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ABSTRACT

HIGH PRECISION MASS MEASUREMENTS
NEAR N=Z=33

By

Peter Henry Schury

The Low Energy Beam and Ion Trap (LEBIT) facility at the NSCL converts the
beam of rare isotope ions produced at relativistic energies by in-flight separation of
heavy projectile fragments into a low energy beam. To achieve this, gas stopping and
advanced beam manipulation techniques are used. The facility’s first experimental
apparatus is a 9.4 T Penning trap mass spectrometer for performing high-precision
mass measurements on short-lived isotopes. Within this work important components
of the LEBIT facility have been developed and a series of high precision mass mea-
surements performed.

Mass measurements of 64Ga, 646566Ge, 66.67.68 A5 and 9Se at the LEBIT facility
at the NSCL by Penning trap mass spectrometry have been performed within this
work. Masses of the N=Z nuclei %°As and ®*Ge have been determined with uncertain-
ties of dm/m = 5x10~7 and 6x1078, respectively, representing a more than 10-fold
improvement in precision over previous measurements. For 9364Ga, 6>66Ge, 6768 Ag
and %Se relative mass uncertainties of dm/m < 5x107® have been obtained. %Se
is found to be 135 keV more bound than the value listed in the 2003 Atomic Mass
Evaluation. Using theoretical Coulomb shift energies in combination with the exper-
imental mass values, improved mass predictions for %3Ge, 4% As, 66:67Se and 6869Br
have been made. These predicted mass values, in conjunction with the experimentally
determined mass values, are used to calculate improved effective lifetimes of the rp-

process waiting point nuclei **Ge and %Se. It is shown that 5*Ge is less of a waiting



point while ®Se poses a larger delay in the rp-process than previously thought. The
more precise mass values now available in this region are also used to investigate the

neutron-proton pairing energy of odd-odd N=Z nuclei.



Study without reflection is a waste. Reflection without study is a danger.
— Confucius



Dedicated to the number zero; thanks for nothing.
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CHAPTER 1

Introduction

The precise determination of the masses of atomic nuclei with equal and nearly equal
numbers of neutrons, N, and protons, Z, is of interest for nuclear astrophysics and
the study of nuclear structure, as well as for tests of fundamental interactions. In the
study of fundamental interactions, the determination of Q-values for T=1, 07 —0*
super-allowed (-decays provide data necessary for testing the Conserved Vector Cur-
rent hypothesis [1]. Such measurements also provide the best determination of the
Vua term of the Cabibbo-Kobayashi-Maskawa matrix [2]. The strength of the T=0
neutron-proton pairing interaction, of great importance for the understanding of nu-
clear structure along the N=Z line [3|, can be probed using binding energies of N=Z
nuclei and their neighbors. In nuclear astrophysics, calculations determining the path-
way of the rp-process, believed to synthesize elements beyond iron in Type I X-ray
bursts [4, 5], rely on proton capture Q-values of nuclei near N=Z. In each of these
cases, the important data — J-decay Q-values, binding energies and proton capture
Q-values — can be obtained by precise atomic mass measurements.

The measurement of atomic masses by mass spectroscopy stretches back more
than 80 years, to Aston [6]. Since then a number of complementary methods have

been developed to measure atomic masses. The most precise method of measuring



atomic masses available today is through the use of Penning trap mass spectrometers
[7].

While the valley of (-stability follows the N=Z line for light nuclei, it curves
toward more neutron rich isotopes beyond 32S. The heaviest stable N=Z nucleus is
40Ca. The study of heavier N=Z nuclei requires their production by artificial means.

A number of methods exists for production of such so-called rare isotopes. Per-
haps the most powerful method, with respect to the ability to reach isotopes far from
stability, is projectile fragmentation. Until recently, however, this method has been
incompatible with the use of Penning trap mass spectrometers due to the high beam
energy and the poor beam quality. In order to allow Penning trap mass spectrom-
etry of nuclei produced by fast projectile fragmentation the Low Energy Beam and
Ion Trap (LEBIT) facility has been constructed at the National Superconducting

Cyclotron Laboratory at Michigan State University.

1.1 Importance of Atomic Masses

One of the most fundamental properties of an atomic nucleus is its mass, which is
the sum of the masses of the constituent nucleons less the total energy required to
separate them — the binding energy. Thus, how tightly bound an atomic nucleus is
can be directly inferred from its mass. Knowledge of nuclear binding energies of rare
isotopes is relevant to a number of areas of research. These include tests of funda-
mental interactions, the study of nuclear structure and the modeling of astrophysical

processes.

1.1.1 Fundamental Interactions

The determination of atomic masses with very high accuracy has played and will

continue to play an important role in the study of the weak interaction. According



to the Conserved Vector Current (CVC) hypothesis, the vector component of the
weak interaction is completely uncoupled from the strong interaction. As such, it
is expected that the g-decay strength, measured by the so-called ft-value, should be
constant in all super-allowed 0% — 0% transitions. In order to calculate the ft-value
of a decay, three quantities are needed: the [-decay lifetime, the branching ratio for
the 07 —07 transition and the Q-value, Qgrc. The latter is equivalent to the mass
difference between the mother and daughter nucleus.

Small theoretical corrections need to be applied to the ft-values to account for
Coulomb and radiative effects. The result is a corrected Ft value, which should be
constant among all super-allowed 07 — 01 transitions. At this time, very precise f t
values are available for 12 such candidates, confirming CVC at a level of 3x107* [1].

Recently, precision mass measurements of 3*Ca were performed at the LEBIT
facility with a mass precision of dm/m<1078 [8, 9]. With this high precision mass
measurement, 3Ca became a new candidate for testing the CVC hypothesis. Beyond
A=62, however, there is an increase in the uncertainty of theoretical corrections
required for calculating ft values [10]. High-precision measurements of Qgc (as well
as half-life and branching ratios) for such candidates could provide a useful check on
these calculations and eventually lead to an improved test of the CVC hypothesis.
One such possible candidate is the short-lived ®As (T, /2 = 96 ms), whose mass was,
for the first time, precisely measured at LEBIT [11] as part of this work. While the
mass uncertainty achieved in this first measurement of °®As was not yet sufficient to
test the CVC hypothesis, it is anticipated that future measurements of this nuclide

at LEBIT will provide sufficient precision.

1.1.2 Nuclear Structure

Through systematic mass measurements, it is possible to probe nuclear structure. Ef-

fects of shell structure, such as shell closures and the onset of deformation, are visible



as changes in trends of nucleon separation energies. Systematic mass measurements
provide the first evidence for the change of shell structure far from the valley of sta-
bility. Since the discovery of a region of nuclear deformation near the magic number
N=20 in neutron-rich isotopes [12], much interest has been paid to the evolution of
magic numbers far from stability.

While neutron-neutron and proton-proton pairing has a strong effect on nuclear
binding across the nuclear chart, a very interesting local effect appears along the
N=Z7 line. It is experimentally known that the binding energy of N=Z nuclei is
considerably increased compared to nuclei nearby with N#£Z. This increased binding
energy was first explained by Wigner in terms of SU(4) symmetry [13]. It has also
been interpreted as T=0 neutron-proton pairing [14]; for N=Z isotopes, protons and
neutrons occupy the same orbitals with essentially the same wave functions, allowing
the neutron and proton to interact more strongly than for N#Z isotopes. There
is an expectation that this Wigner energy may vanish as the N=Z line approaches
10081 due the effect of increased Coulomb and spin-orbit interactions which break
the orbital symmetry [15]. However, it has also been speculated that there may be
a mid-shell restoration of the Wigner energy due to pseudo-SU(4) symmetry in the
pf-shell [16]. Beyond Z=32, experimental values from which neutron-proton pairing
energies of N=7 nuclei can be calculated have largely been based on extrapolations
or suffered from large experimental uncertainties. New mass measurements of 5¢As
and nearby nuclei [11] performed within this work have considerably improved the

situation and reduced the uncertainty of n-p pairing energies in this region.

1.1.3 Nuclear Astrophysics

The rapid proton capture process (rp-process) is believed to drive Type I X-ray bursts
in accreting neutron stars, producing elements beyond iron [4, 5]. The rp-process

proceeds along isotonic chains until proton capture is inhibited, either by proton



decay or photodisintegration. When the rp-process reaches an equilibrium between
proton capture and loss, the process must wait for the §-decay of the equilibrium
nucleus before it can continue [4]. These nuclei are the so-called waiting point nuclei.

The lifetimes of waiting point nuclei are of particular interest as they set the
time scale for the rp-process, which shapes the observed X-ray burst light curves
[17, 18, 19]. The waiting point lifetimes also determine the final composition of
the burst ashes, important for reliable predictions of the composition of neutron star
crusts [20]. Proton capture and (-decay rates determine the effective lifetime of nuclei
in X-ray bursts. As the reaction rates have an exponential dependence on the proton
separation energy, Q,, accurate X-ray burst model calculations require mass values
with small uncertainties, desirably less than 10 keV [19, 20].

As the N=Z line approaches the proton drip line, and therefore the rp-process
pathway, near N=7=33 [19], mass uncertainties in excess of 100 keV are typical at
present. This is the region of the nuclear chart where the rp-process is believed to
encounter three relatively long-lived waiting point nuclei: Ge, %Se and ™Kr [20].
Reduced mass uncertainties at and near these waiting points improve our understand-
ing of the rp-process timescale. Precision mass measurements of several isotopes near

N=7=33 have been made as part of this work.

1.2 Methods of Atomic Mass Measurements of
Rare Isotopes

There exist numerous means by which to determine atomic masses. Indirect measure-
ments, such as decay and reaction energy measurements, provide mass differences. Di-
rect measurements, such as time-of-flight, magnetic rigidity and cyclotron frequency
measurements, in general provide mass ratios. The present work concentrates on the

direct method of cyclotron frequency measurements in a Penning trap.



1.2.1 Indirect Measurements of Atomic Masses

Indirect measurements derive atomic masses from measurements of reaction or de-
cay Q-values. These techniques have long been applied to nuclei near and far from
stability. Reaction Q-value measurements provide the only means for determining
masses of particle unbound nuclei. Decay measurements provide a mass difference
between mother and daughter nuclei. For nuclei far from stability, long chains of such
measurements are often required to connect new measurements to a well-known mass,
which can result in a compounding of errors. For -decay end-point measurements
there are additional uncertainties in detector response, as well as low statistics near

the end-point, that can cause systematic errors [21].

1.2.2 Direct Measurements of Atomic Masses

The first mass measurements of sufficient precision to detect the deviation between
atomic mass and atomic number (a result of the binding energy) were performed
by Aston in the early 1920’s using a magnetic spectrograph [6]. In the original
system, the deflection of an ion passing through a powerful magnet was measured on
a photographic plate. Mass ratios were determined through deflection comparisons.

The first direct mass measurements on rare isotopes were performed at CERN /PS
in the 1970’s with a magnetic spectrometer. The direct measurement of the mass of
the very short-lived nucleus ''Li, later found to be a halo nucleus, was performed
and the onset of an enhancement in neutron binding for neutron-rich sodium isotopes
near N=20 [12] was discovered. These measurements were followed by a series of
mass measurements of long isotopic chains of alkali elements using a double-focusing
spectrometer at CERN/ISOLDE [22]. The success of these pioneering measurements
motivated groups throughout the world to improve and develop new methods for
direct mass measurements of rare isotopes.

Today a number of magnetic spectrometers are in use worldwide for mass mea-



surements of rare isotopes. For the direct mass measurement of isotopes produced
by projectile fragmentation, systems are used which combine magnetic rigidity and
time-of-flight measurements. Examples of such devices include the SPEG [23] facility
at GANIL and the S800 [24] at the NSCL. While the achievable mass precision is
typically 100 keV - 1 MeV [25], the technique has the ability to access nuclei very far
from stability and with very short half-lives.

The resolution of time-of-flight spectrometers is ultimately limited by the length
of the flight path. The use of a storage ring, such as the Experimental Storage
Ring (ESR) [26] at GSI, increases the flight path by a factor equal to the number
of revolutions. When the ring is operated in isochronous mode the time-of-flight
resolving power can be increased by an order of magnitude compared to that from a
single-pass time-of-flight spectrometer. Using this technique the masses of short-lived
neutron-deficient isotopes have been measured with accuracies of ~100 keV [27].

Frequency measurements allow for yet greater resolution. At the ESR ions in the
ring can be cooled with an electron cooler to allow for Schottky detection of the circu-
lating ions. The revolution frequency can then be determined using Fourier analysis
of the signal induced by the ions in pickup electrodes. This technique increases the
resolving power by as much as an order of magnitude over the time-of-flight method,
but the cooling time limits the technique to ions with halflives of Ty, > 5 s. The
Schottky technique has nonetheless been used to measure masses of more than 500
neutron-deficient nuclei, with a typical mass precision 20 - 50 keV [28].

Another device relying on frequency measurements is the Smith-type transmission
spectrometer MISTRAL [29] at CERN/ISOLDE. In the MISTRAL spectrometer the
cyclotron frequency, v,., of ions is measured through application of radiofrequency
signals to a small RF cavity through which the beam passes twice. If the frequency
of the applied signal, vgp, is such that v. = vgp-(n+1/2), the acceleration on the

first pass will be compensated by the deceleration in the second pass and the beam



will be able to pass through a narrow extraction slit. This technique has been used
to measure very short-lived nuclei, such as 'Li, with mass precisions of dm/m<107°
[30].

Penning trap mass spectrometers can be used to determine the cyclotron frequency
of ions in a strong, homogeneous magnetic field. They provide the highest resolving
power and greatest mass accuracy of any technique available [7]. For stable isotopes,
relative mass precisions of dm/m < 107! [31] have been reached. For short-lived
nuclei, precisions of dm/m < 10~® have been achieved [8, 9].

The first Penning trap to be installed at a rare isotope beam facility was
ISOLTRAP [32] at CERN/ISOLDE. Based on the immense success of that facility,
Penning traps have been installed at a several rare isotope beam facilities throughout
the world. LEBIT at the NSCL is the first Penning trap mass spectrometer [33] to
perform mass measurements on rare isotopes created in fragmentation reactions at

high energies (=100 MeV/A) [8, 9, 11].

1.3 Rare Isotopes Production and Penning Trap
Mass Measurements

Three methods are dominantly used to create isotopes away from the valley of stabil-
ity: isotope separation on-line (ISOL), low-energy fusion-evaporation reactions and
fast projectile fragmentation at high energies. Each method has advantages and re-
strictions as the isotopes delivered by each differ in beam quality and quantity. All of
these production methods have been successfully combined with Penning trap mass
spectrometry.

The ISOL technique uses an energetic light projectile, such as a proton beam, im-
pinging a thick target of suitable material, such as Tantalum. Rare isotopes are pro-

duced in the target through fission, spallation and fragmentation reactions, depending



on the target material. Maintaining the target at high temperatures (>2000°C) al-
lows rare isotopes to diffuse out of the target into an ion source to form an ion beam.
Because of its reliance on diffusion, ISOL production does not lend itself well to the
production of refractory chemical elements and the production of short-lived isotopes
is limited by diffusion times. Benefits of the ISOL production technique are the high
beam intensity and low energy beam, generally 40 - 60 keV, and low emittance, which
make the ISOL technique particularly well suited for trapped ion studies, such as Pen-
ning trap mass spectrometry. The pioneering ISOLTRAP experiment continues to
operate at the ISOL facility ISOLDE at CERN. A new facility, TITAN [34], is un-
der construction at ISAC/TRIUMF in Vancouver, Canada, which will make use of
highly-charged rare isotope ions.

Medium energy ions impinging a thin target can produce radioisotopes through
fusion-evaporation and fission reactions. This technique is chemically independent
and fast, but the range of isotopes that can be produced is limited to relatively proton-
rich isotopes. The fusion-evaporation technique is the only production method which
offers access to trans-uranium elements. At the SHIP facility at GSI, the heaviest
elements [35] are created through fusion-evaporation reactions of heavy projectiles,
such as "Zn, impinging very heavy targets, such as 2°®Pb. The ATLAS facility at
Argonne National Laboratory uses light and medium mass projectiles and targets,
such as “°Ca impinging carbon, to create rare isotopes with kinetic energies of a few
tens of MeV.

Fusion-evaporation reaction products exit the target with typical energies of be-
tween 100 keV /A and a few MeV/A. To couple such beams to Penning trap mass spec-
trometers low-pressure gas stopping cell systems are used for “post-thermalization”
of the fusion-evaporation reaction products after magnetic separation. This is done
at the Canadian Penning trap (CPT) [36] at ATLAS and SHIPTRAP [37] at GSIL

In a similar way, the ion guide isotope separation online (IGISOL) method [38] at



JYFL produces rare isotopes by impinging a primary beam on a thin target located
directly inside a low-pressure gas cell. The reaction products exit the target and
are thermalized in the buffer gas and extracted by gas flow. The JYFLTRAP [39]
Penning trap mass spectrometer makes use of rare isotope beams produce with such
a method.

Projectile fragmentation with in-flight separation is a powerful technique for rare
isotope production. This technique makes use of a high energy (>50 MeV/A) heavy
ion impinging a thin light element target and fragmenting more-or-less combinatori-
ally. In doing so a wide range of isotopes with less neutrons and protons than the
projectile are produced. A powerful magnetic separator is used to select the isotope of
interest. Projectile fragmentation with in-flight separation is used at several facilities
worldwide. They include SISSI and LISE at GANIL [40] in France, the FRS [41] at
GSI in Germany, RIPS [42] at RIKEN in Japan and the A1900 [43] at the NSCL in
the USA.

There are many advantages to this method. It is chemically independent. The
fragment beam experiences virtually no delay in passing through the target and re-
quires less than a microsecond to pass through the fragment separator, which allows
access to extremely short-lived isotopes without decay losses. Furthermore, it can
produce isotopes much further from the valley of g-stability, particularly on the neu-
tron rich side, than any other technique. A drawback of the technique is that the
fragmentation process results in a high energy (>50 MeV/A) beam with large emit-
tance, which until recently precluded trapped ion experiments. The LEBIT facility at
the NSCL is so far the only facility to successfully demonstrate the ability to perform

Penning trap mass spectrometry with ions created by fast projectile fragmentation.
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1.4 Outline for this Thesis

This thesis represents the culmination of more than six years of intense and concerted
efforts to help create a facility to perform trapped ion experiments on rare isotopes
created at relativistic energies. The design, construction and commissioning of the
LEBIT facility, which began in 2000, has been a long and at times difficult project.
At the time that I joined this project, the LEBIT facility was only a concept — the
experimental vault which houses most of the facility was not even built yet. After
roughly two years of computer simulations performed by Sun Tao, Ryan Ringle,
Stefan Schwarz and myself, the facility was still largely conceptual, but it was clear
how to proceed. After one and a half years of manual labor — assembling electronics,
mounting electrodes in vacuum chambers, running wires for the control system and
the like — the facility was complete and ready to be tested. While offline tests showed
that the beam cooler-and-buncher as well as the Penning trap worked as expected, the
first online tests yielded unexpected difficulties with impurities in the beam extracted
from the gas stopping station. After one more year spent improving the system and
implementing techniques to purify the beam extracted from the gas cell, in May, 2005,
success came in the form of a high precision mass measurement of **Ca. Since then,
the precise masses of more than 30 rare isotopes have been measured at LEBIT.

My thesis will continue with a discussion of basic methods for low-energy beam
and trapped ion manipulation in chapter 2. Chapter 3 will provide an overview
of the LEBIT facility. The facility is used to convert the energetic fragmentation
beam into a low energy beam suitable for trapping. The three main components,
the gas stopping station, the beam cooler-and-buncher and the Penning trap, will be
described in detail.

Chapter 4 will discuss simulations performed to assist in the design for the LEBIT
gas stopping station. Chapter 5 will be to describe the methods implemented to purify

the low energy beam extracted from the gas cell.
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In chapter 6 I will present mass measurement data for 9364Ga, 646566Ge, 66:67.68 Ag

and %°Se. These N~Z nuclei are on or near the path of the rp-process. In addition to
the very high precision measurements of these nuclei, Coulomb shift calculations [19]
were used to predict the masses of °As, 5667Se and the proton unbound %Br with
an estimated precision of 100 keV. I will end chapter 6 by presenting calculations for

the effective lifetimes of the rp-process waiting point nuclei **Ge and %%Se.
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CHAPTER 2

Basic Ion Trapping Techniques

Ion traps are a powerful tool for the study of charged particles at rest. Trapped
charged particles can be used to probe fundamental properties of particles such as
their mass [7] and g-factor [44] with extraordinary precision. The use of traps allows
the study of charged particles in free space, where they can be maintained and manip-
ulated for extended periods. Such extended storage times have been one of the keys
to extremely high-precision measurements. Ions traps have also gained importance
in ion beam manipulation such as ion cooling and bunching [45, 46] and purification
[47, 48]. In particular, the ability to cool trapped ions has been of great importance
in achieving high-precision measurements, while bunching techniques have greatly
improved the efficiency of capturing ions in traps.

