure 6.9.: Panel a): Calculated distributions of the revation time and the
corresponding standard deviations for a 125 ps time spreaél the
timestamps for di erent turns. Panel b): Standard deviatios for
125 ps time spread of the timestamps as a function of the turrum-
ber.
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Figure 6.10.: Panel a): Calculated distributions of the renlution time and the
corresponding standard deviations for a 50 ps time spread thie
timestamps for di erent turns. Panel b): Standard deviatims for
50 ps time spread of the timestamps as a function of the turn mu

ber.

For the investigations shown above a detection e ciency of 0% was assumed.
However, in the experiment the detection e ciencies can be \eer especially for
light elements. To investigate the impact of the detection eiency, a revolution

time of 500 ns was used to generate a Gaussian distributed @stamps for 200
turns. The missing timestamps due to the limited e ciency wee randomly se-
lected between the 1st and 200th turn. The results for a tim&smp uncertainty of

125 ps after 200 turns with detection e ciencies of 25%, 50945% and 100% can
be found in gure 6.11 For low detection e ciencies less timestamps are avail-
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able for the tting algorithm to obtain the mean revolution time for each particle
(see procedure illustrated in gure6.3). This causes broader distributions of the
revolution time.

161 Detection Eff. 25% 161 Detection Eff. 50%
121 121
8. s (det) = 0.44 ps 8. s (det) = 0.38 ps
44 4
[72]
= 0
% 499.96 500.00 500.04 499.96 500.00 500.04
8 164 Detection Eff. 75% 164 Detection Eff.|100%
121 121
8 s (det) = 0.26 ps 8. s (det) =0.25 ps
4- 41
0 0
499.96 500.00 500.04 499.96 500.00 500.04

Revolution Time [ns]

Figure 6.11.: Calculated distributions of the revolution ime and the correspond-
ing standard deviations for a 125 ps time spread of the timesnps
and 200 turns assuming 25%, 50%, 75% and 100% detection e -
ciency.

6.4.2. Contribution of the Isochronicity of the Ring

The calculated results from the previous section have densirated that stored
lons with at least 200 turns and less than 125 ps timestamp uertainty yield an
error of the revolution time of 0.5 ps. As stated above, in thexperiments the
isochronicity quality of the ring contributes in addition to the revolution time
distribution.

Two di erent experiments have been performed with the FRS-8R. In the rst
experiment the fullB -acceptance ( 1:2 10 3) of the ring was used. In the sec-
ond experiment theB -resolving power of the ion optical system of the FRS was
used to de ne theB window of the injected fragments. The selecteB window
( 1:4 10 %) was realized with slits ( 0:5 mm) at the central focal plane of the
FRS. Taking into account the results from the contribution & the ToF detector
and CFD method we analyzed particles with at least 200 turnsThe results of
both experiments are shown in the upper panel of guré.12 The observation
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is that even for the most isochronous ionsr is larger than 0.5 ps demonstrating
that for the di erent mass-to-charge ratios of the stored ins the overall measured

1 values could have only a minor contribution from the ToF detetor and CFD
method. Note that for m/q = 2.66, corresponding to*33Sn>** | the isochronicity
(¢ = 1:41594) of the ESR was tuned. The latter hypothesis is in the lfow-
ing veri ed with MOCADI simulations including the ion-optic al properties of the
ESR. The ring optics was included in the simulations with a &nsfer matrix of
3rd order Weilh], see table in appendiA.3.

Without Br -tagging With Br -tagging
— -3 _ -4
(DBr/Br =1.2x107) (DBr/Br =1.5x107)
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14 : ':b"lt.: 480 1 " .{ :'E"-"' | 480
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N o without Br -tagging 0 0 " .! " 0
O 245 250 25 260 265 270 275 245 250 255 260 2,65 270 275
el
; . 3360 7 3360 AN
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= MOCADI simulation _
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4 . 11920 4 L 1920
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0 . withouF Br-taggling i i i 0 0 i i i i i i 0
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Figure 6.12.: Measured revolution time uncertainties veus m/q for experimental
data (upper row) and calculated MOCADI results (lower row). The
results without B -tagging are shown in the left hand columns, the
results with B -tagging are shown in the right hand columns. The
m/q value of the reference nuclet*3Sn is indicated with the red
vertical line.

We have used 10,000 particles in the MOCADI simulation (see apter 8 for a
discription of MOCADI) with a mean B =8:28039 Tm. TheB window in the
simulation was set to the experimental slit conditions fortie ions injected in the
ESR. The m/q of the simulated ions was varied from 2.5 to 2.8 dnthe recorded
time of ights for di erent turns were analyzed with the "mtr ace" program in the
same way as the experimental data.
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The results of the simulation are presented in the lower pahef gure 6.12
and demonstrate excellent quantitative agreement with theneasurements. This
means our hypothesis is veri ed.
The previous investigation gives us con dence that the sintation re ects the
experimental conditions and limitations well. An interestng question in this
respect is, which value of thé8 -tagging is necessary to obtaint = 1 ps for the
complete m/q range. This would guide the future goal of velitg measurements
with the dual ToF system. The result is illustrated in gure 6.13and shows that
B=B =5 10 ° would be needed. This condition corresponds to a velocity
accuracy of 25 10 °. The geometry and performance of the dual ToF detector
system will ful Il this requirement.

7 -
—— DBr/Br =1.2x10°

6 - —— DBr/Br =1.5x 10"
—— DBr/Br =8.0x 10°

5 - —— DBr/Br =5.0x 10°

U)l_

3 -

2 -

1 ] —

O 1 4 1 4 1 4 1 4 1 4 1 4 1

2,50 2,55 2,60 2,65 2,70 2,75 2,80
m/q [u/e]

Figure 6.13.: Simulated uncertainties of the revolution the versus m/q for dif-
ferent B -de nitions. The calculated 1 values are only determined
by the non-isochronicity of the ring and additional detecto e ects
are excluded.

In total this means that for particles with more than 200 turrs the uncertainty
of the determination of the revolution time is mainly deternmed by the non-
isochronicity of the ring. The uncertainty of the revolutian time yields the mass
resolving power (equationd.1?), which is given, for example, for the reference
nuclide 133Sn with T =511 ns, ; = 1:41, t(det)=0:5 ps and (iso) =0:8 ps
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to be

1 T
= ~p ____=270;000 (6.51)
¢  t(deh)z+ 1(is0)?

m 1T
R = =
m 2T

After unambiguous identi cation the nal mass is evaluated ly the correlation-
matrix method that yields presently a systematic error of 180 keV (see chapter
7). A summary of all major contributions to the achieved massesolving power
from the experimental components and analysis procedureilisistrated in gure
6.14
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Figure 6.14.: Contributions to the achieved mass resolvingower of IMS in the
ESR from the experimental components and analysis proce@ur
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A 410 MeV/u #8U projectile beam was extracted from the synchrotron SIS-
18 with an average intensity of 1 10°/spill and impinged on a 1032mg=cn?
beryllium target at the entrance of the fragment separator RS. Neutron-rich
ssion fragments created via abrasion- ssion were sepakat in ight with the FRS
applying pure magnetic rigidity (B ) separation with the standard ion-optical
operation mode. The separation mode, without degraders, s&nabled by the
large mean velocity di erence of the projectile fragmentsral ssion products and
the restricted angular acceptance of the FRS. Practicallyhis means, a suitable
B -selection with the FRS can provide ssion fragment beams thiout signi cant
contributions of projectile fragments. The ions of interdswere injected into the
Experimental Storage Ring ESR for IMS at a mean velocity coesponding to the
transition energy of = 1:41. The magnetic elds of the FRS and ESR were
set for 1331351365 jons in di erent runs, i.e., these isotopes were subseqtig
centered at the optical axis. The ESR was operated in the idmonous mode
[HAB™ 0Q] without application of any cooling.

IMS measurements have been performed with and withol -tagging for the
same 2 settings of the magnetic elds of the FRS and ESR. Thegsils of the
ToF detector were recorded with commercial digital oscilkzopes (Tektronix TDS
6154C, 40 GS/s, 15 GHz; LeCroy LC584AM, 4 GS/s, 1 GHz). The datatseof
the two di erent experiments, with and without B -tagging, were combined and
analysed with the new correlation-matrix methodRPat15] as described in chapter
6. The advantage of this new analysis is that it is possible tox¢lude ions with
very low statistics down to a few events of a single isotope. Averview of each
experimental setting can be found in table’.1

Table 7.1.: Experimental eld settings for di erent isochionous centered ions.

| Centered Isochronous lon B | Energy [MeV/u] | B -tagging |

130G 0+ 7.505 340.326 without
18lgp0+ 7.969 372.425 without

183G p0+ 8.189 380.169 without

135G p0+ 8.314 380.256 without
133gp0+ 8.222 382.792 with
136gp0+ 8.404 382.437 with and without

Previously, the experiments were analyzed separately andly for the experi-
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ments with B -tagging the correlation-matrix method was applied. For te anal-
ysis of the experiment performed withoutB -tagging strong restrictions were
applied to the analyzed m/q and isochronicity range in the p&t. The restrictions
were Mat04]:

at least 50 identi ed ions of the same isotope
a maximum standard deviation of the time-of- ight distribution of 2 ps
restricted m/q range 256 m=q 2:65

For the experiment withB  tagging the following restrictions were applied{ne08]
[Sun0g [S' 08]:

the stored ions must at least circulated for 100 turns
restricted m/q range 256 m=q 2:65

restriction on the t of the revolution time: coe cient of 2n d order must
be<2 10°

ions excluded with an error of the revolution time larger tha 0.5 ps

Additional condition for the minimum accepted number of paricles per peak was
10 for the results presented inJun08§ and [S" 08] and a minimum of 5 particles
per peak for the results presented irkKine08].