While numerous schemes have been developed for trapping charged particles, the
most prevalent configurations currently in use for trapping low energy ions are the
Paul trap [49] and the Penning trap [50]. This chapter will discuss the basic principles
of Paul traps and Penning traps. Their application as relevant to this thesis - ion

cooling and bunching, mass filtering and mass spectrometry - will also be discussed.
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2.1 Radiofrequency Ion Confinement

Radiofrequency (RF) ion traps find application in many fields of research. In analyt-
ical chemistry, 2-dimensional RF traps — or “ion guides” — are used to transport ions
from electrospray chambers to mass spectrometers [51], as well as for ion-molecular
reactors [52, 53]. Residual gas analyzers (RGAs) use RF ion guides to determine
residual gas compositions by operating the ion guides in a mass selective mode which
will be described later. Linear 3-dimensional RF' traps have been used in the devel-
opment of atomic clocks [54] and are often used to confine ions in dilute buffer gas
for ion cooling purposes [45, 46] as will be discussed later.

According to Earnshaw’s theorem there is no electrostatic potential with a local
minimum in free space. If this is so, how can a charged particle be trapped? One
approach, developed by Kingdon, is to place the trap minimum inside an electrode
(allowed by Earnshaw’s theorem) and “trap” an ion in an orbit about the electrode
[55]. In such “traps” the ions can never come to rest, limiting the usefulness of this
technique.

Another technique for trapping ions avoids the consequences of Earnshaw’s theo-
rem through the application of non-static oscillating electric fields. Suppose an ion is
placed inside a set of parallel plates, as shown in Fig. 2.1a. If the potential difference

between the plates is given by ®(¢) = U - cos(wt) then the electric field will be given

by E(t) = =Y - cos(wt) = Ey - cos(wt). An ion initially at rest between the plates
will oscillate between the plates, its displacement given by x(t) = —Ey—L; - cos(wt).

Thus the field opposes the displacement but on average exerts no force.
If curved plates are used, as shown in Fig. 2.1b, the situation changes. Applying

the same potential difference yields

U 1

Et)=———
() T‘lan/RQ

- cos(wt) = Ey - cos(wt). (2.1)
The ion will be pushed toward the concave plate in the first half of the cycle. In the
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Figure 2.1. Sketch of a) parallel and b) curved plates for visualization of net force
effect of inhomogeneous RF electric field. The red curve in b) represents the time
averaged drift motion of the ion.

second half of the cycle the ion will be pushed away from the concave plate. However,
since Fy is non-uniform, the average force experienced in the second half cycle will
not balance that experienced in the first half and an ion initially at rest will “walk” to
the concave plate, as illustrated in Fig. 2.1b. An ion experiencing an oscillating non-
homogeneous electric field experiences a non-zero average force. This time-averaged
force caused by an oscillating non-uniform electric field can be described by an electric

pseudo-potential [56], given by

q 2
D = —(E}). (2.2)

Thus, if E2 has a local minimum in free space and is modulated by a time-oscillating
function a pseudo-potential with a local minimum in free space — also known as a
trap — will be created.

Consider a set of electrodes consisting of pair of hyperbolic cylinders with perpen-
dicular cross-sections, as shown in Fig. 2.2a. If a potential difference, U, is applied
between adjacent electrodes, a quadrupole electric potential is formed in the cross-

sectional plane, as shown in Fig. 2.2b. The electric potential and field are given
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Figure 2.2. a) Sketch of cross-sectional view of a quadrupole electrode system. b)
Quadrupole electric potential created by static potentials applied to such electrodes.
¢) Pseudo-potential experienced by an ion if the potential applied are modulated by
a time-oscillating function.

by
p=U —5— (2.3)

L [ -2 )2
o G (2.4)
Y o

where 2rj is the inter-electrode separation and z and y are measured relative to the

and

center of the set of electrodes.
If U is modulated by f(wt), an oscillatory function with frequency w, then from
eq. 2.2 the time-average potential experienced by the ion of mass m and charge ¢ is

given by
q U2 7,,2

D=——ry,
m wArg

(2.5)

where 72 = 22 + y?. Hence, the ion will behave as if confined in a parabolic “pseudo-
potential” well, as shown in Fig. 2.2c.

A set of electrodes as shown in Fig. 2.2a operated with an oscillatory potential
® = U - f(wt) will provide radial confinement of ions. Such a system is commonly

referred to as a radiofrequency quadrupole (RFQ) ion guide. Such ion guides are
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commonly used to transport ions at low kinetic energies, and are particularly well-
suited to the transport of ions through regions where a buffer gas may be present.
By superimposing a potential well along the axis of the ion guide a 3-dimensional ion
trap can be made. One means to form such an axial potential is by segmenting the
structure, as shown in Fig. 2.3a, and applying the appropriate bias voltages to each

section.

a) b)

Figure 2.3. a) A segmented RFQ ion guide. Applying an RF potential ® = U - f(wt)
can create transverse confinement. Properly biasing each RF(Q section can create a
3-dimensional ion trap. b) Classical Paul trap. Applying a potential difference ®
between the endcaps and the ring produces an axially symmetric quadrupole field.
Trapping can be achieved by modulating ® with an oscillatory function.

On the other hand is possible to create an axially symmetric quadrupole field by
using a hyperbolic ring and hyperbolic end caps. If an oscillatory potential difference
is applied between the ring and end caps, 3-dimensional ion confinement can be
achieved. Such a configuration, shown in Fig. 2.3b, is commonly referred to as the
classical Paul trap [57]. As the classical Paul trap is not germane to the content of
this thesis, and its operation and behavior analogous to that of the linear Paul trap,

no further discussion of it will be provided.
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2.1.1 Stability of Ion Motion in an RFQ Ion Guide

Ions in a Paul trap or RFQ ion guide travel along a complicated trajectory that
consists of oscillations in the pseudo-potential well at the secular frequency, modulated
by a micro-motion at the frequency of the applied RF potential Ugr. Depending on
the relative amplitudes and frequencies of these motions, the trajectories will be stable
and the ion remain trapped indefinitely or unstable, resulting in ion loss.

The action of the RFQ ion guide can be explained by analogy with a focusing-
defocusing (FoDo) beam transport system. As the name suggests, in a FoDo beam
transport system an ion beam is alternately focused and defocused during transport.
When the beam is focused along one plane, it is defocused along the other. In a FoDo
system, the focus and defocus are separated by fixed distances, while in an RFQ they
are separated by fixed time durations. A standard FoDo system, where short focusing
elements are separated by stretches where the ion beam drifts, is analogous to an RFQ
ion guide operated with f(wt) given by a three-state (positive-zero-negative) pulse
train.

Consider a series of static quadrupole elements with equal strength, as shown in
Fig. 2.4. In the case of an isochronous ensemble of ions, where all ions have the same
velocity regardless of mass, this is analogous to the RFQ ion guide with f(wt) given
by a square wave.

As the focal length is dependent on the ion’s energy, lighter ions will have a shorter
focal length than heavier ions. For a given quadrupole strength, sufficiently light ions
will have a focal length shorter than the focal element, as in Fig. 2.4a. In this way,
a low mass cut-off exists.

Now suppose that the defocussing elements are stronger than the focusing ele-
ments. This is equivalent to an RFQ ion guide operated with ® = Vo + Ugp - f(wi),
1.e. an additional static quadrupole potential is added to the system. In this case

there exist three possible scenarios for ions of a given mass. In the first scenario,
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the focal length is too short and the ions are lost (2.4a). In the second scenario, the
focal length is too long, the ion envelope increases with each cycle until the ions are
lost (2.4b). This results in a heavy mass cut. The third scenario is the Goldilocks
scenario, where the balance between focusing and defocussing is just right and the ion
is not lost (2.4c). Depending on the relative strength of focusing elements compared

with the defocusing elements, this balance can be precarious.
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_ N
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Figure 2.4. Focusing-Defocusing transport system analogous to RFQ ion guide op-
erated with f(wt) given by a square wave. The beam travels from left to right and
the envelope of the beam is indicated by the thin lines. a) Overfocusing system. b)
Underfocusing system. ¢) System with sufficient balance between focus and defocus.
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Criteria for stable trajectories in the RFQ ion guide can be quantified in a stability
diagram. However, it is important to more formally consider motion of an ion in the
RFQ ion guide first.

If the potential difference between adjacent rods is given by ® =V — U - cos(wt),

then from eq. 2.4 the equations of motion are

z =0 (2.6)
.. €
T+ m—T%(V — U + COS wt)x =0 (27)
e
i — (V —=U - coswt)y 0 (2.8)

Introduction of the so-called Mathieu parameters,

4eV
T —_ pr— —_— 2-9
a ay a2 (2.9)
2eU
=g, = 2 2.10
1 U mw?r? (2.10)
wt = 2n, (2.11)

reduces eqs. 2.7 and 2.8 to the well-known Mathieu equation [58, 59],

d*u
d_772 + [ay — 2q, cos2(n — no)]u = 0, (2.12)

where u represents either x or y and 7y accounts for the initial phase when the ion
enters the RF-field. The Mathieu equation allows solutions of four types: trivial,
oscillatory, exponentially increasing and exponentially increasing oscillatory. The
solution type depends on the values of the parameters a and q.

For values of a and ¢ providing oscillatory solutions, the ion trajectory will be
stable provided the amplitude of oscillation is not greater than the inter-electrode
separation, while values of a and ¢ providing exponential solutions will result in
ion loss. The boundary between these two solution types is given by the Mathieu

functions of integral order.
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Figure 2.5. Diagram in Mathieu parameter space (a,q) where stable x— and
y—trajectories exist. The expanded region details the primary region in Mathieu
parameter space with both stable z— and y—trajectories, where stable ion transport
occurs.

Figure 2.5 shows the (a,q) space with stable trajectories in the z— and
y—directions. In the region where the z and y stability diagrams overlap, ion tra-
jectories are stable in the x — y plane. The region of overlap which includes (a,q) =
(0,0) is known as the first stable region; throughout this thesis we will refer to its
boundaries simply as the “stability diagram.”

The ion guide stability diagram has a number of features which should be pointed
out. The first is the low-mass cut-off at ¢=0.906, beyond which trajectories are
instable even in the absence of any DC quadrupole component. The second is the
tip of the stability diagram, occurring at (a,q)=(0.237,0.706). When operated near
this point, the ion guide becomes highly mass selective [60]. This will be discussed in
more detail in the next section.

As the stability diagram is symmetric with respect to the sign of a, it is common

to show only the range of positive a-values, as shown in Fig. 2.6. The scan line,
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which will be discussed again in the next section, is the path through the stability
diagram that is traced when the RF and DC amplitudes, Ugr and Vp¢, are scanned

while their ratio is held constant.
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Figure 2.6. Stability diagram for ions in an RF quadrupole ion guide. The low-mass
cut occurs at ¢=0.906 while the tip of the stability diagram occurs at (a, ¢) = (0.237,
0.706). The scan line is the path traced through the stability when the RF and DC
amplitudes are scanned and their ratio is held constant. By convention, the stability
is generally shown within the range of positive a-values due to its reflection symmetry
about a=0.

2.1.2 RFQ Mass Filter

When the RFQ ion guide is operated near the top of the stability diagram (see Fig.
2.6), it functions as a band-pass mass filter. This is shown in Fig. 2.7, where the
stability diagram is drawn in (Vpe,Ugr) space for an incremental series of ion masses.

Clearly, with the proper choice of Ugr and Vpe, only ions with a specific mass will
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be transported. This mass filter function is used in the LEBIT facility and is one of

the keys to being able to perform Penning trap mass measurements.

100
8 =4
E' 95 =3
£ 9 oY 1=2
o) /\Qy =1
= 4 4 9.0 A
® < -
8 2
= 8544 4 ,
52 54 56 58 60
0

0 10 20 30 40 50 60 70 80
U [arb. Units]

Figure 2.7. Stablity diagrams plotted in voltage space (Vpeo,Ugrr) for a series of ions
with incremental mass numbers, A+1, in the sinusoidally operated radiofrequency ion
guide. The scan line given is for ayr = 16.7%. The expanded region makes clear
that when operated on this scan line, the mass filter will transport only one mass
number at a time. The jagged shaped seen in expanded region is an artifice.

The mass filter operates at a constant resolution determined by the scan line.
Throughout this thesis, scan lines will be identified by the ratio ap/p = %, expressed
as a percentage. The top of the stability diagram lies on the scan line oy p = 16.78%.
The resolution of the mass filter can be defined by the width of the range of masses
which can be transported. Suppose the mass filter is operated at a given (Vpe,Ugr)
where ions with mass A+1 are transported with half the efficiency of ions with mass
A. Under such conditions the mass filter resolution would be 2 u; the resolution would
be the same at any point on the scan line connecting (0,0) and (Vpe,Ugr).

As Fig. 2.7 shows, in order to achieve single mass unit resolution, the RF(Q mass

filter must be operated near the upper limit of the stability diagram. In order to
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acheive this resolution, the frequency, RF and DC amplitudes all need to be stable
to better than the 1% level. How this is achieved will be discussed in greater detail
in chapter 5.1. As a practical matter, most RF(Q ion guides are constructed using
cylindrical rods. While this results in an approximation of the proper hyperbolic field,
it is sufficient as long as r is small compared to 7. It has been pointed out [61] that
a misalignment of the rods by less than 1°, deviation in thickness along the length of
the rods of as little of 1% and even small patches of oil, water or other non-conducting

material can result in far larger field imperfections.

2.1.3 Ion Cooling and Bunching with RFQ Ion Guides and
Traps

Ion cooling and bunching is important for performing high-precision measurements
with trapped ions. In general ion cooling is used to reduce the emittance of ion beams,
often with the goal of matching the emittance to the acceptance of subsequent devices.
Bunching is a technique which converts a continuous beam of ions into a pulse; this

is, for example, important for the efficient capture of ions in a Penning trap.

Beam Cooling

Liouville’s theorem says that the phase space volume of an ion ensemble cannot be
changed through conservative forces. This means that while electromagnetic lenses
may be used to focus a beam, they cannot alter the beam emittance. Interaction with
a buffer gas, however, constitutes a non-conservative force and provides a means to
reduce the phase space volume.

The collisions occurring between an energetic ion and a buffer gas will tend to
thermalize the velocity of the ion. If the buffer gas is lighter than the ion then the
transfer of energy will be more efficient. Nonetheless, the ion needs to be confined

due the random nature of the collisions.
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When an ion undergoes a collision with a significantly more massive buffer gas
atom, the change in the ion’s momentum can be large. Depending on the phase of
the RF and the magnitude of the momentum change, it is possible for the ion to gain
energy from the RF field. This so-called RF heating [62] can lead to ion loss.

Optimal cooling requires that the buffer gas be chosen well. In order to avoid
charge exchange between the ion and the buffer gas atoms requires a buffer gas with
high ionization energy, such as a noble gas. The mass of the buffer gas atom should
be considerably smaller than that of the ion in order to avoid RF heating. For these
reasons, helium is the most commonly used buffer gas. The presence of molecular
isobars in the beam, however, may necessitate the use a heavier buffer gas as will be
discussed in chapter 5.

Ion interactions with a buffer gas can be modeled as a series of elastic collisions
[63]. As discussed above, quite often the buffer gas is very light compared to ions,
resulting in minimal ion recoil. Under such conditions, the ion-atom interaction can

be approximated by a viscous force

. P
Feo—qg— .7 2.1
No13- K, (2.13)

where ¢ is the ion charge, P is the pressure in mbar, ¢ is the ion velocity and K,
is the reduced ion mobility, which determines the drift velocity of an ion through a
buffer gas in a uniform electric field.

Using the viscous drag approximation, it is easy to visualize the ions performing
a damped harmonic motion in the harmonic radial pseudo-potential well present in
a linear quadrupole ion guide. In this way, ion cooling reduces the radial amplitude
(and emittance) of an ion beam. In much the same way, the axial motion will be
damped and the ion may come to rest. To prevent this, an axial drift field can be

applied by, e.g. segmenting the ion guide as shown in Figs. 2.3 and 2.8.

25



\4

Figure 2.8. Photograph of a segmented RFQ ion guide.

Ion Bunching

If the (axial) potential applied to the segments of an RFQ ion guide such as shown in
Fig. 2.8 are properly chosen, a linear RFQ ion trap can be created. To do this, the
segments are biased such that a potential well is formed along the axis. If the trap is
filled with a buffer gas, such a device can be used to cool, accumulate and bunch and
incoming ion beam. Figure 2.9 provides a schematic representation of such a bunching
technique. If the potential at the front of the well is chosen to exceed the energy of the
ions after one oscillation of the system (see Fig. 2.9) the ions will perform a damped
oscillatory motion and accumulate in the axial potential well, eventually equilibrating
at the buffer gas temperature.

Once the ions have cooled, the voltages applied to the segments can be quickly

changed to allow the ions to leave the trap as a pulse. This allows for a continuous
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beam to be converted into a pulsed beam with well defined axial energy and low
emittance. The operation of such a device, which is used at LEBIT, will be further

discussed in chapters 3 and 5.

\ ion pulses,
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Figure 2.9. Schematic representation of the use of a linear RF(Q ion trap to accumu-
late, cool and bunch an ion beam. The segmented rods of a linear RF(Q system (top)
are biased to create a potential well (bottom, solid line). Tons entering the trap loose
energy in collisions with the buffer gas and decay to the bottom of the potential well.

Once ions have been cooled, the potential can be switched to eject ions as a pulse
(dashed line).

2.2 Ion Confinement with Combined Electric and

Magnetic Fields

The Penning trap uses an homogeneous axial magnetic field superimposed upon a
static quadrupole electric field to confine ions 3-dimensionally. Fig. 2.10 illustrates
a hyperbolic Penning trap, for which the electrodes form an equipotential surface of

an axially symmetric quadrupole potential.
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Figure 2.10. Sketch of a hyperbolic Penning trap. The magnetic field provides radial
confinement while a static electric field, created by a voltage, Upc, applied between
a pair of endcaps and a ring electrode, provides axial confinement.

2.2.1 Ion Motion in a Penning Trap

An ion with mass m and charge ¢ in a homogeneous magnetic field will perform

circular motion with a frequency

q
=1p 2.14
w ( )

referred to as the cyclotron frequency. In a Penning trap this motion is modified due
to the presence of the electric quadrupole field, resulting in three eigenmotions.

In the axial direction, the quadrupole potential

U
0= 52 =% (2.15)
gives rise to a harmonic force F, = q- F, = —‘ﬂfl—g’cz. This leads to an axial oscillation

with frequency

qUpc
z = ; 2.16
we =0T (2.16)
where d = /373 + 122 (see Fig. 2.10).

In the radial direction the force F, = ¢ - E, =

aUpc
2d?

r points toward the ring

electrode. This results in two radial eigenmotions. One is an Ex B drift motion, called
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the magnetron motion, with frequency w_. The other is a fast cyclotron oscillation
with frequency wy. The three eigenmotions are illustrated in Fig. 2.11.

In the case of a pure quadrupole electric field, the radial eigenmotions are given

by [64]
We w? w2
=— 44/ -= 2.17
T 12 (2.17)
Important relations between these eigenfrequencies are: w, +w_ = w, and w; ~ w,.

In a strong magnetic field (B > 4 T) with light ions (m,, < 1000 u) and trapping
potential Upe > 10 V, the eigenfrequencies can be ordered w_ <« w, < wy. For a
Penning trap with B~ 9 T and d ~ 10 mm, with U ~ 10 V the eigenfrequencies are
v_~1kHz, v, =~ 100 kHz, v, = 1 MHz for A ~100.

cyclotron (+)

magnetron (-)

Figure 2.11. Illustration of ion motion in a Penning trap. There are two radial
motions - magnetron (w_) and modified cyclotron (w; ) oscillations - as well as an
axial (w,) oscillation.

2.2.2 Excitation of Ion Motions in a Penning Trap

An ion’s radial eigenmotions can be excited by means of azimuthal multipolar RF
electric fields. These multipolar fields are generally achieved by segmenting the hy-
perbolic ring electrode and applying RF signals such that the potentials applied to
adjacent electrodes are 180° out of phase. Using N = 2" hyperbolic ring segments

results in an azimuthal n-pole field capable of exciting the radial eigenmotions at
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frequencies equal to the sum of %N radial eigenfrequencies [65].

A dipole field (ring electrode divided in two segments) can drive one of the radial
eigenmotions. When a dipole RF electric field is applied at frequency w_ or w, either
the magnetron or cyclotron motion is excited, increasing the amplitude of the relevant
eigenmotion linearly with time. Dipolar excitation at w_ is commonly used to place
trapped ions into a magnetron orbit in preparation for mass measurements. Dipolar
excitation at w, can be used to mass-selectively remove ions from the trap.

A quadrupole field (ring electrode divided in four segments) can drive the eigen-
motions at 2w_, 2w, or w_+w,. In the case of w_+w, the magnetron and cyclotron
motions are coupled, leading to a periodic beating between both motions [65, 66].
The use of quadrupolar excitation at the true cyclotron frequency to perform mass

measurements will be described in the following section.

2.2.3 Penning Trap Mass Spectrometry

The basis of Penning trap mass spectrometry (PTMS) is the determination of the
ion cyclotron frequency, v, = 5—-B. In order to derive the mass from v, two other
quantities must be known - the ion’s charge state and the magnetic field strength. The
charge state is generally a known small integer, most often 1+ or 2+. The magnetic
field strength, however, must be measured. This is accomplished by measuring the
cyclotron frequency of a reference ion with well-known mass.

Several techniques exist for determining the ion cyclotron frequency. A commonly
used technique for determining w. of short-lived isotopes is the time-of-flight ion
cyclotron resonance (TOF-ICR) technique [66, 67, 68]. This technique involves the
measurement of the time-of-flight of ions ejected from the trap after being subjected
to an azimuthal RF field.

As previously mentioned, an azimuthal quadrupole RF field can couple an ion’s

radial eigenmotions. When a trapped ion is subjected to an azimuthal quadrupole
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Trap
Detector
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Figure 2.12. Ions performing cyclotron motion, caused by RF excitation in the trap,
will have a larger radial energy than ions whose motion is not excited. When the
ions are ejected from the trap and pass through the inhomogeneous portion of the
magnetic field outside of the Penning trap, radial energy is converted into axial energy.
This reduces their time of flight to an ion detector.

RF-field with frequency vrr = v,, there is a periodic conversion between magnetron
motion and reduced cyclotron motion. For a given excitation time, Tgp, there is
an RF amplitude Vgp such that the magnetron motion is completely converted into
reduced cyclotron motion [65]. This conversion is accompanied by an increase in
radial energy and will be maximized when vgr = v..

In order to detect this increase in energy, the ion can be ejected from the trap.
When the ion passes through the inhomogeneous magnetic field (see Fig. 2.12) radial
energy is converted into axial energy. Therefore the larger the radial energy of the
ion, the shorter the time of flight to a detector. This is used in the time-of-flight
cyclotron resonance detection method used at LEBIT to determine an ion’s cyclotron
frequency.

Plotting the mean time of flight, from the trap to a detector, of the ejected ions as
a function of excitation frequency, vgrp yields a cyclotron resonance curve, as shown

in Fig. 2.13. The frequency corresponding to the time-of-flight minimum is the
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cyclotron frequency of the species of interest. The lineshape for such a curve has

been analytically determined [66].

72.5.
70.0 H. }
- _
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Figure 2.13. Cyclotron resonance curve for “As* (T, = 42.5 s) measured at LEBIT
in this work. Plotted is the mean time-of-flight versus excitation frequency, vgpr. The
solid red line is a fit to the data of an analytic lineshape [66] .

The resolving power of a spectrometer is a measure of how well nearby masses can
be distinguished. The resolving power of a Penning trap mass spectrometer is given
by

m Ve

R:

= 2.18
Am Avpwam ( )

where Avpw gy is the line-width of the frequency determination for v.. For a given

observation time, T,,, the line-width is Fourier limited to Av =~ Tix. The resolving

power of a Penning trap mass spectrometer, therefore, is determined by the observa-
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tion time, T.,, and is given by

Ve

= Av,

~ Ty v, (2.19)

As an example, 8!Se, recently studied at LEBIT [69], has an isomeric state which
differs in mass from the ground state by =~ 2 ppm. In order to distinguish both states,
a resolving power of > 500,000 would be required. The cyclotron frequency of 8'Se
in a 9.4 T field is about v. ~ 1 MHz. In order to separate ground and isomeric states
would require an observation time of at least 500 ms.

The statistical precision which can be achieved with PTMS has been estimated

[70] as

1
UL —; (2.20)

m RN Ve TN
where N is the number of detected ions and k is typically close to unity, but depends

on the actual detection method. For measurements of sufficiently long-lived species,
precision can be increased simply by extending the observation time - a feature not

available in most other techniques.

33



CHAPTER 3

The LEBIT Facility

The Low Energy Beam and Ion Trap (LEBIT) facility at the NSCL converts the
beam of rare isotope ions produced at relativistic energies by in-flight separation of
heavy projectile fragments into a low energy beam. To achieve this, gas stopping and
advanced beam manipulation techniques are used. The facility’s first experimental
apparatus is a 9.4 T Penning trap mass spectrometer for performing high-precision
mass measurements on short-lived isotopes. Laser spectroscopy and decay study
experiments, as well as possible post-acceleration, are additional options currently

under consideration at the NSCL.

Beam Cooler 9.4T Penning Trap

Gas Stopping Station and Buncher Mass Spectrometer

Degrader

Gas Cell Mass Filter Pre-Cooler Trap
System
HHDDUDDHHHH I =
100 Mev/H |, D[DDLI:I L :!:.EDDDHH _ [\vf _»I]D
Beam HH D[DD‘:Ii:Aj :"7 g :i:l'mjmmﬂﬂ " e\,

nnnnnl B,y‘lf |:| (He/Ne) (He) T — 5 Itont
Test Beam Time-of-Flight etector
lon Source Mass Filter

Figure 3.1. Schematic overview of the LEBIT facility at the NSCL
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3.1 LEBIT Facility Overview

Figure 3.1 provides a schematic overview of the major components of the LEBIT
facility. These components are a gas stopping station, a beam cooler-and-buncher, and
a Penning trap mass spectrometer. The components are connected by electrostatic
beam transport systems. For beam diagnostics, a suite of beam monitors (not shown
in Fig. 3.1) are installed along the beamline.

Relativistic ions delivered from the A1900 fragment separator [43] are slowed in
a degrader system, where most of their energy is dissipated, before passing through
a beryllium window and entering the gas cell. Inside the gas cell, the ions lose their
remaining energy via collisions with helium buffer gas near atmospheric pressure.
Once thermalized, the ions are drawn to an extraction nozzle at the end of the gas
cell by means of a static electric field. In the extraction nozzle, gas flow becomes a
dominant force, sweeping the ions out of the gas cell in a super-sonic gas jet.

Ions extracted from the gas cell are carried through a differential pumping system
into ultra-high vacuum by a series of radio-frequency quadrupole (RFQ) ion guides.
Upon reaching the end of the ion guide system, the ions are accelerated to 5 keV/q.

The ion beam cooler-and-buncher system consists of two main sections. The first
section is an RFQ ion guide filled with a buffer gas of helium or neon at ~10~2 mbar.
As ions pass through the cooler, buffer gas collisions cool the ions. After this initial
cooling, the ions are guided into the second section, an RFQ ion trap filled with
helium buffer gas at ~10~* mbar. After being held in the trap long enough to come
into thermal equilibrium with the buffer gas, the ions can be ejected as short pulses.

Ions ejected from the buncher are accelerated to 2 keV/q and electrostatically
transported to the Penning trap. In this beam transport line the ions pass a time-of-
flight mass separator, realized with a fast pulsed beam deflector.

After passing the time-of-flight mass filter, ions are captured by a Penning trap

in a 9.4 T magnet. Ion masses can then be measured through determination of the
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true cyclotron frequency by means of the time-of-flight resonance detection method,

discussed in chapters 2.

3.2 (as Stopping Station

Relativistic beams of 80-150 MeV /u are delivered to the gas stopping station from
the A1900 fragment separator and converted into low energy beams. As shown in Fig.
3.1, the gas stopping station consists of three major components: degrader system,
gas cell and ion guide system.

The degrader system consists of glass plates and a glass wedge. The glass plates
are parallel to 1 um and can be rotated to adjust their effective thickness, allowing
control over how far inside the gas cell the ions come to rest. The glass wedge is placed
at a point in the beam line with a horizontal momentum dispersion to compensate
for the momentum spread [71] of the ions coming from the A1900. This reduces the
range distribution of the ions in the gas to the limit produced by range straggling
and non-uniformities in the degraders.

The gas cell, shown in schematic detail in Fig. 3.2, is a 50 c¢m long vacuum
chamber which can be filled with helium gas to a pressure of 200 - 1000 mbar. The
gas cell is sealed on the entrance side of the gas cell by a thin (0.566 mm) beryllium
window. Inside of the gas cell, 21 ring electrodes are used to create a static electric
field to drag the stopped ions through the gas. In addition to the ring electrodes,
four spherical electrodes are used to approximate the electric field of a point charge
near the extraction region of the gas cell, thus focussing ions into the opening of the
extraction nozzle.

In order to reduce the number of power supplies and operational parameters re-
quired to create an electric field along the axis of the cell, the ring electrodes are

resistively connected in-vacuo. The third ring electrode, counting from the beryl-
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lium window, is not part of a resistive chain. This allows for independent biasing of
that electrode for use as a charge collector, which provides a tool for monitoring the

ionization produced inside the gas cell.

Extraction
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Gas Inlet
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Spherical
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Ring #21

Figure 3.2. Mechanical drawing of the gas cell. The ring electrodes are connected in
a pair of resistive chains (not shown) connected in-vacuo.

The shape of the extraction nozzle was designed such that the gas forms a super-
sonic jet when entering the chamber following the gas cell, thus reducing turbulent
flow which could result in ion loss. The use of a semi-conducting material allows for
the application of an electric field inside the nozzle, which helps to guide the ions
toward the nozzle apex. Near the nozzle apex, gas flow becomes the dominant force,
transporting the ions into the next chamber in the flow of a supersonic gas jet.

Studies of the stopping and extraction of relativistic radio-isotope ions with the
LEBIT gas stopping cell was the focus of the PhD. thesis of Patrick Lofy in 2004 [72].
Details of stopping and extraction of relativistic ions from the LEBIT gas stopping

cell under various conditions can also be found in [73, 74, 75].
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Within this thesis work, a number of simulations of ion transport in the gas cell
were performed during the initial design period. These simulations included feasibility
studies for the use of electrostatic transport and extraction from the gas cell. Details
of these simulations will be given in chapter 4.

As described above, the ions are extracted from the gas cell in a super-sonic
gas jet. The ions are transported into high-vacuum through series of radiofrequency
quadrupole (RFQ) ion guides which carry them downstream through a series of dif-
ferentially pumped vacuum chambers. This is important as high-vacuum conditions
are required for fast and efficient ion transport to the following LEBIT components.

The ion guide system is composed of three functional sections. The first section
is a segmented RFQ ion guide, allowing for superposition of an electrostatic field
to drag the extracted ions through the residual helium gas, which is viscous in this
region where the pressure can be as high as 0.1 mbar. The second section is a small
RFQ ion guide (uRFQ) which provides efficient transport through a small orifice
for differential pumping. The third RF(Q section has been designed to operate as a
high efficiency mass filter. After passing the mass filter, the ions are accelerated to 5
keV/q for further transport. This ion guide system will be described in greater detail

in chapter 5.1.

3.3 Beam Transport from the (Gas Cell to the
Beam Cooler

After the gas stopping station, the ion are accelerated to 5 keV /q and transported to
the beam cooler-and-buncher system through a series of einzel lenses. A schematic
representation of the 5 kV beam transport system is given in Fig. 3.3. Inside the
dashed box, the beam line is biased at -5 kV to allow the gas cell to be on ground

potential.
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Figure 3.3. Schematic representation of the beam transport system to carry ions
from the ion guides to the beam cooler. “EL” designates einzel lenses while “BOB”
designates beam observation boxes. The quadrupole deflector is designated “QD”.
Inside the dashed box, the beamline is floated on the transport potential of -5 kV.

The gas stopping station is located in a separate experimental vault (referred to
as N4) from the rest of the LEBIT facility (located in N5). There is a 10° angle
between the beam lines in N4 and N5. A spherical electrostatic deflector in the 5 kV
transport system is used to correct for this. This deflector is also used as an electric
beam gate. One of the deflector electrodes is connected to a fast high-voltage switch
which nominally supplies a voltage such that ions are not transmitted through the
deflector; when triggered, the switch output swings by ~1 kV, allowing ion transport.
The switch, described in Appendix D.4, is capable of pulse lengths from <500 ns -
oo. This allows for control over how many ions are accumulated in the buncher at
one time.

The 5 kV transport line includes a set of three beam observation boxes (BOBs)
containing beam diagnostic elements. Each BOB is equipped with a set of parallel
plate beam steerers and an insertable Faraday cup. Additionally, BOB1 is equipped
with a silicon surface-barrier (SSB) detector which can be inserted to measure the

(-decay of rare isotope ions extracted from the gas cell. BOB2 is equipped with

39



a phosphor screen and BOB3 is equipped with a micro-channel plate (MCP) ion
detector. The phosphor screen and MCP detector allow visualization of the beam
profile. The MCP detector at BOB3 can additionally be used to measure time-
of-flight spectra of ion pulses for mass identification of ions delivered from the gas
stopping station. The MCP detector at BOB3 uses a fibre optic readout system which
is described in Appendix D.5.

As shown in Figs. 3.1 and 3.3, a plasma ion source is installed perpendicular
to the beam line. The ion source is a Colutron Model 100 ! designed for providing
noble gas ions; it is also capable of delivering alkali ions such as Na®™, KT and Rb*
via thermal ionization of these elements which are present in the filament material
of the source. The ion source is followed by a small RF(Q mass filter. Following the
mass filter, ions are accelerated to 5 keV/q. The ions then pass through a suite of
electrodes - steerers and lenses - for transport onward. One of the steerer electrodes
is utilized as a fast beam gate operated by means of a high voltage switch identical
in design to that used implement the 10° deflector as a beam gate. This allow for
control over how many ions are accumulated in the buncher at one time.

An electrostatic quadrupole deflector [76] (labeled QD in Fig. 3.3) can be operated
in one of three modes, providing transport of ions from the gas cell to the Penning
trap, the ion source to the Penning trap, or the ion source to the gas stopping station.
The latter mode was used in tests of the ion guide system which are discussed in the

next chapter.

3.4 Ion Beam Cooler-and-Buncher

Both the gas cell and ion source provide continuous beams of ions. The beam cooler-

and-buncher [45] converts the continuous beams into pulses of cold ions with a low

thttp://www.colutron.com/products/kit /kit.html#A1_2
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Figure 3.4. Photo of inner components of the beam cooler-and-buncher system. The
photo on the left is the cooler with the pRFQ structure at the end. The photo on
the right is the RFQ trap system.

emittance [76], greatly enhancing the efficiency of ion capture in the Penning trap.
The system is composed of two separate components: a gas-filed RFQ ion guide acting
as beam cooler and a gas-filled RFQ ion trap. The cooler is connected to the trap
by a pRFQ identical to the one found in the gas stopping station ion guide system
described earlier.

Ions enter the cooler and undergo collisions with the buffer gas, resulting in trans-
verse cooling of the ions, as discussed in chapter 2.1.3. The cooled ions are then
transferred to the trap where the ions are stored and undergo further collisions with
the buffer gas, resulting in further transverse and longitudinal cooling. Once fully
cooled, the ions are ejected from the trap and transported to the Penning trap.

For a buffer gas, the cooler uses either helium or neon, typically at a pressure of
~1072 mbar. To ensure that ions do not become “stuck” the buffer gas, electric fields
are superimposed along the lengths of the cooler and uRFQ to drag the ions. These
electrostatic fields are created using cylinders, cut into four wedges to make a pair of
electrodes, which surround the RFQ rods [45].

The pRFQ provides a pumping barrier between the cooler and trap, allowing
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the trap pressure to be regulated independently from the cooler. The trap is thus
operated with helium as a buffer gas, typically at a pressure of ~8x10~* mbar. The
trap section consists of a series of disc electrodes which encircle an RFQ ion guide.
Properly biasing each of the discs creates an electrostatic potential well along the axis
of the ion guide. As described in chapter 2.1.3 ions are accumulated in the potential
well and are cooled by collisions with helium buffer gas. Ion cooling in the trap occurs
quickly, on the order of 10 ms.

After the ions accumulated in the trap have cooled, they are ejected by switching
the electric potentials applied to the disc electrodes. The ejected ion pulse has a low
emittance as well as small longitudinal energy spread, which is important for capture
in the Penning trap. By using fast switches (7,5 & Trau <100 ns) the quality of the
pulse can be maintained while reducing the temporal duration of the pulse.

Figure 3.4 shows the assembled electrodes of the ion beam cooler-and-buncher.
The wedged-cylinder electrodes providing the axial field in the cooler are clearly
visible in the left photograph, with the pRFQ at the end of the cooler structure.
The right image shows the buncher assembly. The disc electrodes used to form the
trapping potential are visible.

The ion beam cooler-and-buncher vacuum chamber has a liquid nitrogen cryostat
with thermal contacts to the electrode structure. This reduces the temperature of
the buffer gas, improving the emittance of the ejected beam pulse while providing
cryogenic pumping to minimize charge exchange losses. The impact of the cryogenic
cooling on charge exchange is exemplified by the lifetime of triply charged Argon ions
in the buncher, which has been measured to be ~100 ms when using the cryogenic
cooling and <20 ms without.

A second beam transport system connects the beam cooler-and-buncher to the
Penning trap. This second transport system is operated at -2 kV and includes a

pair of BOBs, referred to as BOB4 and BOB5. As in the 5 kV beam transport
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system, einzel lenses are used for electrostatic transport. BOB5 is equipped with an
MCP detector, similar to BOB3, which can provide time-of-flight mass spectra for
identification of ions ejected from the buncher. The MCP detector at BOB5 use a
fibre optic readout system which is described in Appendix D.5.

The beam steerer in BOB5 is used as a time-of-flight mass filter. The steerer
is nominally operated at a potential sufficient to steer ions such that they are not
captured in the Penning trap. At the appropriate time to allow passage of ions of the
desired mass, the deflector voltage is switched to allow optimal transport. Details

will be discussed in chapter 5.

3.5 Penning Trap Mass Spectrometer
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Figure 3.5. Schematic drawing of the LEBIT Penning trap mass spectrometer system.

Figure 3.5 shows a schematic drawing of the Penning trap mass spectrometer sys-
tem implemented at LEBIT. The Penning trap electrode system is located in a region

2 x 10 cm cylin-

of ultra-high magnetic field homogeneity (+10 ppm within a 25 cm
der) in a 9.4 T superconducting persistent solenoid magnet with a room-temperature
bore. The magnet includes external-field compensation coils [77] to reduce the effect

of external field changes that may occur in an accelerator environment. An aluminum

43



tube inserted into the magnet bore serves as both vacuum chamber and optical bench
for the Penning trap and associated injection and ejection optics. A copper wire is
wound about the aluminum tube, providing a means to bake the vacuum chamber
as well as the ability to counteract the natural decay of the magnetic field during
measurements.

After the final einzel lens in the -2 kV beam transport system, a series of drift
tubes transport the ions into and out of the Penning trap. The first injection drift
tube is implemented as a “Lorentz” steerer [78]. The tube is quartered and operated
so as to produce an electric dipole field. Being located inside the strong magnetic
field, this results in an E x B force on a passing ion, resulting in off-center injection
into the Penning trap. This off-center injection provides an initial magnetron orbit

and prevents the need to use valuable measurement time on magnetron excitation.
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Figure 3.6. (left) Mechanical drawing of the LEBIT Penning trap. (right) Photo of
LEBIT Penning trap sitting on schematic drawing of Penning trap, with a Susan B.

Anthony dollar used as a scale reference.

The LEBIT Penning trap, shown in Fig. 3.6, has an 8-fold segmented hyperbolic
ring electrode. The hyperbolic endcap electrodes have 4 mm holes for ions to enter
and exit the trap. A set of correction electrodes minimize deviations in the hyperbolic

electric field induced by the endcap holes and the finite extent of the ring and endcap
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electrodes. Additionally, the trap has been designed in such a way as to minimize
magnetic field perturbations induced by the material composition of the trap itself
[79].