In the present work there are no restrictions applied in theata analysis of both
experiments with and withoutB tagging. A main goal of the present analysis is
to include the most exotic nuclei with naturally low statisics that were excluded
by the restrictions in past.

7.1. Reference Masses

The masses in the presented experiments have been deterrdiri® accurate
revolution-time measurements of reference nuclides witreli*known masses com-
bined with the ions for which the mass values were measured tbe rst time.
Therefore, it is valuable not only to present the new experiental data but also
the reference masses used. A list of all reference massesl wse be found in
table 7.2 The used reference masses were measured at JYFLTRAFYF12).
Usually the mass value of an atom is presented in tables as massess (ME)
de ned as:

ME=m A; (7.1)
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where m is the mass of the atom andA is the corresponding mass number in
atomic units u. The conversion from atomic units to energy t following relation
1u = 931:494061Me\c? was used WAW12]. This mass-excess value ME, the
corresponding accuracies ME and their literature references are tabulated. The
information is also given in atomic mass unitsnh and m). Furthermore, the
total number of ions for each isotope recorded in the ESR artated.

Table 7.2.: List of used reference masses.

Isotope| ME ME m m | counts | Reference
[keV] | [keV] [u] [u]
PGa |-62547| 1 78932853 1 706 [H" 08|
80Ga | -59223| 2 79936421 2 358 [H 08|
81Ga | -57628| 3 80938134 3 138 [H* 08|
82Ga | -52930| 2 81943177 2 47 [H* 08|
82Ge | -65415| 2 81929774 2 1181 [HT 08|
8Ge | -60976| 2 82934540, 2 452 [H* 08|
8Ge |-53123| 3 84942970, 3 55 [H* 08|
8As | -63189| 3 84932164 3 1204 [H* 08
8As | -58962| 3 85936702, 3 568 [H* 08
8As | -55617| 3 86940293 3 116 [H* 08
86Se | -70503| 2 85924312 2 4381 [HT 08|
87Se | -66426| 2 86928689, 2 4174 [H 08|
89Se | -58992| 3 88936669, 3 455 [H* 08|
89Br -68275| 4 88926704 4 8130 [R*07]
0By -64001| 4 89931292 4 3350 [R*07]
92Br -56233| 7 91939631 8 164 [R*07]
%Rb | -65935| 4 94929216, 4 7529 [R*07]
9Rb | -58519| 6 96937177, 6 828 [R* 07
%Sr | -72926| 10 95921711 11 8976 [H* 06]
9Sr | -68587| 10 96926369 11 7906 [H* 06]
101y -65065| 8 10093015 9 4049 | [H* 070
103y -58457| 11 | 102937244 12 59 [HT 11
1017y | -73164| 10 | 100921455 11 7689 [H* 06|
1037y | -67819| 10 | 102927193 11 4079 [H* 06]
5N | -69907| 5 10492495 5 405 [H* 07D
7Nb | -63715| 9 106931599 10 1231 | [HT07h
108Np | -59545| 9 107936076 10 390 [HT 11
109Mo | -66670| 12 | 108928427 13 1390 [H* 06|
10Mo | -64547| 24 | 109930706 26 172 [H* 06]
1Mo | -59933| 13 | 110935659 14 95 [H*17]
11Te | -69018| 11 | 110925906 12 156 [HT 074
12Tc | -65250| 6 11192995 6 886 [H* 074
13T | -62812| 4 11293256 4 368 [HT 11
2Ry | -75624| 10 | 111918814 11 1284 | [H* 074
WRu | -70221| 4 11392461 4 36 [H*17]
15Ru | -66071| 8 11492907 9 580 [HT 074
bRy | -64069| 4 11593121 4 158 [HT11]
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Isotope| ME ME m m counts | Reference
[keV] | [keV] [u] [u]
18Rh | -64894| 24 | 117930333 26 331 [H* 074
119Rh | -62823| 10 | 118932557 11 118 [H*17]

119pg | -71415| 9 | 118923333 10 55 | [H*074
122pg | -64616| 19 | 121930632 20 | 43 [H"11]
18n | -68025| 2 | 130926972 2 19 | [H"129
183gn | -70874| 2 | 132923914 2 184 | [H*129
183gp | -78921| 4 | 132915273 4 128 | [H*124
1355p | -69689| 2 | 134925186 2 | 1892 | [H*124
185Te | -77727| 2 | 134916557 2 | 2606 | [H*124
136Te | -74425| 2 | 135920101 2 14 | [H*129

Our systematic error, as stated in equatio.47, was determined in the following
way. The masses of N reference isotopes (talle?) were separately evaluated
by excluding always the one to be determined but using all o#én N-1 reference
masses for the calculation of the systematic error. The madserence between
the reference masses and the corresponding mass value of thork is shown in
gure 7.1 The result of this analysis was a systematical error of 172¥.

800

e (I
e

T T T T T T T T T
250 252 254 256 258 260 262 264 266 2,68 0 2 4 6 8 10 12 14
m/q [u/e] Counts per 100 keV

Figure 7.1.: The mass di erence between reference mad¥f12] and this work
is shown on the left hand side. On the right side the projectio
of the deviation to the reference is plotted. From this anabis the
systematic error of the new mass measurements was deduced.
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7.2. New Masses

For neutron-rich isotopes (Z = 30 to 60) 25 masses were measdrfor the rst
time. The masses are shown in tablé.3. The columns have the same meaning as
de ned in table 7.2 The errors ME and m represent the total uncertainties
with the contributions discussed in detail in the previousltapter. A comparison
to the extrapolated mass values of the AME12§AW12] is shown in gure 7.2

Table 7.3.: List of masses measured for the rst time.
Isotope| ME ME m m | counts
[keV] | [keV] [u] [u]
8Ge | -49406| 175 | 85946960 188 30
91Se |-50577| 173 | 90945703| 185 16
%4Br | -46812| 398 | 93949745| 428 9
105y | .51280| 528 | 104944949 567 5
1067y | .58547| 173 | 105937147 185 120
1077y | -54382| 491 | 106941619 528 11
H1ONp | -52315| 336 | 109943838 361 3
13Mo | -53402| 323 | 112942671 347 3
H4Tc | -58595| 173 | 113937096 185 61
15Tc | -56323| 330 | 114939535 354 9
18Ry | -57633| 204 | 117938128 219 2
21Rh | -56265| 271 | 120939597 290 2
123pd | -60428| 331 | 122935128 355 10
124pd | -60200| 387 | 123935373 415 4
126pg | -61411| 328 | 125934073 353 14
129Cd | -63145| 173 | 128932211 186 18
131Cd | -55583| 961 | 130940329 1032 2
1385 | -54253| 439 | 137941757 471 9
141) -60023| 173 | 140935563 185 177
143 -50178| 486 | 142946132 522 6
149Ba | -53124| 175 | 148942969 188 29
150Bg | -51482| 377 | 149944732 405 3
10 5 | -56135| 174 | 149939737 187 26
51 a | -53308| 174 | 150942772 187 47
1%4Ce | -52543| 590 | 153943593 633 6
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Figure 7.2.: The mass di erence between extrapolated masalwes stated in the
AME12 and this work against the mass number A is shown for nu-
clides measured for the rst time.

In comparison to the extrapolated mass values of the AME12 threasses obtained
in this work are within 500 keV for almost all measured nuclides and therefore in
good agreement. The largest deviation to the AME12 was obsed/for ***Pd and

Is 1.6 MeV. In general, there is a slight tendency observed ththe extrapolated
mass values have lower mass-excess values. The mean valubeoprojection is
about -120 keV.
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Results

7.3. Improved Masses

Besides newly measured masses also known masses could beasumed and the
uncertainty of the mass value could be improved. The mass ual of *°Cd could
be measured directly for the rst time and is listed togethemwith the improved
masses in table7.4 and shown in gure 7.3

Table 7.4.: List of masses with improved uncertainty.

Isotope| ME ME m m counts
[keV] | [keV] [u] [u]
93Br -52884| 172 | 92943227| 185 79
109Nb | -56690| 172 | 108939141 185 76
117Ru | -59493| 173 | 116936132 185 33
125Ag | -64514| 173 | 124930741 185 66
130cdl | -62131| 438 | 129933300 471 5
137gh | -60620| 173 | 136934922 186 94
140) -63529| 173 | 139931799 185 750
3000 y r T T T T
2000 - .
S’ 1000 4 117 .
% gy Ru 125Ag 140
0 P S - -
> % %
1 109
ng -1000 Nb 130 ¥’gp ]
s Cd
-2000 - i
'3000 T T T T T T
90 100 110 120 130 140
A

150

Figure 7.3.: The mass di erence between mass values statedthe AME12 and
this work against the mass number A is shown. The identi catin of
the nuclide is labeled for each data point.

measured directly for the

rst time
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Figure 7.4.: The 25 new masses covered in the present anay\(sed squares), the
improved masses (blue squares), and reference masses (gsqaares)
are presented in the chart of nuclides.