As the LEBIT Penning trap mass spectrometer is designed to use the TOF-ICR
method, described in 2.2.3, an MCP ion detector is installed in a vacuum chamber fol-
lowing the magnet (see Fig. 3.5) in order to measure the time-of-flight of ions ejected
from the Penning trap. The MCP is implemented in a so-called “Daly configuration”
[80]. In this configuration, the MCP is situated off-center from and perpendicular to
the central beamline. A metal plate, biased at -6 kV, is mounted parallel to the MCP
on the opposite side of the beamline. Ions strike the plate, creating secondary elec-
trons which are collected on the MCP, yielding an ion detection efficiency of nearly
100%.

A silicon surface-barrier (SSB) (-detector is mounted after the Daly detector.
When the Daly plate is biased at the same potential as the MCP, ions are transported
to the (-detector instead of impacting the Daly plate. This allows for the option to
measure activity after the beam cooler-and-buncher, the importance of which will be

discussed in chapter 5.
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CHAPTER 4

Technical Developments for the

Gas Stopping Station

Many ion transport simulations were performed to help guide the design of the gas
stopping station. Simulations of ion extraction from the gas cell were performed for
both electrostatic transport and transport utilizing radiofrequency (RF') confinement.
Simulation of transport through the ion guide system originally focused on the use of
square waves.

All simulations were performed using the commercial program Simlon [81] and
the IonFly [63] extension for Simlon written by Stefan Schwarz. Neither of these
computer codes account for space charge effects. In order to take space charge effects

into account, an extension of lonFly was written.

4.1 Simulation of Ion Extraction from the Gas Cell

After stopping in the helium gas, the ions need to be extracted efficiently and quickly.
If gas flow alone were relied upon to move the ion out of the gas cell, the extraction
timescale would be on the order of several minutes [72]. Such long extraction times do

not provide a good match for the timescale of rare isotope production via projectile
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fragmentation. In order to expedite the extraction process electric fields can be used.
A static electric field created by a series of annular electrodes can easily guide the
ions from the back of the gas cell to the front, provided that space charge effects from
the ionization of the gas is not an issue. The critical point is how to get the ions into
the extraction nozzle which has a very small opening. For the LEBIT gas cell system,
the use of both static electric fields and a combination of RF and static electric fields
have been studied.

Each approach has advantages and drawbacks. The use of static electric fields is
simple, but requires that the ions can be guided to a point where gas flow provides
the dominant force. The combination of static and RF electric fields is potentially
less susceptible to deleterious space charge effects brought about by the large number
of Helium ions created in the stopping process. It is, however, difficult to imple-
ment at the high pressures required to stop ions created via projectile fragmentation.
Therefore, as a first concept, the electrostatic approach was chosen for the LEBIT

gas cell.

4.1.1 Extraction Using a Combination of Static and RF Elec-

tric Fields

Consider a stack of annular electrodes whose inner diameters taper to form a cone.
Such systems are called “RF-Funnels” and have been studied and used at low pres-
sures [82, 83, 84]. If an RF signal is applied each electrode, with a 180° phase
difference between adjacent electrodes, such a system should have some ion-optical
properties analogous to an RF(Q ion guide; in particular, such a system should have
a low mass cut for ion transport.

By super-imposing a DC-field, ions could be pulled through through the buffer
gas, allowing for use as an ion transport system for the extraction of stopped beams.

Such systems have been successfully implemented at SHIPTRAP, CPT and RIKEN
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for extraction of stopped rare isotope beams produced at low energies. The gas cells
at these facilities, however, are operated at pressures 5 - 10 times lower than the
LEBIT gas cell.

In the presence of a buffer gas, the pseudo-potential (eq. 2.5) must be modified

to become:
qgV? 1

o —
m @ [+ 7]

(4.1)

where v is proportional to the pressure and d is the characteristic distance — the
inter-rod separation in an RFQ ion guide, or the plate separation in an RF funnel.
Equation 4.1 makes clear that in order to maintain a given pseudo-potential depth,
the RF amplitude would need to be increased for higher pressures. This limits the
application of such a technique in a high-pressure regime, as RF high amplitudes

could lead to electrical breakdown of the helium gas.

/P Extraction
"
alll

™ v}unnel

] Spherical
Annular Rings Electrode

Figure 4.1. Simlon electrode geometry used to study feasibility of an RF funnel at
LEBIT. Simulated geometry includes 7 DC drift ring electrodes (labeled 15 - 21)
one spherical focusing electrode and 16 funnel electrodes (labeled 1 - 16) of which a
zoomed in view is provided.

To investigate the feasibility of using an RF-funnel in the extraction region of
the LEBIT gas cell, as shown in Fig. 4.1, simulations were performed using Simlon
and IonFly. To match the nozzle, the funnel had an opening angle of 60°. A funnel

configuration with 30 segments, 0.5 mm thick and separated by 0.2 mm placed, was
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Table 4.1. Electric potentials (in V) for the electrodes used in the RF-funnel simula-
tions. An ion mobility of Ky = 18.25 cm?/V-s was used.

Rings Funnel Nozzle
#15 1400 || #1 | 300 [ #9 | 290.7 || #1 | 290
16 | 370 2| 291 10 | 290.6 2] 232
17 | 340 3| 291 11 | 290.6 31174
18 | 340 41290.9 || 12 ] 290.5 41116
19 | 340 512909 | 13| 290.5 5| 58
20 | 340 6 |290.8 | 14 | 2904 6 0O
21 | 340 712908 | 152904
Sphere | 300 81290.7 | 16 | 290.3

chosen. The thickness and spacing was chosen based on the minimum sizes of readily
available stainless steel sheets and ceramic spacers.

To allow the simulation to take into account ion optical effects associated with
transporting ions into and out of the funnel, the geometry include 7 DC drift elec-
trodes and one spherical focusing electrode, as well as an approximation of the nozzle.
Simlon has a 35 electrode limit, requiring that two plates of the funnel be treated as
a single electrode. This result in an effective doubling of the characteristic distance
d.

A number of studies were performed with this geometry. These studies focussed
on the RF amplitude required to successfully transport ions through the funnel as a
function of ion mass and buffer gas pressure. Nominal values used in these simulations
are provided in Table 4.1

The effect of the buffer gas was calculated in a viscous force approximation (see
chapter 2.1.3). In this approximation collisions with gas are assumed to be so frequent
as to be well represented by a viscous drag. The total force acting on the ion is then
given by

- P

F=¢g. [E——  .§ 4.2

where F is the electric field, P is the pressure in mbar, K is the reduced ion mobility

and ¢ is the ion velocity. For most ions in helium, Ky ~18.25 cm?/Vs.
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Figure 4.2 shows calculated trajectories for two ion species of different mass, A
= 4 and A = 40 using the electric potentials listed in Table 4.1 and a pressure of
500 mbar. It can be seen that the RF funnel does not transport the He™ while
transporting heavier ions. This can be explained by analogy with the RF(Q ion guide
system, where the stability diagram for the quadrupole RF-field features a low-mass

cut-off.

Figure 4.2. Calculated trajectories for two ion species. The red curve is the trajectory
for an A=40 ion while the black curve is for an A=4 ion. The RF funnel was operated
at 500 mbar with electric potentials as listed in Table 4.1 using a 900 Vg, 1 MHz sine

wave.

The results of simulations to determine minimum RF amplitudes required for ion
transmission as functions of ion mass and buffer gas pressure are shown in Fig. 4.3.
Simulations showed no correlation between frequency, vgr, and required amplitudes.
The data show good agreement with equation 4.1, with the largest effect on the
required amplitude being the gas pressure. In order to transport ions with A = 40 in
a high pressure environment would require more then 1000 V,, and would definitely

result in an electric breakdown of the helium gas. However, since the system was
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approximated by treating adjacent plates as a single electrode, the characteristic
distance is twice what it would be in reality. So the amplitude actually required
could be reduced by as much as a factor of 4, which may result in an acceptable
amplitude.

Based on the results of these simulations, a prototype RF funnel has been con-
structed recently. The prototype consists of a stack of 62 discs 0.2 mm thick separated
by 0.1 mm with ceramic spacers. Tests are underway in a separate test system.

lon Mass [u]

1600 (.) 2|O 4|0 6|O 8|0 1(.)0 1?0 14}0

1400
—, 1200
o
1000+
800+
600{ =
400-

RF Amplitude [V

200 -

O T T T T T T T T T T T

Figure 4.3. Calculated minimum RF amplitudes required for ion transmission in the
RF funnel as functions of ion mass and buffer gas pressure. For exploring the required
amplitude as a function of pressure, an RF frequency of vgr = 1 MHz and A=40
ions were used. For exploring the required amplitude as a function of mass, an RF
frequency of vgr = 1 MHz and a buffer gas pressure of 100 mbar were used.

4.1.2 Extraction Using Electrostatic Fields

The use of a static electric field to guide ions to the end of gas cell provides simplicity
in operation and sidesteps the difficulties of implementing an RF system in the high

pressure buffer gas required to stop fragmentation beams. Annular electrodes, as used
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in the simulation of the RF funnel, provide a means to transport ions from the back
of the gas cell toward the extraction region so long as space charge effects from the
ionization of the buffer gas are sufficiently minimal. Gas flow calculation performed
by Victor Varentsov using his VarJet code [85] and gas flow measurements conducted
by Pat Lofy [72], indicated that gas flow is the dominant force in the extraction nozzle
of the gas cell. As such, an electrode system needed only to transport ions into the
extraction region and the gas would move them quickly out of the cell. A number of
geometries were investigated for focusing ions into the extraction nozzle.

Combining the electric fields from Simlon with gas flow calculations from Victor
Varentsov, simulations of ion extraction from the gas cell by electrostatic transport
and gas flow were performed. This was done using lonFly, an extension of Simlon
written by Stefan Schwarz [63]. The simulation calculated ion trajectories using
electric fields calculated by Simlon and VarJet gas flow fields along with a viscous
deceleration given by

-

qg P
e P 43
m 1013 - Ko (43)

where v is the ion velocity, P is the pressure in mbar and K is the ion mobility in
cm?/V's, to approximate the high pressure buffer gas environment. Table 4.1.2 lists
the parameters used in the simulation. Extraction is defined in the context of this
simulation as transport to the nozzle apex, where the gas flow is assumed to provide
the dominant force.

A number of extraction field electrode scenarios were considered. The most
promising proved to be the use of spherical electrodes to approximate the field of
a point charge within the region of gas flow. A cross-section of the spherical elec-
trodes can be seen at the far right of Fig. 4.5 and a photograph of the electrodes is
shown in Fig. 4.4.

In this simulation, the whole gas cell was considered. The configuration used can

be seen in Fig. 4.5. By starting with a set of ions spaced at 1 mm radial and 10
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Figure 4.4. Photograph of spherical electrodes used to focus ions into extraction
nozzle.

cm axial increments, the region from which stopped ions can be extracted can be
obtained. For the extracted ions, the mean extraction time can be obtained as well.
Figure 4.5 shows the result of one extraction simulation, using the parameters listed
in Table 4.1.2; the red lines represent equipotential lines. This simulations formed

the starting point for experimental optimization.

TExtraCtion [mS]

0 100 200 300 400 500

Figure 4.5. (Top) Calculated region of extractability. Tons which initially are stopped
in the region between the black lines should be extracted from the gas cell when using
electrostatic transport with gas flow. The red lines are equipotential lines. (Bottom)
Extraction time as a function of stopping depth inside the gas cell.
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Table 4.2. Parameters used in the simulation of ion extraction from the gas cell via
electrostatic transport and gas flow. Electrodes are numbered in ascending order
away from the entrance window. P and Ky are the pressure and ion mobility; m and
q are the ion mass and charge.

Electrodes
Rings Spheres Nozzle
#1 | 1420 V || #11 | 1300 V #1 | 875V || #1 | 300 V
2 1 1415 12 | 1280 2 | 850 21240
3 | 1410 13 | 1260 31705 31 180
4 | 1400 14 | 1230 4 1510 41120
5 1 1390 15 | 1200 5160
6 | 1380 16 | 1170 610
7 | 1370 17 | 1140
8 |1 1360 18 | 1100
9] 1340 19 | 1060
10 | 1320 20 | 955
Parameters

P 1000 mbar

Ky | 1825 | cm?/Vs

m 100 u

q +1
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The Extraction Nozzle

For the simulation results shown in Fig. 4.5 the potential difference across the nozzle
was 300 V. The actual nozzle has a resistance of ~ 5 k(2. Thus, a high voltage power
supply capable of sinking and sourcing as much as 20 W would be needed to bias the
nozzle with a 300 V potential difference. As this also risked overheating the nozzle,
in practice the potential difference was always kept below this value. To investigate
the impact of this on the extraction efficiency, a series of simulations were performed.

In these simulations, ion extraction for an ensemble of 500 ions evenly distributed
within a 5 mm radius 17.5 mm from the apex of the nozzle were simulated for 16
different nozzle potential differences. All other parameters were as in Table 4.1.2. As
the ensemble traveled through the nozzle, the number of ions remaining was recorded
every 0.1 mm. The results are shown in Fig. 4.6 as a color relief plot of the fraction
of remaining ions as a function of axial position and potential difference across the
nozzle. The thick black line designates the apex of nozzle where the opening is
smallest. All ions reaching this point should be carried out of the gas cell by gas flow.

A number of offline tests have been performed to attempt to verify the results of
these simulations - and improve extraction efficiency. Unfortunately, these tests have
thus far been unable to duplicate the simulated results. This could be due to space
charge effects that have not been considered. Another possibility is that the potential

may not distribute across the nozzle in the linear manner that has been assumed.

4.1.3 Extraction Simulations with Space Charge Included

The Simlon program used to calculate electric fields and calculate ion trajectories

solves the Laplace equation,

V-E=0 (4.4)
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Figure 4.6. Color relief plot of ion survival fraction as a function of distance and
potential difference across the nozzle. The hashed figure represents the nozzle in
cross-section, to enhance visualization.

This is an appropriate approximation when the charge density of the moving ions is
low. In the extraction region of the gas cell, however, the ion density becomes quite
large and the electric field is can be greatly modified by space charge. To model such

conditions, one must solve the Poisson equation,
V- E = 4np, (4.5)

where p is the charge density.

In order to calculate the trajectories of ions under realistic conditions, code was
written to determine the space charge effect. The first step is to determine the charge
density. This is done using two grids, V;; and Nyj;, for the z-velocity and number
density. The granularity of each is 27rrAr@) Az. Ion trajectories for an initial ion
distribution are calculated based on the electric field determined from the Laplace

solution and used to populate V;; and N;;. Each is then normalized using

Vi, = Vy/N (4.6)
N = > NyA'r (4.8)
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where P;; is now the reduced charge density. In cylindrical coordinates A’r is given
by 27r;;Ar. The charge density is given by

1P,

=Y 4.9
2mr ArVy’ (4.9)

Pij
where I is the current.

Once the charge density has been determined, a successive over-relaxation (SOR)

technique is used to solve the Poisson equation

Pit1)j
Gai-1)j
V2p = —dmp — ( a b c d e ) Gij = —4mp;; (4.10)
Pi(j-1)
Pi(j+1)
with
a a7t oA
b 1 1
Ar2 2rAr
AR (411
d Alzz
e a7

The boundary conditions are given by the electrode potentials. With the electric po-
tential ¢ solved for, the trajectories of the initial ion distribution are calculated for the
new electric field. Using the new trajectories, the charge density is re-calculated and
the Poisson equation solved for again. This process is repeated until the standard de-
viation of the change in charge density between successive ion trajectory calculations
is less than a preordained value.

In order to expedite the calculation of the electric potential using the method of
successive over-relaxation, the residual field technique is used. This technique is based
on the assumption that the global nature of the solution is only slightly changed from
one charge density iteration to the next. Thus, to prevent the SOR algorithm from
wandering too far from the original Laplace solution, after each SOR iteration the

solution is combined with the previous iterations solution as such:
Ppp1 = R~ Pp1 + (1 - R) * On, (4'12)
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where the subscripts refer to the SOR iteration and R is the residual field parameter.
For simulations of extraction from the gas cell, a residual field parameter of R = 0.9

was used.

Extraction Calculations

0554
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Figure 4.7. Extraction efficiency as a function of iteration number from an extraction
simulation with 1 nA ionization current.

Gas cell extraction simulations were performed, using the IonFly code with the
extension for space charge described above. These simulations used the same geom-
etry as shown in Fig. 4.5 with the potentials listed in Table 4.1.2. The assumed
initial ionization distribution was a radial gaussian distribution of 10 mm FWHM at
an axial position of 100 mm from the entrance window.

The extraction efficiency as a function of iteration number from an extraction
simulation with 1 nA ionization current is shown in Fig. 4.7. Calculations were
performed for ionization currents of 1 pA to 10 nA in decade steps. By multiplying
the ionization current by 2x10”e the equivalent incoming beam rate can be obtained,

based on the assumption that each incoming particle creates 107 He™™ ions. Figure
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4.8 shows the results of calculations for various ionization currents scaled to incoming

beam rates, compared to actual measured extraction efficiencies [86].

Calculated
B Measured

Extraction Efficiency
o

o
o
=

100 1000
Incoming Beam Rate [pps]

Figure 4.8. Comparison of extraction efficiencies for A=40 ions calculated with space
charge effects included and measured extraction efficiencies for 3*Ca [86].
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4.2 The RFQ Ion Guide System

l"=====:\ == | S

)

Extraction Skimmer “Orifice” Acceleration
Nozzle System

0.1mb 103mb -6
H'-- mbar mbar I 10-mbar "I

Figure 4.9. (Top) A photograph of the original ion guide system. (Bottom) A cross-
sectional sketch of this system.

The original design goals for the LEBIT ion guide system called for a flexible and
robust system to transport ions through a differentially pumped region. In order to
provide simple beam transport, it was decided to operate the ion guide with square
waves. This would allow for easily varying the operational frequency of the ion guides
while avoiding the need for tuned circuits and expensive RF power amplifiers required
for sinusoidal operation. Square wave operation could also provide simplified mass
filtering compared to sinusoidal operation.

A number of computer simulations were performed to study operation of an ion
guide with square waves. These simulations indicated that a segmented ion guide
operated with square waves would provide efficient transport of ions extracted from
the gas cell. Based on the results of the simulations, a segmented RFQ ion guide

system, shown in Fig. 4.9, was constructed.
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4.2.1 Jon Guiding with Square Waves

In order to provide radial confinement, the quadrupole potential of the ion guides
needs to be oscillatory, but not necessarily sinusoidal. The use of square and even
sawtooth waveforms was demonstrated by Richards et al. [87] as early as 1973. The
use of square waves provides certain advantages over traditional sine waves. One
advantage is that many inexpensive integrated circuits exist for the control of digital

signals, simplifying electronic design.

0.25

Sine —
0.204 | Square —
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0.00 T T T T
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Figure 4.10. Comparison of stability diagrams of square wave and sinusoidal wave
operated RF(Q ion guides.

A study of the stability diagram for square waves was performed using a small

program written in C++. The program simply calculates trajectories of the equation
i = [2quf(wt) — ay) - u, (4.13)
where f(t) is an oscillatory function, u is x or y and

Ay = —ay (4.14)
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are the standard Mathieu parameters. If w reaches 15007 without u exceeding unity,
the motion is considered stable. The calculation is repeated for a set of (a,q) values,
creating a stability diagram. Figure 4.10 shows a comparison between the stability
diagram for a square wave and a sinus wave. The stability diagram for the square
wave is identical to that of the sinus wave, but with the g-axis compressed by a factor
of /4. This could be expected as the Fourier expansion of the square wave is given
by

f(t) ~ 4 Z 1 sin nrt, (4.16)

™ n

with n odd. The g-parameter for the higher harmonics will always be much lower than
for the fundamental harmonic, which therefore determines the shape of the stability

diagram.

0.5

1/ Duty Cycle

0.4 1

Figure 4.11. Comparison of stability diagrams of square waves for various duty cycles.

Another advantage to using square, pointed out by Richards et al. [87], is that for
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square waves with a duty cycle (the ratio of the pulse duration to the pulse period)
of less than 50% the stability diagram appears to shrink. Using the same simple
program, this was studied as well. In reality, the stability diagram does not shrink,
but is rotated in (a,q) space due to an average DC potential from the asymmetry in
the duty cycle. For a duty cycle of § ~39% the tip of the stability diagram intersects
q = 0, as shown in Fig. 4.11.

Operated under such conditions, only the duty cycle and the RF-amplitude would
need to be accurately maintained to operate as a high-resolution mass filter, while
in a traditional system the ratio of DC- to RF- amplitudes needs to be maintained.
Also, note that the tip of the stability diagram is located at a lower ¢g-value for square
waves than for sinus waves; this implies lower RF-amplitudes would be required.