Other established results from mass measurements to dissube evolution of

nuclear structure and shells are the nucleon separation egres and their deriva-
3

tives. The one-neutron separation energ$, and the pairing gap energy n”’ is
de ned by:
Sh= M(ZN)+ M(Z;N 1)+ M(0;1) (7.2)
1
P =( DSIS(ZN) Sy (ZN + 1)) (7.3)

M (Z;N) is the mass of the nucleus with proton number Z and neutron mober
N, and m, is the neutron mass.
According to [B*12] and [A* 14] the isotopes'®%13!Cd are candidates with high
impact on the astrophysical r-process. The masses of thoseotisotopes were
measured for the rst time directly in this work. The correspnding one-neutron
separation energyS, for cadmium isotopes including the new masses together
with tin isotopes from the AME12 are shown in gure7.5. The peak in the
Sf”(z; N ) values is evidence of a shell closure for cadmium at N=82.
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Figure 7.5.: In the upper panel experimental one-neutrongaration energies §,)
are shown for Cd and Sn isotopes. In the lower panel the compesd-
ing pairing-gap energies are presented.
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7. Results

7.4. Comparison with Theory

Results of new mass measurements are an important benchméekt of the pre-
dictive power of theoretical models. In gure7.6 a representative comparison
of our new and improved mass values for iodine isotopes with etent mass
models. The models are based on microscopic-macroscopiscdptions [A* 95|
[P*96] [MNMS95] [W* 13b], the Hartree-Fock-Bogoliubov (HFB) theory D" 96|
and the shell-model inspired model of Du 0-Zuker)Z99]. It is clearly seen that
the deviation becomes largest for the most neutron-rich igni.e. the previously
experimentally unknown masses. The predictive power of thdi erent models
can be quantitatively characterized by the s values. They are listed in table
7.5 for iodine isotopes.

Table 7.5.: Comparison of measured data with models. RMS dations for |
isotopes for di erent theoretical models are presented. Ithis com-
parison the new IMS values and the tabluated experimental kees of
AME12 are included.

rms;1 rms;2

[keV] | [keV]

FRDM [MNMS95] | 450 | 491
HFB-27 [D*96] | 317 | 413
DZ28 [DZ99 355 | 443
ETFSI-1 [A*95 | 376 | 310
ETFSI-Q [P*96] | 363 | 349
WS3 W*13h | 360 | 391

It is interesting also to compare the one-neutron separaticenergies §,) for the
new masses with the same theoretical models used for the camgon of the mass
excess values. In some regions of the mass surface the dneeeof the exper-
imental and theoretical S, values are normally systematically smaller than the
corresponding comparison with the direct mass or ME valuebgcause de cien-
cies of models can cancel in di erences. Looking to the comm®n in gure 7.7,
one observes that the di erences of experimental and thedieal S, values reach
similar large descrepancy as observed wit the ME-value coarson.

Further investigations on the impact on the nuclear structee of the new masses
are currently in progress and will be presented in a future flication.
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Figure 7.6.: The mass predictions of di erent theories andxperimental results
are shown for iodine isotopes.
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Figure 7.7.: Di erences between measures, values and theoretical predictions.
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8. Simulations for the new CR ToF
detector

The second main part of this work concentrates on the simuians and design of
a new dual ToF detector system that will be installed at the fture facility FAIR
for advanced isochronous mass spectrometry in the new colte ring CR within
the ILIMA collaboration [W*134. For the design of the new detector certain
requirements have to be considered:

the detector acceptance has to match the large emittance dig CR (see
next section)

the timing performance of the detector should be equal or ket than the
one of the present ESR-ToF detector

the secondary electron transport e ciency should reach merthan 75%

a compact geometry

8.1. The Collector Ring CR at FAIR

The Collector Ring CR is a part of the planned new Facility forAntiproton
and lon Research (FAIR) in Darmstadt [GSI15. The FAIR facility will provide
access to new short-lived nuclides. The nuclides will be phaced by projectile
ssion and fragmentation reactions and will be separated Wi the Super-FRS
[Dra08h] [G" 03] and injected in the CR Pra08d. The CR will include sextupole
and octupole magnets. Besides storing and accumulating gbtons and rare
isotope beams the CR can also be used for IMS experiments. Asatly shown
in section 6.4 the limits of the IMS are the isochronicity conditions of thering
and the velocity spread of non-isochronous ions. A lot of iestigations and
simulations have already been performed in order to achietkee best possible
isochronicity condition of the new CR for future IMS experirents [D* 07] [D* 11]]
[LT13.

One of the most important changes for IMS will be the implemeation of the
new dual ToF detector system, which will be placed in the stight section with
a distance of approximately 22 m. The dual ToF detector syste allows the
measurement of the revolution time and the velocity of the ulating particles.
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8. Simulations for the new CR ToF detector

The additional velocity measurement will be a functional dostitution of the B -
tagging. B -tagging with a position measurement of the ions with the FRS
after fast extracted beams is not possible presently due tedhnical limitations.
Figure 8.1 shows the layout of the future CR including the new dual ToF dector
system. The mass resolving power of IMS experiments is mairdetermined by
the isochronicity of the ring and the timing performance oftie ToF detector as
outlined in the previous chapters.

8.2. Foil Diameter

The new ToF detector will be installed in the new collector ng (CR). Simu-
lations of the isochronous mode in the planned CR have beenrfoemed with
the Monte Carlo program MOCADI. Excerpt from the MOCADI documentation
[MOC15]:

"MOCADI is a Monte Carlo simulation program to calculate the ransport of
primary beams, projectile fragments, and ssion fragmentsr fusion products
[M* 07] through ion optical systems described by third or fth orde transfer ma-
trices and through layers of matter. The ion optical matrice can be calculated
with the program GICOSY. Currently, input data describing the FRS with all
branches, other fragment separators and storage rings ana#able for di erent
ion optical settings. Atomic interactions B 94] [S" 96] and nuclear interactions
of relativistic heavy ions with matter are calculated accating to [I* 97]."

The following ion optical coordinates are de ned Wol87d [WolI87b] and also
used in the simulations:

X (8.1)
- P
A= o (8.2)
Y (8.3)
- P
B o (8.4)
E=Eol+ ) (8.5)
T=Tod+1) (8.6)

where X is the horizontal and Y the transversal position of tb particle relative
to the optical axis, A and B the corresponding anglegy the horizontal compo-
nent of the momentum,p, the transversal component of the momentump, the
momentum of the reference patrticle, E and T the correspondjrenergy and time
deviations compared to a reference particle (index 0) resgiely. Using this
nomenclature the behavior of particles in electromagnetields can be described
with transfer matrices. For each ion-optical element a trasfer matrix has to be
calculated. The nal transfer matrix for a complex system wth many ion-optical
elements is the result of the multiplication of every singléransfer matrix along
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8. Simulations for the new CR ToF detector

the path.

.
Dual ToF I
Detector System |

Circumference C = 22145m
Magnetic Rigidity Br = 13Tm
Transition Point g = 1.67

Momentum AcceptanceDp/p = 0.5%
Emittance e, = 100 mm mrad

Figure 8.1.: The lattice of the Collector Ring (CR) with the rew dual ToF detec-
tor system is shown. The dipole (D), quadrupole (Q) and sexpole
(S) magnets are used to store the ions in the ring. For IMS theew
dual ToF detector system will be placed in the straight seatn. The
distance between the two detectors is approximately 22 m. &main
ring parameters for the isochronous mode are listed in thesert.
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8. Simulations for the new CR ToF detector

Based on the transfer matrices calculated for the isochrom® setting (CR68-
isoch) by S. Litvinov [LitO8] simulations for the ToF detector system have been
performed with MOCADI. In general, the existing ToF detectordesign cannot
e ciently be used in the new ring because the emittance of th€R is approx-
imately 14 times larger than the one of the ESR, which means ehgeometrical
aperture (i.e. the foil diameter) of the existing detectors simply too small and
causes a signi cant beam loss after a few turns. An overall cparison between
the ring parameters of the existing ESR and the future CR canebfound in table
8.1

Table 8.1.: Comparison between ESR and CR ring parameterstime isochronous

mode
ESR CR
Circumference 108.36 m 22145 m
Maximum magnetic rigidity B 6.4 Tm 13 Tm
Transition point 1.41 1.67
Momentum acceptance p=p 0.2% 0.5%
Emittance 7 mm mrad | 100 mm mrad

In the MOCADI simulations 10000 **’Sn*>° (m/q=3.14) were uniformly dis-
tributed in the center of the straight section opposite to tle two TOF detectors.
The distribution was chosen according to the emittance { = = 100 mm mrad)
of the CR in isochronous mode; = 1:67:

Number of particles : 10000
Initial energy Eq [MeV/u] : 620:5191 0:625 (uniformly distributed)
Mass of particle [u] : 1570639
Phase space distribution XA : K=3:222+( A=3:117 1 (elliptically distributed)
Phase space distribution YB : ¥ =2:717+(B=3:697 1 (elliptically distributed)

The results of the simulations for di erent foil diameter ae shown in gure 8.2
It can be seen that the much larger emittance of the CR requisea new detector
with a much larger foil diameter. A foil diameter of 80 mm washosen even
though larger foil diameters would yield a higher transmigsn. Nevertheless,
there are several reasons to not exceed a 80 mm diameter:

First of all the practical feasibility of self supporting thin foils (10 g=cm?) with
diameters> 80 mm is doubtful and the production is not possible with exisgg
devices $eild. Increasing the thickness of the foils to improve the mechir sta-
bility reduces the number of turns ions survive in the ring, Wich excludes this
option since the number of turns in the ring is one of the mostriportant criteria
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8. Simulations for the new CR ToF detector

for a high resolving mass measurement. (see chap@r
Secondly only MCPs with a maximum diameter of 80 mm and porezgs of 10
m are available PHO14]. By increasing the foil and not increasing the MCPs or
focussing one gains a higher transmission but loses in déi@t e ciency. Thirdly
and most importantly the increase of the foil diameter alsoequires the increase
of the total detector geometry. With only limited space avdable in the CR this
limits the maximum size of the total detector and is already tathe limit for foils
with 80 mm diameter.