In order to determine how real square waves would behave, an oscilloscope was
used to capture actual output signals from the square wave generator (see next section
and appendix). These signals were used for the function f(wt) in equation 4.16.
Figure 4.12 is the result of this study. The gaps in the stability diagram are likely
caused by harmonic components at the secular frequency that are known to cause

instabilities [88].

4.2.2 Simulations of Ion Transport Through the Ion Guide

System

Prior to construction of the ion guides, ion optical simulations were performed to test
the feasibility of using square waves under the conditions which would be present - a
high pressure region, large inter-rod gap (required to “catch” ions in the supersonic
gas jet) and an electrostatic skimmer required for differential pumping. Computer
simulations to compare overall transport efficiency, under realistic conditions, for
square wave and sinus wave operated ion guides were also performed.

The simulations were performed using Simlon to calculate the electric fields and
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Figure 4.12. (left) Measured output of the square wave generator. The duty cycle
of the output is ~55%. (right) Calculated stability diagram based on square-wave
generator output. The envelope represents the stability diagram for a perfect square-
wave with a duty cycle of § = 55.2%.

the IonFly code to calculate ion trajectories. Simulations were performed neglecting
space charge and gas flow, and treating ion-buffer gas collisions through the viscous
approximation (see chapter 2.1.3). Simulations of the ion guides operated with sinus
and square waves showed similar transport efficiencies in both cases, with calculated

efficiencies as high as 60%.

The Skimmer

The primary function for which the ion guide system was designed was to transport
ion through a series of differentially pumped vacuum chambers. Efficient differential
pumping required that the orifice in the pumping barrier through which the ion could
pass needed to be smaller than the open area of the ion guide. To minimize turbulent
gas flow near the pumping barrier, Victor Varentsov used his VarJet code to optimize
a “gas skimmer” geometry for the orifice in the pumping barrier.

While it was known from Victor Varentsov’s simulations that the skimmer would

allow for smooth gas flow, it was not clear to what degree it would disturb the
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ion optical trajectories by distorting the RFQ field. To investigate this, ion optical
simulations were performed.

The skimmer, as simulated, was 30 mm in length, with an opening angle of 45°.
A 4.5 mm gap between the skimmer and the RFQ existed on either side.

Simulations were performed to determine transport efficiency through the skimmer
as functions of RF frequency, pressure and potential difference between the RFQ and
skimmer. The simulation used ions starting on a grid, separated by 1 mm, filling the
bottom half of the ion guide at a distance of 1 cm from the start of the skimmer.

The transport efficiency was found to be independent of the potential difference
between the skimmer and RFQ, so long as the electric field was properly oriented.
The calculated transport efficiency for A = 40 ions as a function of RF frequency,
with an amplitude of 100 V,, is shown in Fig. 4.13 for two pressures. For the low
pressure scenario, insufficient cooling results in decreased transmission. For the higher
pressure scenario, a decreased efficiency was seen at lower frequencies. This may be

an effect of the low-mass cut of the ion guides.

4.3 Implementation and Commissioning of the

LEBIT Ion Guides

Based on the promising results from simulations, the ion guide structure was designed
and assembled as simulated and an RF square wave generator was designed and built.
Initial tests of the ion guide system showed transport performance in agreement with
simulations.

Figure 4.9 provides both a photograph and sketch of the first ion guide system,
which was based upon a segmented ion guide used at ISOLTRAP. The full length of
the system was in excess of a meter. For differential pumping, the system incorporated

two diaphragms. A skimmer, described earlier, was placed between the 8 and 9"
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Figure 4.13. Transport efficiency of skimmer as a function of RF frequency. Constant
parameters were: 0V = 50 V, Ugp = 100 V,, skimmer in center position.

segments and a second diaphragm was placed between the 22" and 23" segments.
A more detailed description of the mechanical and electrical implementation can be
found in Appendix B.

During the online commissioning of the gas cell, strong molecular ion beams were
always extracted from the gas cell, requiring mass separation before the beam could
be used for Penning trap mass measurements. Mass filter operation of the ion guides
was required and implemented. An improved system was later installed and will
be discussed in chapter 5. After discussing the results of initial testing, attempts to

operate the system in a mass filter mode will be described and their results presented.

4.3.1 Reverse Transport Study of the Square Wave Driven
RFQ Ion Guide

To study the ion guides offline, the plasma ion source (see Fig. 3.1) was used to

generate °Ar™ ions. The quadrupole deflector was setup to direct the ion beam
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upstream towards the gas cell. The current from the ion source was determined using
a Faraday cup in BOBI1, the beam observation box nearest the ion guide system. The
gas cell nozzle was used in place of a Faraday cup after the ions passed the ion guides
to monitor the beam current.

The ion guide efficiency was tested by scanning both amplitude and frequency.
Before and after measuring the current on the gas cell extraction nozzle, the current
on the BOB1 Faraday cup was measured to account for any drift in the current
provided by the ion source. As these tests were not intended to be an exacting study
so much as a proof of principle, the measurement uncertainty was determined by
visually estimating the fluctuations in the electrometer; the fluctuations tending to
be on the level of picoamps, while the beam current was generally several nA.

Figure 4.14 show the results of the reverse transport tests. Figure 4.14a shows
measured efficiencies at several RF amplitudes as a function of RF frequency. Figures
4.14b and ¢ compare measured and calculated efficiencies for *°Ar* with a beam en-
ergy of E = 35 eV and the ion guides operated at Ugr = 164 V(,. While the general
shape of the calculated transport efficiency curves agrees with measurements, the cal-
culations appear to consistently underestimate by a factor of ~2. These calculations
were performed assuming a worst-case scenario of a beam which filled the ion guides,

which likely accounts for the disagreement with measurements.
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Figure 4.14. a) Measured efficiency as a function of RF frequency for several RF
amplitudes. b) Measured and calculated efficiency as a function of RF frequency for
a fixed RF amplitude of Ugr = 164 Vop. c) Same as b, but as a function of the

Mathieu parameter q. All measurements were performed using **Ar* with a beam
energy of E = 35 eV.
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4.3.2 Ton Guide Mass Filtering — First Implementation

The first attempt at operating the LEBIT ion guide system as a mass filter was to
simply add a DC quadrupole potential to the RF square wave quadrupole. This
required altering the RF distribution circuit (see Appendix B) and implementing a
paired LC circuit as shown in Fig. 4.15. The segments of the RFQ system furthest
from the gas cell were used for this purpose, as they were located in a high-vacuum
region.

—Phase1
B N

Segment 1a Segment 2a Segment 3a

DC1—[C—1

DC2——1
Segmenm Segment% Segmentﬁ

B N 1
—Phase?2

Figure 4.15. Modified RF distribution circuit used for implementing the square wave
RFQ as a mass filter.

With the system modified to allow for mass filtration, the system was studied
again in reverse transport mode using “°Ar* from the test ion source. For a fixed
frequency and no DC quadrupole potential, the RF amplitude was scanned from
about 50 V,, up to about 250 V,,. This was done for several frequencies. After
each step the current on the gas cell nozzle was recorded. The ion source current
was periodically measured, using the BOB1 Faraday cup. The data from this test is
shown in Fig. 4.16 in the form of efficiency as a function of Mathieu parameter q for
each frequency.

A second test was performed to test the functionality of the mass filter. This was
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Figure 4.16. Measured efficiency of the ion guide for various square wave frequencies
as a function of Mathieu parameter q. For higher frequencies the data range is limited
due to limitations in the maximum amplitude which could be achieved.

performed by scanning the frequency for fixed RF and DC quadrupole amplitudes
- which is the same as scanning along the mass scan line (see Fig. 2.7). The data
provided by such measurements provides a visualization of the stability diagram for
the ion guides as well as a test of the mass filter efficiency. These are shown in
Fig. 4.17. Figure 4.17a shows no transmission of ions in the tip of stability diagram,
indicating that the device was not capable of single mass resolution.

Figure 4.17b shows the same data as 4.17a, but plotted as transmission curves for
various scan lines ajsr. From Fig. 4.17b we can infer that for a resolution of ~4 u
the relative efficiency is <25%. Looking at the data from 4.16, it can be assumed
that at least part of this efficiency reduction comes from the low frequency at which

the peak is located. Operating the ion guides such that the peak would have been
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at a higher frequency may have provided better transmission. However, this would

have required higher amplitudes than the RF squarewave generator was capable of

providing.
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Figure 4.17. a) Measured efficiency for points on the stability diagram of the square
wave driven ion guides. The orange curve is the expected theoretical envelope of the
stability diagram. b) Cuts through the stability diagram along various scan lines.

In order to overcome the amplitude limitations of the squarewave generator, a
tuned circuit was implemented so as to operate the ion guide with sinus waves. As
the capacitance of the ion guide system as a whole was more than 1 nF, it was decided
to only operate the segments after the “orifice” (see Fig. 4.9) with this tuned circuit
to minimize amplifier power requirements. The ion guide system up to the “orifice”
was operated with the squarewave generator.

The tuned circuit was operated at 1.2 MHz, for which efficient transport was
observed with the square wave ion guide, as seen in Fig. 4.16. Similar tests as for
the square wave mass filter were performed. Using the test ion source, “°Ar* ions
were sent toward the gas cell and the current on the nozzle was measured. Figure

4.18 shows the results of these tests. In Fig. 4.18, top, the measured data points
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Figure 4.18. (top) Measured stability diagram for the sinus wave driven ion guides.
(bottom) Measured relative efficiency of sinus wave driven ion guides as a function of
mass resolution.
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are plotted in (a,q) space, with points with an efficiency of less than 1% excluded.
As can be seen, the shape is approximately as expected, but the efficiency is not
uniform. The high efficiency patch near ¢ = 0.35 could be associated with 4°Ar?*.
Alternatively, the behavior seen could be the effect of a secular resonance near ¢g=0.55
resulting in ion loss.

In order to measure the cost of operating the ion guides as a mass filter, the
efficiency relative to non-mass filter operation can be plotted a function of resolution,
as shown in Fig. 4.18, bottom. This was done by plotting each scan in a way similar
to Fig. 4.17b and determining the width and center of the transmission curve for
each scan line. The resolution was determined by dividing the scan center by the full
width of the curve at half maximum and multiplying by 40 u, the mass of the ions.

Comparing the resolution which could be achieved with the tuned circuit for a
given efficiency with that of the square wave system showed roughly a factor of 2
improvement. This was quite sufficient to reduce neighboring contaminants so as to
identify them with the Penning trap, but was not sufficient to separate the radioac-
tive ions of interest from the contaminants. Based on the difficulty encountered in
converting the original ion guide system into a mass filter, it was decided to com-
pletely redesign the ion guide system with an emphasis on mass filtering. This will

be discussed in the following chapter.
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CHAPTER 5

Beam Purification at LEBIT

The first attempts to perform mass measurements on thermalized fragmentation
beams using the LEBIT Penning trap mass spectrometer were unsuccessful. The
beam extracted from the gas cell in the first online test using the full LEBIT facility
measured in excess of 10 pA, indicating the extraction of a large amount of non-
radioactive (stable) ions from the gas cell. This stable ion beam was analyzed via
time-of-flight of the ion pulse ejected from the buncher. An example time-of-flight
spectrum is given in Fig. 5.1. Using the Penning trap mass spectrometer for un-
ambiguous identification, the stable beam was found to be essentially composed of
hydrocarbon molecular ions.

In order to be able to perform mass measurements on rare isotope ions extracted
from gas cell, the level of stable molecular ions needed to be reduced significantly.
The first step toward reducing the intensity of the stable beam extracted from the
gas cell was to thoroughly clean the gas cell. The gas cell was disassembled and
each part was cleaned using ultra-pure acetone, methanol and deionized water in a
class 10000 clean room. It was then reassembled, evacuated and baked at 150 °C for
several weeks. While this improved the situation, typical stable beam currents still

exceeded 1 pA. With a typical rate of extracted rare isotopes on the order of 10 /s,
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Figure 5.1. Typical time-of-flight mass spectrum after ejection from the buncher of
ions extracted from the gas cell before major cleaning of the gas cell and prior to
implementation of the beam purification system. The rare isotope ions of interest
would have a relative intensity of <107® under these conditions.

the situation remained a veritable case of finding a needle in a haystack!

As discussed in the previous chapter, the initial design of the ion guide system
following the gas cell was optimized for efficient transport with square wave opera-
tion. For reasons outlined in the previous chapter, the mass resolving power of the
original ion guide system was not adequate to achieve single mass resolution without
a considerable efficiency loss.

A much more powerful beam purification system was needed. Installation of
an magnetic isobar separator or a purification Penning trap [48] was not an option
due to space constraints. Instead, a suite of beam purification techniques which
did not require extending the beam-line were developed and implemented. The first

purification is performed with an improved, newly designed RFQ ion guide mass filter.
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Isobaric molecular ion contaminants remaining after the mass filter were reduced by
means of collision induced dissociation (CID) in the beam cooler. The break-up
products can be separated from the ions of interest by means of a time-of-flight mass
filter prior to the Penning trap. Any remaining isobaric contaminants are selectively
removed from the Penning trap via excitation of their reduced cyclotron motions. This
multi-step beam purification scheme has been found to be effective at separating the
“needle” of rare isotopes from the “haystack” of stable molecular ions extracted from

the LEBIT gas cell.

5.1 Improved RFQ Ion Guide and Mass Filter Sys-

tem
High Pressure uRFQ and Mass Filter
Ion Guide Mass Filter RF Distribution
RF Distribution RF Distribution Circuit #2
Circuit , Circuit
[ |
Segmented RFQ Mass Filter Acceleration
RFQ HRFQ | \ Section
LT H - ¥
b dlE - I - H =—>
0.1 mbar 10° mbar 10*° mbar
Root’s Turbo-Molecular | Turbo-Molecular
Blower Pump Pump

Figure 5.2. Schematic of LEBIT ion guide system

As discussed in the previous chapter, the original RFQ ion guide could not achieve
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single mass resolution without an enormous decrease in transmission efficiency (see
Fig. 4.18). Therefore the ion guide system was completely redesigned with an em-

phasis on achieving both high mass resolution and transport efficiency.

5.1.1 Physical Implementation

The redesigned ion guide system is shown in Fig. 5.2. The major changes compared to
the original design are the implementation of a pRF(Q instead the skimmer and the use
of an only modestly segmented ion guide operated as a mass filter. As in the original
system, the high-pressure ion guide has the purpose of guiding the ions through
the high-pressure region directly after the gas cell. The pRFQ acts as a differential
pumping barrier while transporting ions to the mass filter ion guide. The mass filter

ion guide has the purpose of providing suppression of non-isobaric molecular ions.

High Pressure Ion Guide

While the mechanical construction of the high-pressure ion guide was not changed
in the upgrade, the wiring scheme was improved. The segments along each rod are
now connected in-vacuo using resistors! which are rated for use in UHV systems
and certified to contain no organic materials. The final three segments are wired to
allow superposition of a high frequency (HF) dipole field perpendicular to the ion
guide axis. This could allow the possibility of selective CID via excitation of an ion’s
secular motion. If the rare isotopes are extracted as several molecular sidebands, this

could provide a means to reduce them to a single molecular sideband.

#RFQ Ion Guide

The pRFQ ion guide replaces the electrostatic skimmer used in the original ion guide

system. As a long tube, it provides a better pumping barrier than the skimmer.

'RG1/4S 1M J from Japan Hydrazine

7



Unlike the skimmer, the pRFQ ensures ion confinement along the entire length of the
ion guide.

This pRFQ is identical in construction to the one installed between the cooler and
trap sections of the beam cooler-and-buncher [45]. It has an inter-rod separation of
ro = 0.3 mm and uses wedged electrodes to supply an electric gradient for dragging

ions through it.

The RFQ Ion Guide Mass Filter

The new mass filter consists of only 6 segments: four 10.5 mm segments followed by
a 95 cm segment which in turn is followed by another 10.5 mm segment. The inter-
rod separation is rg = 6 mm, with a ratio of the radius of the rods to the inter-rod
separation of % = 1.148. This ratio is known to give the best approximation to a
hyperbolic field [61].

To further improve efficiency when operated at higher resolving powers, a delayed-
DC field approach has been implemented, similar to that of Brubaker [89]. By using a
series of segments with increasing DC quadrupole amplitudes, the ions are eased into
the top of the stability diagram, without passing through any regions of instability.
This is illustrated in Fig 5.3.

The mass filter compresses the beam along the focussing axis of the DC quadrupole
while stretching the beam along its defocussing axis. Such beam asymmetry could
lead to increased optical abberations in one dimension in the electrostatic transport
system. In order to gradually restore the symmetry of the ion beam, the final segment
of the system is operated at 25% of the DC quadrupole amplitude of the mass filter,

acting much as a quadrupole lens.
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Figure 5.3. Illustration of the advantage of using the Delayed DC-field approach.
Without the delayed field, an ion entering the mass filter would pass through a region
of instability. By slowly increasing the DC-quadrupole strength, the ion can avoid
the region of instability.

5.1.2 The RF Control System for the RFQ Ion Guide

Control of the ion guide system is achieved with a multilayered system of electron-
ics; many of the details will be given in Appendix C and only an overview will be
provided here. The system consists of a low-voltage RF driver, RF power amplifiers,
tunable resonant LC circuits, a set of specially designed RF amplitude monitors and
distribution circuits. The system can be controlled through a PLC system connected
to a control computer. A flowchart of the RF(Q ion guide electronics system is given
in Fig. 5.4.

The components inside the large box in Fig. 5.4 comprise the low-voltage driver
system, which provides a set of phase-locked RF signals. The amplitude and relative
phase of each signal can be set via analog voltages from the PLC system. The
frequency can be set using an internal frequency generator controlled with the PLC
system; alternatively, the system can be phase-locked to an external RF source.

The low-voltage signals are sent to RF power amplifiers whose outputs are con-
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Figure 5.4. Flowchart illustrating the ion guide RF system developed in this thesis
work.

nected to the ion guides through a set of tunable resonant LC circuits. The RF
amplitude of each ion guide is monitored by means of specially designed RF monitor
circuits (see Appendix D.1) connected to the PLC system. The RF amplitude of the

mass filter is stabilized at the 100 mV level by means of a computer controlled PID

loop.

5.1.3 Commissioning Tests

A number of tests were performed to study the performance of the upgraded ion
guide system. The system was tested for overall efficiency, maximum resolving power
and relative efficiency as a function of resolving power. A series of tests were also

performed to study the use of CID in the high-pressure ion guide.
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Overall Transport Efficiency

In order to study the overall efficiency, two tests were performed using ions created
in the gas cell. For the first test, the ions were created via electric discharge; for the
other test ions were created using a rubidium ion source temporarily installed inside
the gas cell. For both tests, all electrodes of the high-pressure ion guide were initially
tied together and connected to a Keithley model 6514 electrometer to measure the
ion current extracted from the gas cell and entering the high pressure ion guides. The
RF system was then reconnected to the high pressure ion guides and the ion current
transported through the entire ion guide system was measured on the Faraday cup
at BOBI.

In the first test, a discharge inside the gas cell was used to ionize the helium
buffer gas; the helium ions charge exchange with contaminants in the gas to create
ions which can be transmitted through the ion guides. The extracted ion current
measured was Iy = 80 pA. The transmitted current measured was Igop1 = 18 pA.
The difficulty here is the unknown composition of the beam extracted from the gas
cell. Helium ions, for instance, would be extracted from the gas cell and contribute to
the measured Iy, however they would not be transmitted through the RFQ system.
This test placed a lower limit on the efficiency of € = IBIO% = 23%.

In the second test, a Rubidium surface ionization source was used to create ions
in the gas cell. The use of the Rubidium source has the advantage that is does not
create Helium ions. The Helium pressure required for extracting ion from the gas cell
also cooled the Rubidium source and it was difficult to heat it enough to create very
many Rubidium ions. The extracted ion current was measured to be Ij = 1.2 pA,
and a transmitted ion current of Igop; = 0.7 pA was measured at BOB1. As the
readings tended to fluctuate by ~0.2 pA, this results in an efficiency of € = 60750%.
While this is not a precise measurement of the ion guide efficiency, it agrees with the

lower limit of € = 23% from the discharge test and indicates that the ion guide system
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does not pose a large loss mechanism.

Mass Separation

In order to determine the performance of the mass filter mode of the new RFQ ion
guide, a series of studies were performed. These included determining the maximum
resolving power of the mass filter and measuring the relative efficiency at various
resolving powers. Again, ions produced via electric discharge in the gas cell were

used for these tests.