+ Initial distribution
4 . . . . . ¥ 100 turns (80 mm foils)
O 100 turns (40 mm foils)

a1 " +

A [mrad]

-40 -30 -20 -10 0 10 20 30 40
X [mm]

Figure 8.2.: Simulations of ions circulated in the CR with annitial distribution
of 100 mm mrad (green crosses) after 100 turns. At each turndh
ions penetrate two detectors with each 40 mm foil diameter [ie
circles) and 80 mm foil diameter (red stars). The foil thickasses in
the simulation were 20g=cm? [KF* 13].

Simulations analog to the ones shown for the ESR (guré.13 were also per-
formed and the results can be found in gure8.3. The performance of the CR
for ideal isochronous ions is better than in the ESR ¢ < 0:3 ps in the CR com-
pared to 1 =0:8 in the ESR). However, this does not hold for non-isochronous
particles. For a change in m/q of 5.5% relative to the isochrmus m/q t in-
creases drastically for B=B > 1 10 “. This result shows that the additional
velocity measurement in the CR is mandatory. Without the addional veloc-
ity measurement accurate mass measurements for non-isasfous ions are not
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8. Simulations for the new CR ToF detector

possible.

10

DBr/Br =3.0x 10°
] ——DBr/Br =1.2x10°
6 —— DBr/Br =1.5x 10"
——DBr/Br =8.0x10°
—— DBr/Br =5.0x 10°

s, [ps]

T T T T T T T T
2,50 2,55 2,60 2,65 2,70 2,75 2,80

m/q [u/e]

Figure 8.3.: Simulated revolution time uncertainties agast m/q for di erent B -
de nitions.

8.3. Electron Transport

Three dimensional simulations for a new geometry of the nevetctor were per-
formed and investigated in terms of electron transport e cency and timing un-
certainty getector taking the new foil diameter of 80 mm as the starting point of
the design. The simulations were performed with SIMIONMDO7], which nu-
merically solves the equations for the given physical pradsh. We are interested
in the electron trajectories generated by electrostatic @hmagnetic elds. The
description of the electrostatic E) and magnetic @) elds is realized by the
Laplace equation for electrostatic or magnetic eld potemals V (de ned as Volts
or Mags in SIMION):

V=r?=rr V=0 (8.7)
rv=(V=x)i+( V=y)j+( V=2)k=E (8.8)
r'V=r E= Ey=x+ Ey=y+ E,=2=0 (8.9)

The boundary conditions for the solution of the Laplace eqtian are given by the
user as a 3 dimensional geometrical input of the electrodespmles. In all per-
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8. Simulations for the new CR ToF detector

formed simulations 1000 electrons have been started unifdy distributed over
the whole foil area. The kinetic energy distribution used irthe simulations is
a Maxwellian velocity distribution with a most likely kinetic energy of 1.8 eV
as theoretically proposedPD96]. Contrary to the rst 3D simulations of the
ToF detector performed by B. Fabian Fab0§ in this work both branches of the
detector have been simultaneously simulated. This allows investigate the time
uncertainty for coincidences between forward and backwaltttanch of the detec-
tor.

Furthermore, to verify the simulations, calculations for he existing ESR ToF
detector were performed and the results were compared to rseeements. They
agree very well to the experimental results ( gure5.3 [Diwll]) and thus give
con dence for the prediction of the performance of the new dign.

The relative transport e ciencies are determined by takingthe ratio of elec-
trons hitting the MCPs and the amount of initial electrons sarting from the foil.
The statistical uncertainty of all stated transport e cien cies is 3%. The deter-
mination of the timing uncertainties 5, (forward) and 4, (backward) was done
by simulating the ToF of the SEs from foil to the MCPs for each tanch. An
example of the time distribution is shown in the appendix in gure A.2. These
ToF distributions were tted with a Gaussian function
A S(x_x¢)?
y= —p—=e " w (8.10)
w =2

The free t parameters are the amplitudeA of the distribution, the center of the
distribution x. and the width of the distribution w. The correlation between the
width and the standard deviation of this distribution is simply = w=2. The
determination of the coincidence timing uncertainty i, was also determined by
tting the same Gaussian to the coincidence ToF distributio.
The elds and electron trajectories for the di erent geometies were created with
the programs SIMION MDOQ7] and ITSIM [W* 06] and were plotted with Origin
Labs version 8.5. Geometries for SIMION simulations can benported from
computer-aided design (CAD) drawings of the realistic detémr. An overview of
the steps that have to be performed for each new geometry isosin in gure
8.4. The accuracy for all geometriegalculated with SIMION was 0.5 mm. A
homogeneous magnetic eld of B=B = 10 ° was used in all simulations. The
results of the electron transport simulations can be foundisection9.2

8.4. Magnetic Field

Besides the importance of the geometry of the ToF detectoresitrodes the ToF
detector needs a homogenous magnetic eld perpendicular ttee electrical eld

in the order of 10 mT to transport the SE from the foil to the MCFs. The magnet
design for the existing ESR-ToF detector is a Helmholtz-maghand was designed
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CAD drawing _ Grid creation and |
solving the Laplace equation

i

Analysis

0+
4800 4900 5000 5100 5200 5300 5400
ToF (ps)

Figure 8.4.: Sequence of each step necessary to simulate e¢lectron transport.
Starting with a construction CAD drawing the geometry can bem-
ported into a geometry grid that can be used by SIMION as bourzdty
conditions (2). After solving the Laplace equation for the gen ge-
ometry, potentials can be applied to the electrodes and etean tra-
jectories from foil to MCPs can be simulated. The simulatedight
times are then analyzed (3).

by M. Sendor in 1992 $en92. To be able to place the new vacuum chamber
(wall thickness 25 mm) and the new detector electrodes (yrdction = 180 mm)
of the ToF detector in between the two pole shoes a gafs{) of at least 258 mm
Is necessary. With the Helmholtz-condition for the dimensis of the magnet
(Gop = reoil) @ pole-shoe radiug .y of 258 mm ful lls the condition. However,
this condition does not re ect the homogeneity of the magnetThe homogeneity

B=B can roughly be estimated with the following empirical formia found in
previous simulations $en92 [Tr®93]:

FB =exp( 2:77(x +0:91)) (8.11)

with
X = 2(rpole  homo)
Go

(8.12)
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X can be calculated for any needed relative homogeneity ancklgs with formula
8.11the needed pole-shoe radiugye for a required homogeneity radir homo and
gap widths Go.

In case forrpome = 180 mm and G, = 258 mm the calculated minimum pole-shoe
diameter for B=B =0:001 is 769 mm.

With this minimum dimension a larger magnet was designed folving the exam-
ple of the existing magnet of the ESR-ToF detector. The techeal drawing of the
calculated magnet was then imported into COMSOLGQOMO08]. COMSOL allows
the simulation of static magnetic elds in Helmholtz-Coils br given geometries
and materials. The support documentation of COMSOL gives agxample on how
the magnetic eld of a Helmholtz-coil can be solved using therpgram [COM15].
The general physical equation that is solved numerically ti the nite-element
method (for explanation see@S8Q) is

r (Er A)=J° (8.13)

where =4 10 ' H/m is the permeability of vacuum, A the magnetic vec-
tor potential and J*® the externally applied current density. Since we state the
magnetic ux density B in Tesla the corresponding correlations between the mag-
netic vector potential, the magnetic ux density and the magetic eld strength

H have to be considered:

B=r A (8.14)
B= H (8.15)

The externally applied current density is determined by thestatic current 1,
owing through the two parallel coils with N turns of wires. With Jo = (N 1¢)=A
(A being the cross section area of each wire) the current demsih two circular
coils in the x-z plane can be written as

1
Joz=(IO X2 + Z72)
Je=@ 0 A (8.16)
Jox=( x2+ z?)

In the COMSOL simulation the user has to de ne the geometry ofhe magnet,

the applied currentl, and the number of windingsN of the coil. In addition, the

user has to de ne the used materials. In this case the materiaf the magnet was
assumed to be iron with a relative permeability of , = 4000 and the coil consists
of copper. The material in between the poles was de ned as aifhe results of
the magnetic eld homogeneity simulations are presented isection9.3.
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9. Design of new CR ToF detector

The new CR ToF detector is based on the knowledge and operatiexperience
of the present ESR ToF detector. The main challenge comparéd the existing
ESR detector is the size of the used carbon foil (four timesriger active area) to
take into account the larger emittance of the CR.