“Mass scans” were performed with the ion guide mass filter along several scan
lines, app = % Figure 5.5 is the result of a mass scan near A = 32 along the
scan line oy r = 15.2%. From this scan, it is clear that the mass filter is capable of

achieving single mass resolution, which was one of the design goals.
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Figure 5.5. Mass scan along the scan line o = 15.2%, performed with the LEBIT
ion guide mass filter, demonstrating single mass resolution. The mass peaks were
unambiguously identified with the Penning trap mass spectrometer.
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A systematic investigation of the transport efficiency as a function of the ion guide
mass resolution would be straight forward if only one ion species were delivered by the
gas cell. Because of the large range of molecular ions in the beam delivered from the
gas cell, an additional ion identification is needed. This can be achieved with the help
of the Penning trap and the time-of-flight cyclotron resonance detection technique.

The Penning trap mass spectrometer was used to assist in accurately determining
the relative efficiency of a given resolving power. As described in 2.2.3, ions which
are “resonantly excited” are measured to have a shorter time-of-flight. A software
gate can be applied to the time-of-flight of ions detected on the MCP after the ion
trap. Using this software gate on the results of a mass scan allows for the separation

of “good” ions from “bad”.
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Figure 5.6. Relative efficiency and mass resolution for the LEBIT ion guide mass
filter as a function of the mass scan line ay;r. These results were obtained using

CF;.

A series of mass scans were performed near A = 69 along various scan lines.
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For each step along the mass scan, the ions were sent through the LEBIT system
and captured in the Penning trap. An RF field with a frequency corresponding to
CF4 was applied. The ions were then ejected and the time-of-flight measured. Any
CFy ions captured in the trap would have their cyclotron motion excited by the
RF field, resulting in a significantly reduced time-of-flight. Through the application
of a software gate applied to the time-of-flight spectrum measured for ions ejected
from the Penning trap, it is possible to extract transmission profiles for CF3 along
each scan line. The mass resolution for each scan line is then determined by Am =
A-AV /Vpear, where A is the full width of the transmission curve at half maximum
and Vpeqr is the centroid of the highest resolution scan line. The relative efficiency
for each scan line is determined by €gre; = Tpeak/Ta=0 Where rpeqr is the rate of CF{SF
detected at Vpeqr along a given scan line and r,— is the rate of CF; detected at Vpegr
along the apr = 0% scan line.

The results of these measurements are presented in Fig. 5.6, as resolving power
and relative efficiency as functions of aj;r. Based on this data, it is clear that the
new ion guide system’s performance as a mass filter is greatly enhanced over the
original system. Operating the new ion guides at single mass unit resolution results

in a relative transmission efficiency of ~50%, which is acceptable.

5.2 Beam Purification by Collision Induced Disso-
ciation

After using the mass filter to reduce the contaminants to an ensemble of isobaric
molecules, collision induced dissociation (CID) can be used to “reshuffle the deck”.
CID is a widely applied [90, 91, 92] process in which a collision between an ion and
a neutral species results in the conversion of part of the translational energy into

internal energy of the ion and subsequent fragmentation of the ion. At LEBIT this
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is done using the beam cooler-and-buncher, where the buffer gas in the cooler acts as
a gas target.

As the molecular excitation is related to the center-of-mass energy of the collision,
it could be assumed that heavier buffer gases would yield improved results. Unfor-
tunately, this must be balanced against possible ion loss from larger recoil energies
and RF heating (see chapter 2.1.3). Another means of increasing the center-of-mass
energy of the collision is to increase the energy of the ion beam. This can be accom-
plished by raising the base potential of the LEBIT ion guide system.

In order to study the energy dependence of CID the following test was performed.
HCOJ ions were extracted from the gas cell and selected by the mass filter. They
were then sent into the beam cooler-and-buncher and subsequently captured in the
Penning trap. Asin the measurement of mass resolution described earlier, the Penning
trap was used to assist in identifying the ions. This was repeated for different ion
energies, achieved by adjusting the base potential of the entire ion guide system.
Such measurements were performed using both helium and neon as buffer gases in
the cooler, in both cases using a pressure of P ~ 2 x 1072 mbar. As a reference for
an ion which does not undergo CID, *°Ar™ was chosen and a similar measurement
series was performed with neon as the buffer gas in the cooler. The results of these
measurements are given in Fig. 5.7.

The count reductions seen above 60 V are likely due to ion guide potential being
above the gas cell potential and blocking the ions from entering the ion guides. The
loss below 0 V is from the ion guide potential being below the cooler-buncher potential,
preventing injection into that system. The data show similar transmission curves for
Y0Ar* into neon and HCOJ into helium. From the transmission curve for HCOJ into
neon, however, it is clear that HCOJ begins to undergo CID when the ion guide base
potential is increased above 10 V. At an ion guide base potential of 50 V no reduction

is seen in the rate of CAr™, yet the rate of HCOJ becomes vanishingly small. From
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these data it is concluded that by using neon in the cooler and operating the ion

guide at a base potential of 60 V a strong reduction of isobaric molecular ions can be

expected.
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Figure 5.7. Ion transmission through the beam cooler-and-buncher for “°Ar* and
HCOj as a function of ion guide base potential. The trend for *Ar* when the beam
cooler was operated with neon compared to those for HCOJ with the cooler operated
with neon and with helium indicate the when using neon, HCO; undergoes CID for
sufficiently large ion guide base potential, while when using helium in the beam cooler
there is no evidence for HCOJ undergoing CID.
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A powerful technique for studying CID which is often employed in RFQ mass
spectrometry is the so-called MS-MS or MS” scan. In the LEBIT system, a similar
technique can be used — MS-TOFMS. The mass filter is scanned and at each step the

time-of-flight spectra after the buncher is recorded.
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Figure 5.8. Time of flight versus mass scan obtained using helium as a “target” in
the LEBIT ion cooler. The solid curve is the scan line, the two dashed curves show
where peaks would be if CHy or HyO were lost from the primary ion.

Figure 5.8 shows data from an MS-TOFMS measurement. The ion guides were

scanned from A = 30 to A = 100 with a resolution of Am ~ 2 u. The beam cooler
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was operated with helium. The peaks along the solid curve are molecules which did
not dissociate; the peaks along one of the dashed lines have undergone CID and lost
a methane or water molecule. The labeled peaks were unambiguously identified using

the Penning trap mass spectrometer.

5.3 Time-of-Flight Mass Analysis and Separation

In order to make optimal use of the break-up of molecular ions via CID performed in
the beam cooler requires an additional mass filter. While the Penning trap provides
a limited mass acceptance, roughly 45 u, this is not sufficient to always suppress
unwanted CID products. To make optimal usage of CID in the beam cooler, a time-
of-flight mass filter was implemented prior to the Penning trap.

The time-of-flight mass filter uses the fact that the beam cooler-and-buncher sys-
tem is capable of delivering very short ion pulses. This is illustrated in Fig. 5.9, which
shows a time-of-flight spectrum measured ~2.5 m after the buncher, with a time of
flight resolving power of more than 400.

In order to make use of this time-of-flight separation, an existing beam deflector
in the beam line to the Penning trap was used. The deflector consists of a vertical
and horizontal pair of short deflection plates used to fine tune the injection into the
Penning trap. For realizing a time-of-flight mass separator, one plate is used as a
beam gate. It is pulsed using a fast high voltage switch (see Appendix D.4). The
nominal deflector voltage of several hundred volts deflects ions such that they are
not transported to the Penning trap. When the desired ions pass the deflector, the
voltage is reduced to a few ten volts for ~300 ns and the ions are transported to the
trap. Figure 5.10 shows normalized transmission curves for several ion species as a
function of the time at which the beam gate is opened. As can be seen, the time of

flight mass filter effectively suppresses non-isobaric contaminants.
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Figure 5.9. Time-of-flight spectrum observed at the beam observation box /2.5 m
after the LEBIT cooler-buncher. The time-of-flight resolving power shown is R> 400.

To test the efficacy of the time-of-flight mass filter for suppressing neighboring
masses, Penning trap mass measurements were performed for 33Ar and °K. Typical
resonance curves are given in Fig. 5.11. It is important to note that 3®Ar has a natural
abundance of only 0.063%, while “°K has a natural abundance of a mere 0.012% of
natural Potassium. Being able to obtain these resonance curves demonstrates that

the time-of-flight gate provides near complete suppression of non-isobaric ions.
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Figure 5.10. Transmission curves for several ion species as a function of time-of-flight
mass filter timing.
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Figure 5.11. Cyclotron resonance curves measured for *Ar and “°K. Each has a nat-
ural abundance of less than 0.1%. Especially in the case of “°K, these measurements
would not be possible without mass suppression by the time-of-flight filter.
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5.4 In-Trap Contaminant Removal

Any remaining isobaric contaminants can be selectively removed from the Penning
trap by the dipole excitation of their ion motion. In this technique, the reduced
cyclotron motion of a known contaminant is excited by application of an azimuthal
RF dipole field at the ion’s reduced cyclotron frequency. With sufficient RF field
strength this drives the contaminant ions to large orbits where they no longer interact
with the ions of interest and into a region from which they will not be ejected from
the trap.

To demonstrate the use of this technique, Fig. 5.12a and b show ions detected
after ejection from the Penning trap as a function of frequency of the dipolar RF-field.
The scans were made while capturing ions with A = 64. For Fig 5.12a the scan width
is ~ 0.5 u, centered at the reduced cyclotron frequency for **Co™. In Fig 5.12b
the scan width is &~ £0.05 u, centered at the frequency of maximum count reduction
found in Fig. 5.12a.

Once the reduced cyclotron frequency of a contaminant is determined with an
uncertainty of 0 <150 Hz, quadrupolar excitation can be used to precisely determine
the true cyclotron frequency of the contaminant, as shown in Fig. 5.12c. The identity
of the contaminant can then be unambiguously determined. Based on the measured
cyclotron frequency of the contaminant, in conjunction with a previously determined

cyclotron frequency for HCoFy | the contaminant was determined to be 36ArNy .

91



140

o
g ol kA )
} G oo ﬁ T#ﬁ#ﬁ ﬁf
:Z: b) = 2250247(100) Hz
el 114 i

Time-of-Flight [ s]
[
e

v, =2252732.1(7) Hz

2050700 2252725 2252750 2252775

VRF

Figure 5.12. (top) Count rate of detected ions ejected from the Penning trap after
dipolar excitation as a function of applied RF frequency, vgr. The left plot centered
at the reduced cyclotron frequency of *4Co* and has a range of ~ £0.5 u. The right
plot has a range of ~ £0.05 u. (bottom) Time-of-flight of ions ejected from the
Penning trap after quadrupolar excitation as function of applied RF frequency. The
measured cyclotron frequency was found to correspond to 3¢ArNj .
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CHAPTER 6

Mass Measurements of Isotopes

Near N=Z7=33

In the study of nuclear structure along the N=Z line, it is an open question whether
there exists a mid-shell restoration [16] of the Wigner energy associated with T=0 n-p
pairing [14]. In nuclear astrophysics, the effective stellar lifetimes of the waiting point
nuclei Ge, %Se and ™Kr play a large role in determining the rp-process pathway
and the composition of neutron star crusts. The precise determination of masses of
atomic nuclei with equal and nearly equal numbers of neutrons and protons can be
used to determine the effective lifetimes of waiting point nuclei in the rp-process as
well as to improve the understanding of neutron-proton pairing.

Prior to the mass measurements performed in this work, the masses of nuclei
near N=7=33 had typical uncertainties of 100 keV or more. Due to the difficulty
in obtaining isotopes of Ge, As and Se at ISOL facilities, this region was particular
well suited for using the LEBIT facility. In a series of online experiments performed
between August 2005 and June 2006, precision mass measurements were performed
on 9364Ga, 646566Ge, 666768 A5 and °Se. These LEBIT results have been recently

published [11].
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6.1 Experimental Procedure

Many steps are required in order to perform mass measurements at the LEBIT facility.
The isotope of interest must be selected using the A1900 fragment separator, then
thermalized in the gas cell. The ion beam extracted from the gas stopping cell is
guided through a differentially pumped region and then transported to the beam
cooler-and-buncher. Cold ion bunches are transported from the cooler-and-buncher
to the Penning trap where mass measurements are performed. Along the way from
the gas cell to the Penning trap, the ion beam undergoes multi-step beam purification

as described in the previous chapter.

6.1.1 Rare Isotope Production and Stopping

Fast projectile fragmentation of Kr at 140 MeV/A was used to create neutron-
deficient isotopes near N=7=33. The A1900 fragment separator [43] was used to select
the isotopes of interest for each measurement. The A1900 generally provides isotonic
“cocktail” beams. Three such cocktail beams have been used for these measurements:
(%6As, 95Ge, 51Ga), (57As, °Ge, 5Ga), and (*“Se, ®As, Ge).

As discussed in chapter 3, the energy of the beams are initially degraded using flat,
rotatable glass degraders before being thermalized in the gas cell. Based upon the
Z-dependence of the stopping power, the degrader thickness was adjusted to provide
optimized stopping for each isotope, verified through stopping range measurements
and subsequent activity measurements of the extracted beam. The procedure is

described in detail in [75].

6.1.2 Radio-Molecular Identification

In previous experiments it was found that 3*Ca formed water adduct molecular side-

bands of [*¥Ca(H20),]*" with n = {1,2,3,4} [9]. Therefore, after optimizing beam

94



stopping and extraction from the gas cell, the molecular form of the desired isotope
needed to be determined. Using the mass filter and one of the (-detectors, activ-
ity measurements were performed at a number of points along a scan line. Figure
6.1 shows the results of mass-versus-activity scans for ®Ge and ®"As. For %Ge, the

activity peaked at A/Q = 66, while for °”As the activity peaked near A/Q = 71.
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Figure 6.1. Counts recorded with a (3-detector after the ion guide mass filter as a
function of A/Q. See text for explanation of molecular assignment.

With the Penning trap operated in a direct transmission mode, the molecular
state of the rare isotopes after ejection from the beam cooler-and-buncher can be
determined by measuring activity at the g-detector following the Penning trap as a
function of the time-of-flight mass filter setting. From activity scans with this scheme,

it was found that °Ge was ejected from the buncher with A/Q = 66, while 57As was
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ejected with A/Q = 67. With the Penning trap mass spectrometer it was verified
that %Ge was provided after the buncher as °GeH™ while %7As arrived as 67As*.
It is inferred that the arsenic was extracted from the gas cell with a helium adduct
and probably not as AsH;. In similar measurements, Se and Ga were found to be

delivered from the gas cell as Set and Ga™.

6.1.3 Beam Purification

As has been discussed in chapter 5, before Penning trap mass spectrometry can be
performed on rare isotopes extracted from the gas cell, a multi-step beam purification
system must be used to remove contaminant ions. The first step is to set the mass
filter to the A/Q at which the rare isotopes are extracted from the gas cell.

The second beam purification step is CID in the beam cooler. For arsenic isotopes,
which were determined to be extracted with a weakly bound helium adduct, the cooler
was operated with helium, which was found to be sufficient for removing the adduct
while minimizing CID of other molecules. For the other isotopes, neon was used in
the buncher to provide maximum CID of contaminant molecular ions. In this way,
maximum separation of the rare isotope ion from contaminants is achieved. In the
third step, the time-of-flight mass separator is set to allow transmission of the A/Q
at which the rare isotopes are ejected from the buncher.

The final step in the beam purification process is the determination of any iso-
baric contaminants yet remaining after TOFMS. The high resolving power of the
LEBIT Penning trap system allows for unambiguous determination of contaminants,
as discussed in chapter 5.4. After the contaminants are identified, they are removed
from the trap via excitation of their cyclotron motion at v, the reduced cyclotron

frequency.

96



Table 6.1. Contaminant ions removed in-trap prior to cyclotron frequency measure-
ments. No atomic mass is given for the most abundant stable isotope of an element.

Species Contaminants
BGaT || CI3CH7 | CB3CHy | CsHj CsH7 CsHy
6iGat || C;3CHS | CI3CHy | CsHy CsH, CsHY
61GeHT || %°Cu™ | CoFoHy | CI3CHS | HSO; CsH¢
65GeHT CsHZ HSO; CsHT CsHy | CI3CHS
66GeH T CsHy CsH7 CsHy | C3CH{ | HSOZ
66AS+ C5H§_ C5Hg— C5H;_ CF;: HSO;_
67 Ast CF5 CsHZ HSOF CsH
G8AST 69Se™ CFy CsH CsHY CsHE
6988+ C5H—7~_ C5H§— C5H3— CF;_
72.5
} 245
70.0 % 200
E 67.5 E 23.5
& 6
F s, = 230
65.0 o7 pg*
625 } 225
4 2 0 2 a 6 4 6
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Ve - 2154454 [Hz] Ve - 2219180 [Hz]

Figure 6.2. Left: Time of flight versus excitation frequency for 5”As™ ions ejected
from the Penning trap after a 500 ms quadrupolar excitation. The solid line is a fit
of the theoretical line shape [66] to the data. Right: Similarly for %GeH™ ions.

6.1.4 Determination of the Ion Cyclotron Frequency

After being captured in the trap, ions are initially exposed to an azimuthal dipole
RF-field for, typically, 10 - 20 ms. This dipolar RF-field is generated by the su-
perposition of the signals from up to six frequency generators, each operated at the
reduced cyclotron frequency of a known (or suspected) contaminant. This selectively

removes those contaminant ions from the trap by increasing the amplitudes of the

their cyclotron motion [64]. The ions are then exposed to a quadrupolar RF-field
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of frequency vgp for a duration Tgr before being ejected from the trap. The mean
time-of-flight of ejected ions to an MCP detector is plotted as a function of vgp to
determine the ion’s cyclotron frequency.

For these measurements, excitation times in the range of Trr = 200 ms to 500
ms were generally used. As an exception, due to its short half-live (7}, = 96 ms), an
excitation time of 50 ms was used for As. In order to minimize systematic effects
from ion-ion interactions, the number of ions in the trap was kept low, in nearly all
cases less than 5 detected ions per trapping cycle. Table 6.2 lists the isotopes studied
in the five different beam times, together with the reference ion and the mean number
of ions detected per cycle for each isotope measured.

Figure 6.2 shows typical cyclotron resonance curves obtained for "As™ and
64GeH™. From the fit of the theoretical curve [66], the center frequency is obtained,
which corresponds to the cyclotron frequency, v., of the ion. A total of 62 resonance
curves were obtained for rare isotopes in the course of this work.

For the determination of the magnitude of the magnetic field cyclotron resonance
curves were obtained for an ion species with well-known mass before and after ob-
taining each cyclotron resonance curve for the species of interest and interpolating
the value of the magnetic field during the measurement of the species of interest. In
the measurements reported herein, a number of different reference ions were used.
Krypton and rubidium isotopes were obtained from the test ion source, while the

other molecular ions were obtained from the gas cell.

6.2 Data Evaluation

The primary data from Penning trap mass measurements are the cyclotron frequency
ratios, R = v./Vc,ef, Where v, is the cyclotron frequency of the species of interest

and v ,.s is the cyclotron frequency of the reference species. For each measurement,
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Table 6.2. Isotopes studied, references ions used, mean number of ions detected per
cycle and total number of resonance curves measured during 5 online experiments.

Experiment | Species  Reference | ions/cycle Number of
Run # Measurements
1 6TAsT 80Ky T 1.2 5
2 6TAst 86Kyt 0.6 1
3 67As™ 85RbT 0.5 15
2 G5GeH™ CsHY 2.3 14
3 5GeH S5RbT 0.6 3
4 5GeH CsHy 0.6 1
3 66 Ast 85Rb* 0.002 4
5 66GeH* CsHi 0.8 4
5 GBAsT CFy 0.2 3
5 09Ge T CFy 0.6 5
5 61GeH™ HSO3 0.5 3
5 64Gat CsHy 2.4 3
5 B3Gat CsHy 2.0 1

the cyclotron frequency is determined by fitting the analytical time-of-flight cyclotron
resonance line shape [66] to the data. The mass of the species of interest is extracted
from the cyclotron frequency ratio using M = R - (M,.; — m.) + m., where m, is the
mass of an electron. The values for m. and M,.; are taken from the 2003 Atomic
Mass Evaluation (AME’03) [93]. In principle, the difference in ionization potentials
of the reference and species of interest should be taken into account, but within the
uncertainties of the measurements presented herein they were all negligible.

In order to account for decay of the magnetic field between measurements, each
measurement of the species of interest was bracketed by two reference measurements.
The reference frequency used for the frequency ratio, v,.r, was interpolated from the
references taken before, v, ,cf1, and after, v ,er2, the measurement of the species of

interest. The reference frequency is calculated with a linear interpolation as:

trm — 1
t1 — 1o

(6.1)

Veref = Verefl — (Vc,refl - Vc,refZ) *

where t1, t9, and t,,, are the mean time of the anterior reference, posterior reference
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and measurement, respectively. The mean time refers to the time halfway between
the start and end of a measurement. The statistical uncertainty associated with the
frequency ratio is given by standard propagation of errors techniques.