9.1. New Structure of Foil-Frame in the CR-ToF

detector

Simulations of the existing foil-frame structure with SIMDN revealed that both
detector branches behave slightly di erent in terms of timmg and e ciency. The
existing foil frames for a 40 mm foil diameter are shaped on erside, which
results in an asymmetric eld in forward and backward direabn. As a result the
design of the new foil holder is symmetric and uses a structuthat avoids edges
to allow for homogenous electrical elds in the foil area. Téacomparison between
asymmetric and symmetric frames can be found in gur@.l

‘ ‘ “ . 2 < /
V4 AN Zz N

s forward 28 ps s forward 28 ps s forward 37 ps

s backw ard 27 ps s backw ard 37 ps s backw ard 36 ps

s coincidence 10 ps s coincidence 10 ps s coincidence 10 ps

transport efficiency forw ard

79,5%

transport efficiency forw ard

79,5%

transport efficiency forw ard

84,9%

transport efficiency backw ard

78,4%

transport efficiency backw ard

84,9%

transport efficiency backw ard

84,9%

transport efficiency coincidence

75,7%

transport efficiency coincidence

77,0%

transport efficiency coincidence

81,4%

Figure 9.1.: Simulation results for di erent foil holders ad the corresponding
cross sections of the geometries are shown. Slopes (redsline the
foil frame negatively in uence the timing performance of tk detector.
By removing the slopes a better timing could be obtained.

This result led to the decision to remove the slopes in the farea for the nal
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9. Design of new CR ToF detector

design of the new detector. The electric elds in the foil asare more homoge-
neous for larger the distances between foil and edges of thetettor electrodes.
A comparison between the existing and the newly designedlIfarea is shown in
gure 9.2

Foil Holding Structures

ESR-ToF CR-ToF
detector | detector
/ \ /
——40.mm I (o] | I 80 mm |

Figure 9.2.: On the left hand side is the existing foil structre as it is used in the
ESR-ToF detector shown. On the right hand side the new design
structure for the CR detector is shown. The new design doestno
have any additional sloped geometries and is completely symatric.

9.2. Results of the Electric Field Simulations

A relative homogeneity of the involved electric and magnaeti elds of 10 2 is
needed for ight times of the secondary electrons of apprarately 5 ns in the
detector in order to measure with an accuracy of a few ps.

T _5ps B E 3
= = + = .
T 5ns B E 10 (©-1)

The arrangement, shape, and number of electrodes of the Toletdctor had to
be redesigned. A simple scaling of the existing ESR-ToF deter by the factor
of 2 (=80 mm foil diameter/40 mm foil diameter) increases théime uncertainty
by the same factor as already shown in chaptér.3.2 A compact geometry with
an improved transport e ciency and less electrodes was fodn Nevertheless,
the relative homogeneity of 10° for the electric eld cannot be reached for the
total ight volume of the SE. Use of grids at critical positiors (see gure9.3
would improve the homogeneity. Unfortunately, the use of gis has a signi cant
drawback because they reduce the number of turns in the ringshich has to be
avoided.
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No grids Grids on three positions
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0 50 100 150 200 250 300

Average ToF 4430 ps Awerage ToF 4515 ps
s forward 39 ps s forward 18 ps
s backward 37 ps s backward 18 ps
s coincidence 33 ps s coincidence 22 ps
Transport efficiency forward 97,0% Transport efficiency forward 97,9%
Transport efficiency backward [ 97,2% Transport efficiency backward [ 97,9%
Transport efficiency coincidence | 96,6% Transport efficiency coincidence | 96,7%

B-field 7,33 mT B-field 7,44 mT

E-field 207 V/mm E-field 207 V/Imm

Figure 9.3.: Simulated electrical eld strengths in the xzlane (y=0 mm) without
grids (left) and with grids (right). The simulated average DF of the
electrons, the timing uncertainties, the transport e ciencies and the
simulated electrical and magnetic eld are listed in the tales below
the according geometry.

The displacement of the MCP detector relative to the foil pason along the
beam axis is major improvement. As mentioned in sectich3.2the displacement
towards the impinging electrons increases the kinetic emgr of the electrons,
but also decreases on the other hand the isochronous imagin@nly for 180
de ection in the electromagnetic eld the electron transpat is isochronous. This
means, in an ideal setup without eld inhomogeneities the ition for isochronous
transport would be atz = 0. For di erent displacements (see gure9.4) of the
MCP detector upstream of the SE the in uence for non-homogewus elds, were
simulated. The behavior for di erent displacements can beotind in 9.5. In the
simulations a displacement between 6 and 7 mm is the optimuno tompensate
for non-perfect elds for both operating modes (single brath and coincidence).
This allows us to build the large CR-ToF detector with an everbetter timing
performance than the existing ESR-ToF detector.
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Figure 9.4.: Scheme of the geometry for the displacemen) ©f the MCP detector
along the z-axis. The displacement is an important parametdor
optimization of the timing.
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Figure 9.5.: The simulated time spread of the electron trapsrt between foil and
detector for single branches and in coincidence as a funetiof the
displacement parameter.
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9. Design of new CR ToF detector

9.3. Results of the Magnetic Field Simulations

A large Helmholtz-Coil magnet is necessary to ensure the regment of 10 3
for the relative magnetic eld deviation. In the best detectr design the volume
in which the SE travel from foil to MCP has as radius of 180 mm. GMSOL
simulations for di erent pole-shoe diameters were perfored for a needed gap
between the magnet-pole shoes of 258 mm . The gap of 258 mm isdeel
and was determined by 180 mm height of the detector electraglel0 mm space
between electrodes and vacuum chamber, 25 mm wall thicknexfsthe vacuum
chamber, and 4 mm space between chamber and magnet pole shdstart value
of the diameter for these simulations was calculated accand to equation 8.11,
but it was found to be way too small. To reach the necessary hageneity in
a 180 mm radius a pole shoe diameter of at least 900 mm was foundoe the
minimum acceptable one. This also shows that equatidhl11only gives a rough
estimate and is not su cient to de ne the magnet geometries lbne. The results
of COMSOL simulations for a Helmholtz-Coil with a pole-shoeidmeter of 900
mm can be found in gure9.6.

9.4. Final Design

Usingthe practical experience about the existing ESR-ToF detectarombined
with the presented results from the numerical simulationsof the new CR-ToF
detector a nal technical designcan be made.

Assuming that the simulations performed are as proven as foné ESR-ToF de-
tector, the main parameters can be speci ed as:

Table 9.1.: Performance and parameters of the ESR and CR Tofetgctors.

ESR-ToF detector| CR-ToF detector
(experiment) (simulations)
Foil diameter 40 mm 80 mm
x (width) dimension 300 mm 562 mm
y (height) dimension 90 mm 180 mm
z (depth) dimension 154 mm 236 mm
Time spread getector 45 ps 35 ps
Electron transport e ciency 78% 97%
Magnet pole-shoe diameter 500 mm 900 mm
Electric eld (E) 156 V/imm 207 V/imm
Magnetic ux density (B) 8.41 mT 7.44 mT
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Figure 9.6.: Calculated homogeneity of the magnet eld in ta xy-plane (front
view) (panel a)) and in the xz-plane (panel b)). The color cogs
represent the homogeneity for the setup in panel a) and b). Aas
in white color do not ful Il the requirement of B=B < 10 3. The
position of the magnet yokes and the ToF detector are indicatl
by the black lines. Panel c): Relative magnetic ux density a a
function of the x-position in the magnet. Panel d): The relabn of
the achievable homogeneity radius as a function of pole-ghdiameter
for magnets with a gap of 258 mm.

Note that for the timing uncertainty mwarq @n additional contribution of 25 ps
as described inDiwll] was added to the simulated uncertainties. A technical
drawing of the electrode arrangement for the new CR-ToF deattor can be found
in gure 9.7.
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9. Design of new CR ToF detector

Figure 9.7.: The technical drawing of the electrode arrangeent for the new CR-

ToF detector. The dimensions in x-, y- and z-direction are amotated
in mm.

A main di erence compared to the ESR-ToF detector is the usagof only 3
electrode plates that provide the necessary electrical pasttials. This results in

less cabling complications inside the vacuum chamber. 4 tages are needed to
operate the detector:

Foil (-4,500 V)

Holder plate (-2,700 V)
Electrode plate (17,400 V)
MCP (chevron) (-2,700 V)

A scheme of the electrodes and the applied voltages can berfdun gure 9.8
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Figure 9.8.: Scheme of CR-ToF detector in xz-plane (y=0). Ilistrated are the
MCPs, electrodes and the foil including the correspondingitages.