Sources of systematic error include nonlinear decay of the magnetic field, cyclotron
frequency shifts from ion-ion interactions [94] and mass dependent effects due to trap
imperfections [68]. Data taken during the measurement of **Ca [9] demonstrated that
the nonlinear decay of the magnetic field of the LEBIT spectrometer was negligible
on the 10 ppb level when reference measurements are performed at intervals of less
than 2 hours. In that measurement it was determined that the largest non-linear
effect was associated with fluctuations in the cryostat pressure. Since that time, a
PID loop to regulate the cryostat pressure has been implemented, further reducing
non-linear changes in the magnetic field. Thus any effects from a non-linear term
in the decay were ignored, since reference measurements were taken on intervals of,
typically, 30 - 60 minutes except in the case of %As, where the typical intervals were
3 - 4 hours. A statistical uncertainty of ém/m ~ 1077 was achieved, compared to
which any systematic uncertainty from non-linear field decay is negligible.

To probe possible mass dependent systematic effects, during one of the runs a
set of three mass measurements of KT was made using 8°Rb* as a reference. The
results from these data indicate a mass dependent systematic error term of dm/m =
5(5)x1071% /Au, where Au is the mass difference between measured and reference ions
in atomic mass units. For use in the data analysis, a value of ém/m = 5x107'°/Au
has been adopted as the maximum mass dependent systematic uncertainty.

Frequency shifts that may be caused by ion-ion interactions were investigated by
performing a counting rate analysis. For each data set with a sufficient distribution
of counting rates, including reference measurements, the data were sorted into bins
by number of detected ions. Cyclotron frequencies were determined for each counting

rate bin. Using a linear fit to these data, and taking the detector efficiency into
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Table 6.3. Mean frequency ratios obtained for each set of measurements presented
in this thesis. Values were derived from counting rate analyzed data (see text) wher-
ever possible. Listed uncertainties are statistical. In the case of ®®%8As the listed
uncertainty has been increased to account for a large Birge ratio (see text).

Nuclide | Reference | Frequency Ratio
BGa 2C;H, | 1.01489389(11)
%Ga 2CsHy | 1.030979398(44)
01GeH | H32SY0, | 0.99688922(62)
%5GeH 2CsH; | 1.013961997(66)
%5GeH 12C5H, | 1.063396513(69)
5GeH 85Rb 0.776653759(73)
6GeH 2CsH; | 1.029252824(40)

66 A 85Rb | 0.77661811(38)
67 Ag S6Kr | 0.779171859(34)
67 As S6Kr | 0.77917095(35)
67 As $5Rb | 0.788337366(20)

8As | 12C19F, | 0.984659141(81)
9Se | 12C19F; | 0.999191318(23)

account, the cyclotron frequency of a single trapped ion was determined. In some
cases with insufficient statistics, this analysis could not be performed. Such was the
case for all measurements of %As and %®As as well as all measurements from the
second run with ®“As and most measurements of %°Se.

While there is no clear evidence that these measurements suffer any frequency
shifts due to ion-ion interactions, to be conservative the count-rate adjusted data,
which have a somewhat larger statistical uncertainty, have been used when avail-
able. Table 6.3 lists the mean frequency ratio for each set of measurements, with the
statistical uncertainty listed in parenthesis.

In the cases of % As, the Birge ratios [95] — the ratio of outer error to inner error
— were found to be 1.7(2) and 1.8(3), respectively, indicating that the uncertainties
of the individual measurements were underestimated. In all other cases the data sets
had Birge ratios of < 1. To be conservative, in the case %65 As the outer error is used
instead of the inner error, i.e. the uncertainties listed in Table 6.3 is increased by a

factor equal to the Birge ratio.
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Figure 6.3. Example of count rate analysis of " As* cyclotron frequency measurement.
In this example, the fit to the raw data yielded vo = 2154454.403(65) Hz, while
extrapolation to one detected ion yielded v = 2154454.54(13) Hz.
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Table 6.4. Mass excess values obtained in this work. The values from the 2003 Atomic
Mass Evaluation and their deviation from values obtained in this work are listed for
comparison. The column MEg;., lists measurements from other groups which were
not included in the 2003 Atomic Mass Evaluation. All values are given in keV.

Species | MEpggrr MEsnE03 MEother MEresrr - MEAvE03
BGa —56545.4(6.3) —56547.1(1.3) 1.7(6.4)
61Ga -58832. 6(2 5) -H8834. 3(2 O) —58832.5(3.9) [96] ( )
64Ge -54315. 7(3 8) —54350( ) —54344(30) [96] —34( )
65Ge -56480. 6(1 2) —56410(10()) ( )
66Ge -61607. 0(2 4) —61620( ) —13(30)

66 A5 —52018(30) —51500(680) —52057(50) [97] 518(681)
6T As -56586. 0(1 1) —56650(100) —64(10())
68 As -58896. 2(5 3) —58900( —58894.4(3.1) [98] —4(40)
69Se -56434. 6(1 5) —56300( ) 135(30)

6.3 Results and discussion

6.3.1 Atomic Masses

In order to simplify discussions of atomic masses is it common to make use of the

“mass excess.” The mass excess, M FE, is given by

M(lZC)
12 7

ME =M(*Z)—-A- (6.2)

where M is the atomic mass.

The mass excesses determined in the present work for 43%4Ga, 6465:66Ge, 666768 A5
and %°Se are given in Table 6.4. These are based on the weighted mean of the mass ex-
cesses obtained from the individual frequency ratios given in Table 6.3. An additional
error of ém/m = 5x107'%/u was included in cases with non-isobaric reference ions to
account for possible mass dependent effects. The mass value for the reference ions are
based on values listed in the 2003 Atomic Mass Evaluation (AME’03) [93]. For the

Ge isotopes, which were measured as GeH™, the mass excess values listed have been

obtained by subtracting the hydrogen mass excess from the molecular mass excess,

E(AGe) = ME(AGeH) - ME(H).
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The new measurements are within 1-o deviation of the values listed in AME’03,
with the exception of %Se (-4.50) and %'Ge (+1.10). In particular, the new val-
ues are in excellent agreement with recent Penning trap measurements from other
facilities. For instance, mass measurements of ®%1Ga [99] recently performed at
ISOLDE/CERN with ISOLTRAP [32] and already included in AME’03 agree with
our values. Also, while our value for the mass of *Ge has a much higher precision
than previous measurements it agrees with recent measurements made with the CPT
at Argonne National Lab [100], as does our value for ®®As [98].

The isotopes 4% Ge, and 5%67As have previously been measured via time-of-flight
mass spectrometry using SPEG at GANIL [25]. Figure 6.4 (top) compares our mass
excess values for these four isotopes with values from SPEG. Figure 6.4 (bottom)
compares the mass excess values presented in this work with values from the litera-
ture. The data are divided into two graphs to simplify comparisons, as the scale of
uncertainties, and the deviations from our measured values, for the four data points

from SPEG [25] are larger in comparison to the rest of the data.
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Figure 6.4. Comparison of mass values obtained in this work with literature val-
ues from AME’03 [93], time-of-flight measurements with SPEG [25], Penning trap
measurements from CPT [100] and a § end-point measurement [97].
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Table 6.5. Mass excess values for select N<Z nuclei as calculated using Coulomb

displacement energies [19] and the mass excess values of mirror nuclei, compared
with Audi-Wapstra extrapolations from AME’03 [93]. All values are in keV.

Species | MErhis work MEanmeo3 Deviation
B3Ge | -46948(100) -46910(200) 38(224)
61As | -39517(100) -39520(360) -3(374)
5As | -46772(100) -46980(300) -208(316)
66Se -41833(100) -41720(300) 113(316)
67Se -46548(100)  -46490(200) 58(224)
68Br -38624(100) -38640(360)  -16(374)
69Br -46264(100) -46480(110) -216(149)

As can be seen from Fig. 6.4, the SPEG values overlap the present values for the
heavier isotopes, but not for the lighter ones. It appears that the SPEG masses may
suffer from a systematic bias. This may be related to their use of %Se as a reference
mass. The mass of %Se was previously determined in two %Se(ep)®Ge decay studies
[101, 102]. While they are consistent with each other, they differ from our mass
excess values by more than 40. Also, it is worth noting that the ®As 3-decay study
of Davids et al. [97], which has been disregarded in previous editions of the Atomic

Mass Evaluation due to discrepancies with expected Sy, values, agrees with the Qg

value derived from the present measurements.

6.3.2 Mass Predictions from Coulomb Displacement Ener-
gies

New predictions for the masses of the nuclei %Ge, 646 As, 96:67Se and %%9Br, as shown
in Table 6.5, were obtained using Coulomb displacement energy calculations from
Brown et al. [19] with mass values for the mirror nuclei obtained in this work. The
uncertainty of the Coulomb displacement is estimated to be 100 keV, which makes
the present experimental mass measurement uncertainties negligible in making these

estimates.
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6.3.3 Neutron-Proton Pairing Energy: V,,

Neutron-proton (np) pairing effects are expected to be maximized in N=Z nuclei,
due to the fact that the valence neutrons and protons occupy the same shell model
orbits. Interest in np pairing has grown in recent years as radioactive ion facilities
have been able to reach ever heavier N=Z7 nuclei. An open question is how the np
pairing energy behaves beyond Z=28. It has been suggested by Janecke [103] that the
pairing energy should be a function of v/A, while Van Isacker [16] suggested that the
pairing energy should be broken by large angular momenta and Coulomb interactions
in heavier sd-shell nuclei, but could possibly be restored in nuclei beyond **Ni by a
pseudo-SU(4) symmetry in the pf-shell.

The np pairing energy, V,,,, for N=Z7 nuclei can be extracted from nuclear binding

energies, B, of a set of neighboring nuclei using the empirical formula [16]
Vip = [Bnz — Bn-1,2z] — [BNz-1 — Bn-1,2-1] (6.3)

For N=Z nuclei beyond ™Rb, the mass values required for calculating V,,, have not
been measured. For ®As and Br the necessary mass values have had very large
uncertainties or were only estimates. The new mass measurements can be used to
reduce the uncertainty in V,,, for both of these nuclei.

Table 6.6 lists the calculated np pairing energy based on mass values presented in
this work compared with those calculated from literature values. The masses of Z =
N+1 nuclei required for eq. 6.3 were calculated using Coulomb displacement energies
and measured mirror nuclei masses. V,,,("°Br) was calculated using the Audi-Wapstra
extrapolated mass value of ™Br [93] in the first two columns of Table 6.6. It is found
that the Wigner energy for %As is shifted by -620 keV, but still within the large
uncertainty of the prior value while the value of V,,,("™Br) is shifted by -100(550)
keV.

A measurement of the S-decay Q-value of ™Br reported by Davids et al. [97] has
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Table 6.6. Neutron-proton pairing energies for ®®As and Br. In the first column,
values are calculated using mass values from AME’03. In the second column, values
presented in this work when available, otherwise using AME’03. In the third column,
values are calculated as in column two except the mass of "°Br is from Davids et al.
[97]. All values are in keV.

AME03 [ This Work + AME'03 [ This Work + AME03 F Davids
5675 | -2460(750) ~3080(100) -
"OBr | -2860(450) -2960(330) -3610(210)

long been excluded from the Atomic Mass Evaluation based on disagreement with
the expected two-neutron separation energies. As no other data on the mass of Br
has been published, the result from [97] is included for completeness. Doing so, it is
found that V,,,("Br) shifts by -750(490).

Figure 6.5 shows the neutron pairing energy for odd-odd N=Z nuclei up to “Rb.
As this figure demonstrates, based on our new data, there is an indication of a trend
towards the re-strengthening of V,,. Mass measurements of heavier N=7 nuclei are

required to clarify this trend.
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Figure 6.5. Neutron-proton pairing energies as function of Z for odd-odd N=Z nuclei
up to ™Rb. Open points incorporate AME’03 systematics. Closed points use only
experimental data and Coulomb Displacement Energy calculations. Davids80 refers
to [97].
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Table 6.7. Reaction Q-values used for network calculations to determine the effective
lifetimes of **Ge and %8Se. Values were derived from mass measurements and Coulomb
displacement energies reported herein or derived from AME’03 [93] values as noted.

All values in keV.

Reaction This work | AME’03
%Ge(p,7)®As | -255(104) | -354(172)
5 As(p,7)%Se | 2350(200) | 2433(246)

(p,7)%Br | -679(119) | -463(129)
Br(p,y) Kr | 2450(216) | 2234(227)

6.3.4 rp-Process

The even-even N=Z nuclei %Ge,%®Se and ™Kr could be important waiting point
nuclei in the astrophysical rp-process. The reasons are their relatively long half-lives
as compared to the rp-process timescale of 10 - 100 s and the reduced proton binding
energies of the odd-Z nuclei ®As, %Br and "Rb. However, depending on the actual
proton capture QQ-values, the delay caused by these waiting points can be decreased
below their S-decay lifetimes by sequential 2p capture [4, 20].

Using the present mass measurements, along with the mass estimates from the
Coulomb Displacement Energy, the proton capture Q-value uncertainties can be re-
duced for some of the nuclei which determine the effective lifetimes of the waiting
point nuclei *Ge and %Se. For ®Ge, the data yield a proton capture Q value, Q, =
M(%Ge) + M(p) - M(%®As), of -255(104)keV. Similarly, %Br is found to be 216(150)
keV more unbound than the value used in [98], further weakening proton capture
on %Se. Table 6.7 provides a comparison of the Q-values from the present mass
measurements with previous values.

The reaction networks shown in Fig. 6.6 were used in determining the effective life-
times of the waiting point nuclei %Ge and %Se. Network calculations were performed
using code written by Hendrik Schatz. For these calculations a starting abundance of

only the waiting point nuclide and protons, with the protons accounting for 70.5% of
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the mass fraction, corresponding to the solar value, was used. Furthermore a density
of 10° g/cm?® was held constant in the calculations. Forward - (p,y) - reaction rates
were taken from [104], while reverse - (vy,p) - reaction rates were determined through
detailed balance using the new Q-values presented. The change in the calculated
forward rates due to the new Q-values were neglected as such changes are small com-
pared to typical uncertainties in the Hauser-Feshbach reaction rate calculations. The
temperature range used in these calculations was chosen to be Ty = 0.5, 2.2 GK since
proton capture is ineffective for the high-Z nuclei considered here at temperatures
below about 1 GK, while proton emission via photodisintegration inhibits proton
capture at temperatures above 1.8 GK [20]. The effective lifetime was defined as the
time required to convert 50% of the initial seed nuclei beyond its one-proton capture

product.
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Figure 6.6. Reaction networks used for the calculations of effective lifetimes for %Ge
(left) and %®Se (right). Also indicated is the source of the mass excess values used in
the calculation. CDE refers to Coulomb displacement energy.

The results of these calculations are shown in Fig. 6.7. The open envelope rep-

resents the temperature dependance of the effective lifetimes based on 1-¢ indepen-
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dent variations of all masses involved in the network using AME’03 values and CPT
(98, 100] data for Ge and %Se. The filled area similarly depicts lifetimes using
AME’03 and LEBIT data. Clearly, the LEBIT results considerably reduce the un-
certainty in the effective lifetime of the two major waiting points, **Ge and %Se, in
the rp-process. For %4Ge the LEBIT results suggest that the waiting point can be
bridged for a wider temperature range than previously believed. On the other hand,
%8Se causes a greater delay than previous data would have suggested. The signifi-
cant shift in the temperature dependance of the lifetime of ®®Se is due to a 134 keV
discrepancy found in the mass of %Se, resulting in the correspondingly large shift in
Q,(%Br) as shown in Table 6.7. These calculations also depend on the proton capture
rates of ®As and “Br, currently based on Hauser-Feshbach calculations [104] which

can be very uncertain near the proton drip-line.
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Figure 6.7. Envelope of calculations of the effective lifetimes for *Ge (left) and ®Se
(right) for 1-o variations of the atomic masses. The filled area results from LEBIT
data, while the open envelope results from previous literature mass values.

The factors dominating the uncertainty in the effective lifetime of %*Ge are the
unknown masses of %°As and %Se, which had to be calculated via Coulomb shift

energies. The uncertainty in the effective lifetime of %Se is dominated by the un-
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known mass of Kr, which also had to be calculated via Coulomb shift energy using
the mass of ™Se. The mass of ’Se listed in 2003 Atomic Mass Evaluation is the
weighted average of four independent mass measurements [105, 106, 107, 108] which

are inconsistent.
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CHAPTER 7

Summary

The LEBIT facility is so far the only system in the world capable of utilizing rare
isotope beams created via fast projectile fragmentation to perform Penning trap mass
spectrometry. Through the use of fragmentation beams, the LEBIT Penning trap
mass spectrometer has access to isotopes not available elsewhere, such as short-lived
isotopes of refractory elements.

In the design phase of the LEBIT facility, an emphasis was given to the simulation
of all components. As part of this thesis, a number of computer simulations for the gas
stopping station were performed. They included calculations both with and without
the consideration of space charge effects. The ion guide system used to transport
ions from the high-pressure region following the gas cell into a high-vacuum region
was simulated as well. Offline tests of the ion guide system showed high-efficiency in
agreement with calculations.

In order to be able to utilize the radioactive ions extracted from the gas cell
for mass measurements, an advanced beam purification system was implemented.
Through a combination of an RF(Q mass filter, a gas target for molecular dissociation,
a time-of-flight mass separator and in-trap contaminant removal, the rare isotope ions

are removed from a background of stable molecular ions millions of times more intense.
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Since the implementation of this purification system, more than 30 isotopes have

been measured at the LEBIT facility. As of April 2007 they are: 3738Ca, 6465%66Ge,

40,41,42,43,44Q  66,67T,6880 Ao 2934 63,64(1, 68,69,70,81m 819G, 33Gj 70.7lmBy 646566 and
b b b b b ) )

63,64,65 g

In this thesis mass measurements of nine isotopes near N=Z7 have been presented:
63.64Ga, 646566Ge, 066768 Ag and %Se. 6As, with a half-life of 96 ms, is one of the
shortest-lived isotopes yet studied with a Penning trap. The mass measurement of
% As, with an uncertainty of dm/m = 4.1x10™7, represents a 30-fold improvement in
precision over previous measurements. In the case of ®*Se, the mirror of the unbound
nucleus “Br, a 40 deviation from earlier measurements has been found.

In combination with these mass measurements, calculated Coulomb displacement
energies were used to estimate the masses of %Ge, 45 As, 9667Se and %%Br using
the measured masses of their mirror nuclei, leading to a considerable reduction in
mass uncertainties in this region. The reduction in these uncertainties has lead to
improvements of neutron-proton pairing energies for °*As and “Br. The results may
support a trend toward increased np pairing strength with heavier N=7 nuclei.

Using recent mass measurements from ISOLTRAP along with those presented
in this work, provides further support for a restrengthening of the neutron-proton
interaction strength. To investigate this trend, mass measurements of heavier N=7
nuclei at LEBIT are planned. Such measurements will hopefully provide further
insight into neutron-proton pairing energies.

Astrophysical network calculations were performed with improved mass values.
They indicate an enhanced waiting point nature for ®®Se and a decrease in the waiting
point nature of **Ge. The new mass values are therefore likely to impact some existing
x-ray burst models and should be used in future x-ray burst studies.

Penning trap mass measurements of %7Se have only recently been performed

at the LEBIT facility. When analysis of these new measurements is complete, the
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uncertainty in the effective lifetime of %Se will yet further be reduced.

Based on experience with %Ge, ¢ As and %Se it is planned to measure the masses
of 3Ge, % As and %"Se at the LEBIT facility. These measurements will further reduce
uncertainties in the effective lifetimes of % Ge and ®Se. A remeasurement of the mass
of As to a precision of dm/m < 1x1078, which would make it a candidate for testing
the Conserved Vector Current hypothesis [1], is also planned in the near future.

In conclusion, the installation of a Penning trap mass spectrometer facility at a
rare isotope beam facility using fast projectile fragmentation has been highly success-
ful. The facility has been able to access short-lived isotopes of refractory elements
which are difficult or impossible to produce elsewhere and has successfully performed
high precision mass measurements with them. In many cases the improvement in
mass precision over previous values has been more than a factor of 10. High pre-
cision mass measurements of nuclei near N=7%=33 performed at the LEBIT facility
have been used to calculate the effective lifetimes of the important rp-process waiting
point nuclei 4Ge and ®®Se. The same mass measurements have shown an indication

for a restrengthening of the Wigner energy of N=Z7 nuclei in this region.
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APPENDIX A

Details of Mass Evaluations

This Appendix contains the full set of data used for the mass determinations in

chapter 6. The data consists of series of frequency ratios for each isotope studied,

both with and without count rate analysis. The data was analyzed using the SOMA

software, developed by Ryan Ringle, which is discussed in [79].