The corresponding vacuum chamber has to be at on top and baim to t in
between the parallel pole shoes of the surrounding Helmhehzagnet. The large
vacuum chamber adds a signi cant distance to the magnet pokhoe gap with a
wall thickness of 25 mm. A thinner chamber wall however wouldot be stable
enough for the needed sizeWAC]. With a realistic estimation for a magnet with
1000 mm pole shoe diameter the nal assembly of the ToF detectcan be seen
in gure 9.9

0.5m

o, e

z

Figure 9.9.: Left panel: Section view in the yz- plane of thedF detector sur-
rounded by the vacuum chamber and the magnet. Right panel:ds
metric view of the ToF detector with a section drawing the maget
and vacuum chamber.
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10. Outlook

Atomic masses of exotic nuclei in ground and isomeric statase cornerstones for
the understanding of nuclear structure and the creation ofhie elements in the
Universe. The most interesting nuclei are short-lived and ate to the driplines,

such species with quite unusual neutron-to-proton ratiosave demonstrated new
matter distributions, new excitation energies, and new dag and reaction modes.
Therefore, IMS experiments can also in future contribute tbasic nuclear physics.
Systematic accurate mass measurements will provide nov&idrmation on the de-

velopment of shell closures and changes of the neutron-prntinteractions (pair-

ing). The strength of IMS is to map large areas of the unknown ass surface,
especially of very short-lived nuclei because no coolingn is needed as it is the
case for SMS. Special regions of interest atelp5]:

near and at the proton- and neutron driplines
shell closures, new shells and quenching
near N=Z, the role of the neutron-proton interaction
astrophysical pathways (r-, i- and rp-process)
IMS can contribute to all of these physics goals as clearly menstrated with

hitherto not measured short-lived masses of nuclei at the wkirts of the chart
of nuclides in gure 10.1
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10. Outlook

New IMS experiments can be continued with the present FRS-ESRcilities under
improved conditions as investigated in this work. The impneed conditions are:

better timing performance with the modi ed ESR-ToF detecta

independent velocity or B measurements, in addition to the revolution
time with a dual ToF detector system

position sensitive ToF detector

improved ion-optical performance of the ring (e.g., isocbnicity, phase-
space matching of FRS and ESR)

stable beams in di erent charge states for calibration andrdt corrections

A new generation of IMS experiments will be realized with th&AIR facility,
the combination of the Super-FRS and the CR in the ModularizeStart Version
[GSI15. The FAIR facilities will provide many orders of magnitude &rger inten-
sities for stored exotic nuclei. This means we can reach theost exotic nuclei
at the borders of the present chart of nuclides. We will be ablto discover new
isotopes and measure their masses for the rst time. Gain faaxs at FAIR:

factor 10 higher transmission of exotic nuclei with the Supd-RS (see gure
10.2

factor 100 higher primary beam intensities for the heaviestable projectiles
from SI1S100

factor 20 higher acceptance for the combination of the CR anithe new
ToF-detector (see chapte)

Fission Fragmentation
201 g
g 'O\E‘ PP BT,
= oy gy
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o o #xel “Rh
7} ‘»
2 2!
e = *Nil “Fe
%) %)
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z Z

Figure 10.2.: Gain in transmission for projectile and ssio fragments of the
Super-FRS compared to the present FR&EI12
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10. Outlook

New IMS experiments with high intensity exotic nuclear beamsan also be per-
formed with the new RI-Ring at the RIBF facilities in Japan [Y* 08]. The present
experience with B -tagging of this work can be directly implemented in the RI-
Ring experiments. The BigRIPS K™ 03] in- ight separator is combined with the
RI-Ring using DC-beams of exotic nuclei. Th& -tagging can be advantageously
done in this case with position sensitive particle detectsrwithout any intensity
losses. In these experiments the exotic nuclei are fully meed in- ight with
particle detectors at the BigRIPS and only the ions of inter& are injected in
the RI-Ring via a triggered kicker system. The present desigof the new ToF
detector would be well suited for implementation in the RI-khg to get experience
before the CR is commissioned.
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A. Appendix

A.1l. Experiments with and without Momentum
De nition

An overview of the performance parameters of the ToF detectar the performed
IMS experiments with the FRS-ESR facilities since 2002 issted in the table

below.

Table A.1.: IMS experiments with the FRS-ESR facilities sire 2002.

| SE Transport E. | B -tagging | MCP ch. ? | Foil thickness [ g/cm?] | Oscilloscope |  Reference |
40% No 10 m [10:17:10] Csl:C:Csl | 4 GHz; 10 GS/s [Mat04]
40% Yes 10 m [10:17:10] Csl:C:Csl | 1 GHz; 8 GS/s [G* 06]
40% Yes 10 m [10:17:10] Csl:C:Csl | 15 GHz; 40 GS/s| [Kne08], [Sun0§
85% Test 10 m 10C 1 GHz; 2.5 GS/s [Fab0§
85% Test 5 m 10 C 1 GHz; 2.5 GSI/s [Kuzll]
85% Test 5 m 10C 1 GHz; 10 GS/s this work
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A. Appendix

A.2. Analysis

Data points for the example given in sectioi®.1

Table A.2.: The data points used for the example given if.1

| turn | timestamp [nS]]|  timestamp [NS] |

|
0 0 0.000 0.127
1 2 1009.625 0.099
2 3 1514.287 0.103
3 4 2018.745 0.115
4 7 3532.992 0.137
5 8 4037.703 0.104
6 9 4542.354 0.099
7] 11 5551.688 0.099
8| 12 6056.349 0.099
9| 14 7065.728 0.106
10| 15 7570.232 0.133
11| 17 8579.515 0.269
12| 18 9084.392 0.100
13| 20 10093.734 0.133
14| 21 10598.311 0.269
15| 22 11103.043 0.103
16| 23 11607.740 0.106
17| 25 12616.981 0.124
18| 27 13626.409 0.110
19| 28 14131.130 0.100
20| 30 15140.485 0.157
21| 33 16654.520 0.105

The t parameters are
a; =504:713 a, = 0:00277 az=0:0000543

and the covariance matrix

1

0:00018854 0:0000129818 ‘000000244305

= @ 0:0000129818 :000000961618  0:000000018950%
0:000000244305 0:0000000189502 :000000000385745
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The matrix elements used in the MOCADI MOC15] simulations were calculated
with the program GICOSY [GIC]. The matrix elements for one turn in the ESR
in 3rd order [Weil5] as used for the simulations presented in secti@¥ are shown

below.
| X [m] A [rad] Y [m] B [rad] L [m]
0 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 1.084E+02
1 X 7.802E-02 | -1.420E-01| 0.000E+00 | 0.000E+00 | -1.180E+00
2 A 6.999E+00 | 7.802E-02 | 0.000E+00 | 0.000E+00 | -7.660E+00
3 Y 0.000E+00 | 0.000E+00 | -2.368E-01| 3.653E-02 | 0.000E+00
4 B 0.000E+00 | 0.000E+00 | -2.584E+01| -2.368E-01| 0.000E+00
5 G -6.980E-09| -1.075E-09| 0.000E+00 | 0.000E+00 | 4.040E-08
6 P -7.660E+00| -1.180E+00| 0.000E+00 | 0.000E+00 | 4.433E+01
7 | XX 4. 862E-01 | 4.913E-02 | 0.000E+00 | 0.000E+00 | 1.256E-01
8 | XA 3.958E+00 | 6.380E-01 | 0.000E+00 | 0.000E+00 | -1.701E+00
9| XY 0.000E+00 | 0.000E+00 | 4.153E+00 | -3.768E-02| 0.000E+00
10| XB 0.000E+00 | 0.000E+00 | -7.198E+01| 2.836E+00 | 0.000E+00
11| XG 4 256E-09 | -2.023E-10| 0.000E+00 | 0.000E+00 | 3.538E-09
12| XP 4.670E+00 | -7.998E-02| 0.000E+00 | 0.000E+00 | 3.882E+00
13| AA 1.285E+01 | 3.249E+00 | 0.000E+00 | 0.000E+00 | 1.691E+01
14| AY 0.000E+00 | 0.000E+00 | 1.769E+01 | -2.447E-01| 0.000E+00
15| AB 0.000E+00 | 0.000E+00 | -4.673E+02| 2.769E+01 | 0.000E+00
16| AG -1.326E-08| 1.723E-09 | 0.000E+00 | 0.000E+00 | 2.297E-08
17| AP | -7.547E+00| 1.891E+00 | 0.000E+00 | 0.000E+00 | 1.754E+01
18| YY -4.768E-01| -4.733E-02| 0.000E+00 | 0.000E+00 | 1.167E+00
19| YB 1.288E+01 | 1.645E+00 | 0.000E+00 | 0.000E+00 | -3.372E+01
20| YG 0.000E+00 | 0.000E+00 | -5.228E-08| 6.185E-10 | 0.000E+00
21| YP 0.000E+00 | 0.000E+00 | -5.737E+01| 6.422E-01 | 0.000E+00
22| BB | -2.839E+02| -6.219E+01| 0.000E+00 | 0.000E+00 | 8.946E+02
23| BG 0.000E+00 | 0.000E+00 | 1.180E-06 | -6.226E-08| 0.000E+00
24| BP 0.000E+00 | 0.000E+00 | 1.269E+03 | -6.831E+01| 0.000E+00
25| GG 6.669E-09 | 1.027E-09 | 0.000E+00 | 0.000E+00 | -3.860E-08
26| GP 5.786E-08 | -1.024E-09| 0.000E+00 | 0.000E+00 | 4.182E-08
27| PP 3.907E+01 | 1.155E+00 | 0.000E+00 | 0.000E+00 | -1.941E+01
28 | XXX | -7.632E-01| -1.800E-02| 0.000E+00 | 0.000E+00 | 4.091E-01
29| XXA | -2.633E+00| -3.419E-01| 0.000E+00 | 0.000E+00 | 5.989E-01
30| XXY | 0.000E+00 | 0.000E+00 | 6.916E+00 | -3.588E-01| 0.000E+00
31| XXB | 0.000E+00 | 0.000E+00 | -9.680E+01| 7.109E+00 | 0.000E+00
32| XXG | -2.952E-09| 4.537E-10 | 0.000E+00 | 0.000E+00 | -6.818E-09
33| XXP | -3.239E+00| 4.488E-01 | 0.000E+00 | 0.000E+00 | -7.481E+00
34 | XAA | -2.730E+01| -2.888E+00| 0.000E+00 | 0.000E+00 | 1.523E+01
35| XAY | 0.000E+00 | 0.000E+00 | 8.140E+01 | -4.892E+00| 0.000E+00
36 | XAB | 0.000E+00 | 0.000E+00 | -9.987E+02| 8.761E+01 | 0.000E+00
37 | XAG 3.315E-09 | 3.923E-09 | 0.000E+00 | 0.000E+00 | -8.998E-08
38| XAP | 7.596E+00 | 4.305E+00 | 0.000E+00 | 0.000E+00 | -1.004E+02
39| XYY | -1.085E+00| -1.835E-01| 0.000E+00 | 0.000E+00 | 2.609E+00
40| XYB | 7.808E+01 | 1.728E+01 | 0.000E+00 | 0.000E+00 | -2.333E+02
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L | X[m] | Afad] | Y[m] | Bfad] [ L[m]
41| XYG | 0.000E+00 | 0.000E+00 | -1.792E-07| 1.165E-08 | 0.000E+00
42 | XYP | 0.000E+00 | 0.000E+00 | -1.967E+02| 1.282E+01 | 0.000E+00
43| XBB | -1.100E+03| -2.293E+02| 0.000E+00 | 0.000E+00 | 2.967E+03
44 | XBG | 0.000E+00 | 0.000E+00 | 1.718E-06 | -1.571E-07| 0.000E+00
45| XBP | 0.000E+00 | 0.000E+00 | 1.814E+03 | -1.724E+02| 0.000E+00
46 | XGG | -4.066E-09| 1.933E-10 | 0.000E+00 | 0.000E+00 | -3.380E-09
47 | XGP | -1.338E-07| -1.161E-08| 0.000E+00 | 0.000E+00 | 2.637E-07
48 | XPP | -7.790E+01| -6.191E+00| 0.000E+00 | 0.000E+00 | 1.410E+02
49| AAA | -4.771E+01| -3.665E+01| 0.000E+00 | 0.000E+00 | -1.422E+01
50| AAY | 0.000E+00 | 0.000E+00 | 2.488E+02 | -1.470E+01| 0.000E+00
51| AAB | 0.000E+00 | 0.000E+00 | -3.613E+03| 2.919E+02 | 0.000E+00
52| AAG | -1.088E-07| 6.225E-08 | 0.000E+00 | 0.000E+00 | -3.160E-07
53| AAP | -9.367E+01| 7.156E+01 | 0.000E+00 | 0.000E+00 | -3.129E+02
54| AYY | -5.361E+00| -1.129E+00| 0.000E+00 | 0.000E+00 | 7.786E+00
55| AYB | 3.075E+02 | 8.109E+01 | 0.000E+00 | 0.000E+00 | -8.310E+02
56| AYG | 0.000E+00 | 0.000E+00 | -1.119E-06| 7.470E-08 | 0.000E+00
57| AYP | 0.000E+00 | 0.000E+00 | -1.210E+03| 8.197E+01 | 0.000E+00
58| ABB | -5.288E+03| -1.294E+03| 0.000E+00 | 0.000E+00 | 1.344E+04
59| ABG | 0.000E+00 | 0.000E+00 | 1.465E-05| -1.313E-06| 0.000E+00
60| ABP | 0.000E+00 | 0.000E+00 | 1.514E+04 | -1.413E+03| 0.000E+00
61| AGG | 1.267E-08 | -1.646E-09| 0.000E+00 | 0.000E+00 | -2.195E-08
62 | AGP | -4.584E-07| -1.980E-07| 0.000E+00 | 0.000E+00 | 1.640E-06
63| APP | -2.449E+02| -1.105E+02| 0.000E+00 | 0.000E+00 | 8.885E+02
64| YYY | 0.000E+00 | 0.000E+00 | 8.189E+00 | -4.536E-02| 0.000E+00
65| YYB | 0.000E+00 | 0.000E+00 | -2.874E+02| 3.431E+00 | 0.000E+00
66| YYG 1.238E-08 | 1.718E-09 | 0.000E+00 | 0.000E+00 | -2.763E-08
67| YYP | 1.359E+01 | 1.933E+00 | 0.000E+00 | 0.000E+00 | -3.032E+01
68| YBB | 0.000E+00 | 0.000E+00 | 6.123E+03 | -1.456E+02| 0.000E+00
69| YBG | -8.680E-07| -2.010E-O7| 0.000E+00 | 0.000E+00 | 2.477E-06
70| YBP | -9.396E+02| -2.205E+02| 0.000E+00 | 0.000E+00 | 2.684E+03
71| YGG | 0.000E+00 | 0.000E+00 | 4.995E-08 | -5.910E-10| 0.000E+00
72| YGP | 0.000E+00 | 0.000E+00 | 2.822E-06 | -2.002E-07 | 0.000E+00
73| YPP | 0.000E+00 | 0.000E+00 | 1.603E+03 | -1.108E+02| 0.000E+00
74| BBB | 0.000E+00 | 0.000E+00 | -9.729E+04| 6.730E+03 | 0.000E+00
75| BBG | 1.242E-05| 2.879E-06 | 0.000E+00 | 0.000E+00 | -3.516E-05
76 | BBP | 1.306E+04 | 3.097E+03 | 0.000E+00 | 0.000E+00 | -3.679E+04
77 | BGG | 0.000E+00 | 0.000E+00 | -1.128E-06| 5.948E-08 | 0.000E+00
78| BGP | 0.000E+00 | 0.000E+00 | -2.759E-05| 3.234E-06 | 0.000E+00
79| BPP | 0.000E+00 | 0.000E+00 | -1.573E+04| 1.840E+03 | 0.000E+00
80| GGG | -5.065E-09| -7.801E-10| 0.000E+00 | 0.000E+00 | 2.932E-08
81| GGP | -5.950E-08| 3.283E-10 | 0.000E+00 | 0.000E+00 | -1.555E-08
82| GPP | 5.173E-07 | 2.092E-07 | 0.000E+00 | 0.000E+00 | -1.680E-06
83| PPP | 1.401E+02 | 7.511E+01 | 0.000E+00 | 0.000E+00 | -5.937E+02

Table A.3.: Matrix elements in 3rd order for the isochronous pde of the ESR.
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The matrix elements of the CR in 3rd order\\Veilq are listed in table A.4

] | X[m] | Afad] | Y[m] | Bfad] [ L[m]
0 2.240E-21 | 4.211E-22 | 0.000E+00 | 0.000E+00 | 2.215E+02
1 X 5.828E-01 | -7.842E-02| 0.000E+00 | 0.000E+00 | -3.034E-06
2 A 8.421E+00 | 5.828E-01 | 0.000E+00 | 0.000E+00 | -1.614E-05
3 Y 0.000E+00 | 0.000E+00 | 3.370E-01 | -1.279E-01| 0.000E+00
4 B 0.000E+00 | 0.000E+00 | 6.931E+00 | 3.370E-01 | 0.000E+00
5 G -1.221E-14| -3.229E-15| 0.000E+00 | 0.000E+00 | 8.963E-08
6 P -1.614E-05| -3.034E-06| 0.000E+00 | 0.000E+00 | 7.977E+01
7 | XX |-4577E+00| -6.637E-02| 0.000E+00 | 0.000E+00 | -1.444E-01
8 | XA 5.903E+01 | -7.062E-01| 0.000E+00 | 0.000E+00 | -4.173E+00
9 | XY 0.000E+00 | 0.000E+00 | -1.703E-01| 4.027E-02 | 0.000E+00
10| XB 0.000E+00 | 0.000E+00 | -1.155E+00| 1.437E+00 | 0.000E+00
11| XG -3.547E-14| -5.568E-10| 0.000E+00 | 0.000E+00 | 8.624E-09
12| XP -5.424E-05| -4.172E-01| 0.000E+00 | 0.000E+00 | 7.676E+00
13| AA 1.570E+02 | -5.574E+01| 0.000E+00 | 0.000E+00 | 1.551E+01
14| AY 0.000E+00 | 0.000E+00 | 1.959E+01 | 2.143E-01 | 0.000E+00
15| AB 0.000E+00 | 0.000E+00 | -6.145E+00| -1.285E+01| 0.000E+00
16| AG -5.979E-08| 2.731E-13 | 0.000E+00 | 0.000E+00 | 4.588E-08
17| AP | -4.480E+01| 2.727E-04 | 0.000E+00 | 0.000E+00 | 4.083E+01
18| YY -7.858E-01| 9.868E-02 | 0.000E+00 | 0.000E+00 | -1.555E-01
19| YB 5.816E+00 | -2.051E-01| 0.000E+00 | 0.000E+00 | -6.396E+00
20| YG 0.000E+00 | 0.000E+00 | 3.070E-14 | -1.037E-09| 0.000E+00
21| YP 0.000E+00 | 0.000E+00 | 2.773E-05 | -7.949E-01| 0.000E+00
22| BB 6.893E+01 | -3.956E-01| 0.000E+00 | 0.000E+00 | 8.426E+00
23| BG 0.000E+00 | 0.000E+00 | -5.618E-08| 9.048E-14 | 0.000E+00
24| BP 0.000E+00 | 0.000E+00 | -4.308E+01| 8.994E-05 | 0.000E+00
25| GG 2.678E-14 | -3.472E-15| 0.000E+00 | 0.000E+00 | -6.994E-08
26| GP 4 588E-08 | 8.624E-09 | 0.000E+00 | 0.000E+00 | -3.215E-08
27| PP 2.042E+01 | 3.838E+00 | 0.000E+00 | 0.000E+00 | -7.655E+01
28 | XXX | -1.164E+01| -4.703E-01| 0.000E+00 | 0.000E+00 | -2.857E-01
29 | XXA | -7.509E+01| 1.125E-01 | 0.000E+00 | 0.000E+00 | -6.392E+00
30| XXY | 0.000E+00 | 0.000E+00 | -1.236E+01| -2.923E-01| 0.000E+00
31| XXB | 0.000E+00 | 0.000E+00 | 2.893E+01 | -4.034E+00| 0.000E+00
32| XXG | -6.600E-08| -1.518E-09| 0.000E+00 | 0.000E+00 | -7.324E-09
33| XXP | -5.874E+01| -1.284E+00| 0.000E+00 | 0.000E+00 | -6.518E+00
34 | XAA | -4.388E+03| -2.443E+02| 0.000E+00 | 0.000E+00 | -2.472E+02
35| XAY | 0.000E+00 | 0.000E+00 | 7.544E+01 | 2.925E-01 | 0.000E+00
36 | XAB | 0.000E+00 | 0.000E+00 | -3.885E+02 | -1.362E+01| 0.000E+00
37| XAG | 4.200E-07 | -1.113E-08| 0.000E+00 | 0.000E+00 | 4.393E-07
38| XAP | 4.328E+02 | -9.908E+00| 0.000E+00 | 0.000E+00 | 3.868E+02
39| XYY | -5.181E+00| -4.555E-01| 0.000E+00 | 0.000E+00 | 1.354E+00
40 | XYB | 4.097E+01 | -2.366E+00| 0.000E+00 | 0.000E+00 | -6.092E+00
41 | XYG | 0.000E+00 | 0.000E+00 | 1.542E-08 | 5.653E-11 | 0.000E+00
42 | XYP | 0.000E+00 | 0.000E+00 | 1.372E+01 | 1.004E-02 | 0.000E+00
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L | X[m] | Afad] | Y[m] | Bfad] [ L[m]
43| XBB | -4.279E+02| -2.905E+01| 0.000E+00 | 0.000E+00 | 1.937E+02
44 | XBG | 0.000E+00 | 0.000E+00 | -1.861E-07| 5.319E-08 | 0.000E+00
45| XBP | 0.000E+00 | 0.000E+00 | -1.667E+02| 4.734E+01 | 0.000E+00
46 | XGG | -4.050E-13| 4.345E-10 | 0.000E+00 | 0.000E+00 | -6.729E-09
47| XGP | 5.670E-07 | 2.327E-08 | 0.000E+00 | 0.000E+00 | -1.428E-07
48 | XPP | 2.523E+02 | 1.091E+01 | 0.000E+00 | 0.000E+00 | -6.954E+01
49 | AAA | 3.257E+04 | -4.588E+02| 0.000E+00 | 0.000E+00 | -2.988E+03
50| AAY | 0.000E+00 | 0.000E+00 | -8.723E+02| -5.836E+00| 0.000E+00
51| AAB | 0.000E+00 | 0.000E+00 | 5.197E+03 | -4.777E+02| 0.000E+00
52| AAG 1.921E-09 | -4.045E-07| 0.000E+00 | 0.000E+00 | 1.872E-06
53| AAP | 3.157E+02 | -4.157E+02| 0.000E+00 | 0.000E+00 | 1.698E+03
54| AYY | 3.330E+01 | -4.449E+00| 0.000E+00 | 0.000E+00 | 2.020E+01
55| AYB | -2.518E+02| 3.192E+00 | 0.000E+00 | 0.000E+00 | -1.401E+02
56| AYG | 0.000E+00 | 0.000E+00 | 4.246E-07 | -1.221E-09| 0.000E+00
57| AYP | 0.000E+00 | 0.000E+00 | 3.975E+02 | -1.086E+00| 0.000E+00
58| ABB | 7.194E+03 | -1.001E+03| 0.000E+00 | 0.000E+00 | -5.320E+02
59| ABG | 0.000E+00 | 0.000E+00 | -9.462E-07| -1.075E-07| 0.000E+00
60| ABP | 0.000E+00 | 0.000E+00 | -8.544E+02| -1.085E+02| 0.000E+00
61| AGG | 4.666E-08 | -1.315E-13| 0.000E+00 | 0.000E+00 | -3.580E-08
62| AGP | 1.613E-06 | -3.621E-07| 0.000E+00 | 0.000E+00 | -1.004E-06
63| APP | 7.326E+02 | -1.611E+02| 0.000E+00 | 0.000E+00 | -4.582E+02
64| YYY | 0.000E+00 | 0.000E+00 | -5.441E+00| -2.407E-01| 0.000E+00
65| YYB | 0.000E+00 | 0.000E+00 | 2.320E+01 | -4.811E+00| 0.000E+00
66| YYG | -1.374E-08| 4.156E-09 | 0.000E+00 | 0.000E+00 | -7.348E-08
67| YYP | -1.223E+01| 3.600E+00 | 0.000E+00 | 0.000E+00 | -6.540E+01
68| YBB | 0.000E+00 | 0.000E+00 | -1.935E+02| -1.037E+01| 0.000E+00
69| YBG | 1.572E-08 | -1.980E-08| 0.000E+00 | 0.000E+00 | 1.242E-07
70| YBP | 1.981E+01 | -1.762E+01| 0.000E+00 | 0.000E+00 | 1.041E+02
71| YGG | 0.000E+00 | 0.000E+00 | 3.908E-13 | 8.090E-10 | 0.000E+00
72| YGP | 0.000E+00 | 0.000E+00 | -8.662E-07 | -4.085E-08| 0.000E+00
73| YPP | 0.000E+00 | 0.000E+00 | -3.855E+02| -1.713E+01| 0.000E+00
74| BBB | 0.000E+00 | 0.000E+00 | 7.247E+02 | -3.063E+02| 0.000E+00
75| BBG | 1.080E-06 | 8.956E-08 | 0.000E+00 | 0.000E+00 | -3.618E-06
76| BBP | 1.100E+03 | 7.931E+01 | 0.000E+00 | 0.000E+00 | -3.203E+03
77| BGG | 0.000E+00 | 0.000E+00 | 4.384E-08 | 1.421E-13 | 0.000E+00
78| BGP | 0.000E+00 | 0.000E+00 | 3.515E-06 | -1.043E-06| 0.000E+00
79| BPP | 0.000E+00 | 0.000E+00 | 1.578E+03 | -4.641E+02| 0.000E+00
80| GGG | 1.652E-13 | -4.441E-15| 0.000E+00 | 0.000E+00 | 4.134E-08
81| GGP | -3.580E-08| -6.729E-09| 0.000E+00 | 0.000E+00 | 8.016E-08
82| GPP | -7.185E-07| -6.193E-08| 0.000E+00 | 0.000E+00 | -8.526E-08
83| PPP | -2.344E+02| -2.365E+01| 0.000E+00 | 0.000E+00 | 5.906E+01

Table A.4.: Matrix elements in 3rd order for the isochronous ode of the CR.
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A.3. Additional Simulation Results

Additionally achieved simulation results from simulationsperformed with MO-
CADI, SIMION and COMSOL are attached below.

MOCADI simulations for absolute transmission e ciencies fo di erent foil di-
ameters are shown in gureA.l

110
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Figure A.1.: MOCADI simulations for di erent foil diameters and di erent turns
in the CR.

As an example on how the timing uncertainties of the electrorrdnsport were
achieved with SIMION the simulated ToF spectra for the forwed and backward
branches are shown in gureA.2. The simulated ight times were binned into 1
ps bins and plotted. A Gaussian distribution was tted to the spectra and the
corresponding of each twas taken as the uncertainty for the speci ¢ branctand
geometry. In order to nd the coincidence uncertainty the snulated ight times

for the forward and backward branch were subtracted from ela®ther. For this
it was considered that the starting positions on the foil (xy and z-coordinates)
have to be the same in forward and backward simulations in acedto be able to
nd coincidences and to compare the ight times of individu& electrons. The
kinetic energy distribution for forward and backward simudtions was di erent
and randomly distributed.
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Figure A.2.: The graphs show the simulated ToF spectra for a splacement of 6
mm. In the upper left graph the spectrum of the forward brancln-
cluding a Gaussian t to the distribution is shown. The upperright
graph shows the spectrum for the backward branch and the baiin
graph shows the spectrum of the di erence in ToF between foesd
and backward (coincidence). Each applied Gaussian t yiefda stan-
dard deviation that is stated in the according graph.

Systematic COMSOL simulations for di erent pole shoe dianter and the possi-
bility of using so called Rose-shim$os3§ to extend the homogeneity radius can
be found in gure A.3. The Rose shims used for the simulations are simple iron
rings placed on the edges of both pole shoes to increase thegneic ux density

at these positions. By doing so the total eld strength is ineased towards the
center of the shoes, which leads to an increase of the homagsnin case the
shims are not too large and increase the eld too much. The getation between
Rose-shim heighth and width w for a given gapGo between the pole shoes is

[Wolg74

oh oW 2w,
G, = 0:16exp( 27 +0:42(5 )" (A.1)
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Figure A.3.: COMSOL simulations for di erent pole shoe diamiers. For this

simulations the gap width of the magnet wa$sy, = 258 mm.
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Figure A.4.: COMSOL simulations for di erent pole shoe diamters and addi-
tional application of Rose-shims. For these simulations égap width
of the magnet wasG, = 240 mm to compare it with the larger gap
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