Table A.1. Distribution of excitation times for all sets of measurements. ions refers

to the mean number of ions detected per excitation cycle across each data set. All

ions are singly charged.

Date | Species Reference | 50 ms 200 ms 250 ms 300 ms 500 ms | ions
Aug-05 | ®7As SKr 1 - - - 4 1.2
Oct-05 67As 86Kr 1 - - - - 0.6
Nov-05 | ®7As 8Rb - - 14 0.5
Oct-05 65G€H C5H5 3 10 - - 2.3
Nov-05 | %GeH $Rb - - 2 - 0.6
May—06 GSGGH C5H2 - - - 1 0.6
Nov-05 | %As 8Rb 4 - - - 0.002
Jun-06 | GeH CsH; - - - 4 0.8
Jun-06 68 As CF3 - - - 3 0.2
Jun-06 | %Se CF; - - - 5 0.6
Jun-06 | %4GeH HSO, - - - 3 0.5
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A.1 Frequency Ratios from Raw Data

Table A.2. Measured frequency ratios for each set of mass measurements based on

raw data.
Reference: 80Kyt 86Kyt SRbt

0.77917229(28) 0‘77917095(35) 0.788337307

0.779171967(33) 0.788337343

0.779171875(39) 0.788337306

0.779171856(38) 0.788337390

0.779171911(51) 0.788337330

0.788337353

67 At 0.788337293

0.788337312

0.788337439
0.788337303
0.788337425
0.788337475
0.788337320

57
45
46)
48)
40)
36)
35)
38)
36)
46)
29)
32)
62)
A7
0.788337347(42
i1

Weighted Mean:

0.779171909(19)

0.77917095(35)

0.788337347

Reference:

CH?

85Rb+

CHT

65GeH+

1.01396109
1.01396203
1.01396214
1.01396222
1.01396202
1.01396193
1.01396196
1.01396205
1.01396197
1.01396203
1.01396190
1.01396178
1.01396269
1.01396232

)

D T T e Y N S e Ve N |
(@ I AN e e e e e e e S el e W 0.8

[—

0.776653854(80
0.776653896(96)
0.77665362(13)

(
(
(
(
(
(
g
0.788337362(
(
(
(
(
(
(
(
(

)
1.063396520(57)

Weighted Mean:

WO O WHE WDNDN OO = DO DN O
OO GO —— |

1
1.013962053(39)

0.776653825(56)

1.063396520(57)
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Table A.3. Continuation of measured frequency ratios for each set of mass measure-

ments based on raw data.

Reference: SSRbT
0.77661698(78)
66 A g+ 0.77661827(32)
0.77661925(57)
0.77661745(46)
Weighted Mean: | 0.77661811(23)
Reference: CsHZ
1.029252660
1.029252772
66GeH*

1.029252805

Weighted Mean:

(55)
(56)
1.029252871(64)
(80)
(31)

1.029252765

Reference: CF;
0.98465893(14)
B8 AgT 0.984659249(63)
0.984659048(74)
Weighted Mean: | 0.984659141(45)
Reference: CFy
0.999191289(75)
0.999191277(41)
09Se+ 0.999191324(40)
0.999191354(46)
0.999191312(48)
Weighted Mean: | 0.999191313(21)
Reference: HSO3
0.999688870(98)
61GeH™ 0.999689074(74)
0.999688839(50)
Weighted Mean: | 0.999688906(38)
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A.2 Frequency Ratios from Count Rate Adjusted

Data

Table A.4. Measured frequency ratios for each set of mass measurements based on
count rate analyzed data.

Reference: 80Kyt 86Kyt SRbT
0.77917245(65) 0.77917051(73) 0.788337372(
0.779171892(86) 0.788337373(
0.779171842(65) 0.788337344(
0.779171827(59) 0.788337254(
0.779171896(70) 0.788337279(
0.788337336(
67 At 0.788337265(
0.788337351(
0.788337394(
(
(
(
(
(
(
(
(

)
)
)
)
)
)
)
)
)
)

0.788337439
0.788337349
0.788337483
0.788337516
0.788337346
0.788337383
Weighted Moan: | 0.770171850(34) | 0.77917051(73) | 0.788337366
Reference: CsHZ SRb* CsHy

1.0139610(16) 0.776653743(99) | 1.063396513(69
1.01396209(26 0.77665375(15)
1.01396195( 0.77665380(15)
1.01396233(
1.01396173(

(

(

81
64
74
85
76
62
o6
49
63
61
o8
63
73
71
70
17

)
)
)
)
)

1

2

2

1.01396126(3

1.01396173(5

5GeH ™ 1.01396215(2
1.01396204(1

1.01396192(1

1.01396197(1

1.0139623(10

1.0139621(11

1.01396203(5

Weighted Mean: | 1.013961997(

)
)
)
)
)
)
)
)
)
)

9
0
7
8
0
2
5
6
7
)
)
0
6

)
5) | 0.776653759(73) | 1.063396513(69)
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Table A.5. Continuation of measured frequency ratios for each set of mass measure-

ments based on count rate analyzed data.

Reference: C 5Hg'
0.77661698(78)
6GeH™ 0.77661826(32)
0.77661926(58)
0.77661746(46)
Weighted Mean: | 0.77661811(23)
Reference: C 5Hg'
1.029252756
66 (Vo[ +

1.029252939

(
1.029252788(
(
1.02925295(1

Weighted Mean:

69
65
96
1)
40

1.029252824

Reference: CFy
0.999191277
0.999191271
69Ge+

0.999191354
0.999191312

Weighted Mean:

)
1
0
6
8
3

)
)
)
)
)
)
)
;
0.999191318(23)

(
8
(6
0.999191324(4
(4
(4
©

Reference: HSO;
} 0.99968887(10)
6iGeH™ 0.99968917(16)

0.999638878(88)

Weighted Mean:

0.999688922(62)
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APPENDIX B

Original Ion Guide System

B.1 Mechanical Detalils

The original ion guide system was based upon a segmented ion guide design used at
ISOLTRAP. The ion guide contained 30 RFQ segments, consisting of a two pairs of
17 mm diameter rods. Each segment had an inscribed opening of 12 mm diameter.
The full length of the system was ~150 cm.

The electrode pairs were connected by copper ribbons which were arched around
adjacent rods. The segments were hollow and supported by a long stainless steel
threaded rod, isolated by ceramic washers.

The system incorporated two differential pumping diaphragms. A skimmer was
placed between the 8 and 9™ set of segments and a second diaphragm was placed
between the 227¢ and 23" set of segments. Due to the low pressure in this region,

the second diaphragm was a simple orifice.

B.2 RF Distribution

Each segment was individually biased using a distribution circuit as illustrated in Fig.

B.1. The distribution circuit uses capacitors and inductors to combine an RF' signals
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(labeled Phasel and Phase2) with the DC voltage used to supply an axial electric
field for dragging ions through the buffer gas. The DC voltage is supplied by means
of a voltage divider.

63 Kapton coated wires connected the pairs of segments, nozzle, skimmer and
orifice to a set of vacuum feedthroughs which attach to the distribution circuits. The
“cable spaghetti” from the wires resulted in a rod-to-ground capacitance of ~10 nF

and an inter-rod capacitance on the order of 1 nF.

Phase1
il N N

Segmentéa Segment& Segmentéa Segment 8a

:

_|A1|

Segment%b Segment& Segment 3b Segment ?b
Phase?2

.

Figure B.1. Illustration of RF distribution circuit used in original LEBIT ion guide
system.

B.3 Square Wave Generator

The square wave generator drives the radio-frequency quadrupole (RFQ) ion guides,
which transport ions from the gas cell nozzle into the high vacuum portion of the
LEBIT beam line. The driver is designed to provide two square wave outputs that

are 180° out of phase (i.e. when one is high, the other is low.) The driver provides an
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output of up to 600V peak at frequencies from 300kHz up to 2.25MHz. For amplitude
control, circuitry for controlling an UltraVolt power supply is built into the design,

however alternate external high voltage power supplies may also be used.

B.3.1 Design

Fing bina

1C40 74HC2!
c
U$417 74HC22

1C39 _UFC1lo
y o

N g

Figure B.2. Low-voltage driver circuit schematic.

Fig. B.2 shows the circuit schematic for the low voltage signal generator. The
first component from the left is a voltage-to-frequency converter (VFC) (Burr-Brown
VFC110). The VFC110 linearly converts [0V, 10V] to [0Hz, 4MHz]. After the VFC,
a flip-flop (74HC74), which converts the spiked output of the VFC into a pair of com-
plementary square waves. The three chips after this are non-retriggerable monostable
multivibrators (74HC221), used as a delay line. Jumpers are provided to select the
delay time by changing the number of active gates. The final component is a quad
logical AND gate (74LS08). The first set of gates, A and D, AND the delayed signals
with their non-delayed counterparts. This cuts out a small portion of the signal to
ensure that only one signal is high at any given moment. The second set, B and

C, AND the output from A and D, respectively, with the enable signal, allowing for
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remote disabling of the device. Each signal is made available at a pair of SMA con-
nectors. SMA cables take the signals to a pair of secondary boards, where the low

voltage square waves are “amplified”.
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Figure B.3. Circuit schematic of the low-voltage to High-voltage opto-coupler.

Fig. B.3 shows the opto-coupling circuitry that helps to eliminate ground loops.
These opto-couplers also protect the low voltage RF components from high voltage
in the case that the pulse transformers (discussed later) suffer catastrophic failure.

Fig. B.4 shows the high voltage portion of the driver. This portion of schematic,
although only shown once, is used twice - one for each output channel. The left side

inputs of B.3 connect to the right side outputs in Fig. B.4.
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Figure B.4. High-voltage “amplification” circuit schematic.

In order to discuss the operation of this circuit let us designate one of the low
voltage square waves the signal and the other the complement, the same will hold
for the output - one is the output signal, the other is the output complement. The
output signal is connected to MOSFET driver, and the complement is connected
to an inverting MOSFET driver. When the signal is high, the MOSFET driver
opens the MOSFET on high voltage. When the complement is high, the inverting
MOSFET driver opens the MOSFET on ground. If the signal and complement are
truly complementary, only one MOSFET will be on at a time and will make a high
voltage square wave with the same frequency as the low voltage signal. For the
complementary output we just switch the signal and complement.

In Fig. B.4, IC6 and IC7 are MOSFET drivers (TC4420 and TC4429 [inverting]).
The Tamura STT-108 pulse transformers chosen by experimentally testing several
pulse transformers allow the MOSFET trigger signal to be floated onto HV without
floating the MOSFET driver supply, isolating the low voltage from the high voltage.
The pulse transformers feed the high voltage, high current MOSFETs. These are
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MTP3NG60, rated for 600V and 5A. They can be replaced with STP20N60 (20A
MOSFET) transistors should more output power be needed. The last components
to be mentioned are the Ohmite resistors. These are special low inductance alumina
resistors rated for 35W each. They are used to give a low output impedance (48€2).
With higher output impedance, large signal degradation is seen on the RFQ structure

from RC charging/discharging.

B.3.2 Operational Limits

The lower frequency limit of 300kHz is a set by the pulse transformers. The upper
limit on frequency is largely from the TC442X MOSFET drivers, which do not operate
well above 2.25 MHz. The upper limit for the square wave amplitude comes from a
combination of issues. The MOSFETSs are only rated for 600V. Also, the power drawn

at higher frequencies can severely limit the maximum amplitude, see Fig. B.5.

Power consumption
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Figure B.5. Power drawn by the sRFQ circuit as a function of amplitude at several
frequencies.
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The system is designed to make use of an UltraVolt model 1/2C24-NP250 dual
polarity, high voltage power supply. It can deliver up to 400mA from each polarity,
for a total of 250 watts at full voltage. At lower voltages, however, the unit can still
deliver only 400mA. If the 400mA limit is exceeded, the voltage drops by 33% so as
to fall below 400mA current. This voltage drop does not appear to be documented

in the UltraVolt datasheet, but was experimentally noticed.

B.3.3 Construction and Operation

Figure B.6. The assembled sRFQ driver with (right) and without (left) fans installed.

The assembled unit is placed into a 5.25” x17” x19” rack-mount box with venti-

lated top and bottom. The Newark part numbers are:

Chassis 90F6951
Chassis Cover 90F6960
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The assembled unit with and without fans is shown in Fig. B.6. In the lower
left can be seen the Cosel power supply that delivers the +/-15V and the 5V. In the
upper left is the UltraVolt 1/2 C24 PN250 high voltage power supply. The copper
cages on the two sub-boards help reduce noise pick-up in the control signals, as well
as reducing high frequency noise induced onto the AC mains ground. The cages are
hand-made using copper screen and 18 AWG wire. The transistors and the resistors
dissipate a great deal of heat, so large fans need to be used to avoid runaway heating.
The fans shown are P/N 28-175, from MCM Electronics, which displace 105 CFM
each. Attached to the rear of the box is a large 24V linear power supply for powering
the UltraVolt HV power supply.

On the front panel are a number of controls. On the far left are two BNC con-
nectors stacked vertically. These are the two high voltage square wave outputs. Care
must be taken to avoid accidental grounding or cross-connection of the outputs, espe-
cially when using the UltraVolt power supply; either of these conditions will destroy
the UltraVolt power supply! To the right of the outputs is a pair of panel meters. The
bottom one displays the output frequency in MHz. The top panel can be switched be-
tween displaying output voltage and HV current consumption using the switch above
the panel meters. The switch in the very center of the front panel enables the high
voltage output. When the green light above this switch is on, the box is receiving AC
power - in general this means there is high voltage in the box. When the red light
to the right of the switch is on, the high voltage square wave output is on. On the
right hand side of the front panel is a pair of knobs above a pair of BNC connectors.
The knob/BNC on the left of the switch controls the high voltage amplitude; the
knob/BNC on the right controls the frequency. The switch allows the user to choose

manual (knob) control or remote (BNC in) control.
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APPENDIX C

Improved Ion Guide System

As described in chapter 5.1, the improved ion guide system consists of a highly seg-
mented ion guide, a pRFQ ion guide and a modestly segmented ion guide mass filter.
This appendix provides details as to the electronic implementation of the improved
ion guide system.

The RF amplitude for each component ion guide is individually controlled. The
electronics used to control the RF signals will be described in the first section of this
appendix, followed by a brief discussion of the use of resonant LC circuits. Wiring
details and descriptions of the circuitry used to distribute the RF signals will be

described in the final section of this appendix.

C.1 Ion Guide Driver Circuit

The LEBIT ion guides consist of three separate ion guides. In order to efficiently
transport ions from the gas cell, we need to have a flexible control system for the ion
guides. We must have the ability to control the frequency, amplitude and relative
phase of three RF signals, one for each ion guide.

A set of low voltage RF signals, intended to be connected to the inputs of a set

of RF amplifiers, a created using the ion guide control circuit described herein. The
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amplifier outputs are then connected to a set of tuned LC circuits which in turn

connect to the RF distribution circuits.

C.2 Circuitry

Figure 5.4 shows a flowchart illustrating the design of the ion guide RF control circuit.
The first component seen in the flowchart is a switch between PLC and PLL frequency
control. PLC control refers using using MAXO038 frequency generator as a voltage
controlled oscillator controlled via an analog voltage from the PLC system. PLL
control refers to using the phase locked loop (PLL) function of the MAX038 with an
external arbitrary function generator (AFG). For PLL functionality, the AFG must
be operated in TTL output mode.

The MAXO038 has two outputs, a 2V, sinusoidal output and a TTL sync output.
The sinusoidal output is sent to an AD&35 fast 4-quadrant multiplier. The ADS&35
multiplies the output of the MAX038 with a programmable voltage. The AD835 can
only handle inputs between -1V and 1V, so the amplitude control voltage (from either
the PLC or a manually set voltage) is reduced by a factor of ten using an op-amp
(LF347). The final output to the RF amplifier is turned on and off by use of an
RF-relay (G5Y), labeled “Enable” in the flowchart.

Phase control is provided through the use of a programmable delay line. The sync
out from the MAX038 is sent to an 8-bit programmable delay line (DS1023) capable
of delaying a T'TL signal by as much as 1 us. The delayed signal is used for the PLL
input for the next MAXO038.

The delay time is programmed by a 0-10V programming voltage. An ADC
(MAX160) converts this voltage to an 8-bit digital signal for programming the delay
line. In order to utilize the MAX160 ADC a 74LS90 decade counter is used as a

divide by 10 to reduce a 1IMHZ crystal oscillator to 100kHz, the highest frequency at
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which the MAX160 can be run.

The uRFQ control block after the MAX038 is identical to the HPIG control block,
with the exception that the AD811 output op-amp is unity gain because the yRFQ
RF amplifier only accepts 1V,,,s input. The mass filter control block is identical to
the uRFQ control block.

The front panel has an on/off switch for the main power, as well as enable/disable
switches for each ion guide RF. On the front panel there are also local /remote switches
for controlling the frequency, relative phases of three RF signals, and the amplitude
of each RF signal. The local control for all signals is provided by potentiometers with
-12V and 12V connected at the ends.

The low voltage RF signal output is found on the rear of the control box, along
with connections for PLL in and TTL sync out. The sync out is for monitoring the

RF frequency.
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Figure C.1. Flowchart illustrating the low voltage RF control system.
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C.3 Resonant LC Circuits for RF Amplifiers

The resonant LC circuits mentioned in Fig. 5.4 are simply an inductor and capacitor
in series. The circuit response is dependent on the applied signal frequency, w. The

impedance of the inductor is Z;, = -wL, while the capacitor impedance is Z¢ = 5.

1

1 the circuit impedance becomes

As the applied signal frequency approaches w =
vanishingly small. This frequency is the resonant frequency of the circuit. For a signal
at the resonant frequency the only resistance seen in the circuit is that from the wires
which connect the components. A detailed analysis of such circuits can be found in
any decent electronics textbook.

An RF power amplifier behaves as the RF equivalent of a constant current source.
These amplifiers are commonly used with resonant LC circuits, such as shown in
Fig. C.2. When the power amplifier is operated at the resonant frequency of the
circuit, where the impedance is extremely low, the RF amplitude (at the node between
capacitor and inductor) becomes large in accordance with Ohm’s law.

Two slightly different types of resonant LC circuits are used in the LEBIT ion
guide system. The first type, illustrated by Fig. C.2a, is used for the HPIG and
the uRFQ; the second type, illustrated by Fig. C.2b, is used for the mass filter
ion guide. Both circuits use a ferrite core transformer to match the 502 output
impedance of the amplifier to the low resonant impedance of the LC circuit. An air-
core wire coil (resembling a bed spring) forms the inductor. The capacitance comes
from the combination of an air-gap variable capacitor and the capacitance of the RFQ
system (labeled Cp). The use of a variable capacitor provides the ability to adjust
the resonant frequency of the circuit.

The circuit for the mass filter employs a split winding on the secondary side of
the impedance matching transformer. By applying the DC voltages MFDC1 and
MFDC2 to the ends of the windings, the potentials used to form the mass filter’s DC

quadrupole field can be added to the RF signals. This provides a distinct advantage
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Figure C.2. Illustration of the two types of resonant LC circuits used for the LEBIT
ion guide RF system.

over the scheme shown in Fig. 4.15, where the inductors dissipated a large amount

of RF power.

C.4 RF Distribution

A number of changes were made to the RF distribution system used in the improved
ion guide system, based on the experience gained with the original system. This
section will describe the distribution of RF and DC signals for the improved ion

guide system.
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C.4.1 High Pressure Ion Guide

The high pressure ion guide (HPIG) consists of 7 RFQ segments. The segments along
each rod are resistively connected in-vacuo. In the first 4 segments, identical voltages
are applied to non-adjacent rods. In the last 3 segments, one pair of non-adjacent
rods is wired as in the first 4 segments, while the other pair is decoupled to allow for
superposing a high frequency (HF) dipole field.

Segments #1 and #4 each connect to the distribution circuit using two wires, one
for each RF phase, while segment #7 is connected using three wires. The signals

applied to each segment using this wiring scheme is illustrated in Fig. C.3.

RF D1 R =DC3 +RF
R D2 R=DC3+RF+HF
- - D3 R=DC3 +RF - HF

Segment #1 Segment #4 Segment #7

Q2 F w WwQ2 R W W wD2 R )

e
JQ1Fw w  wQlRw w  wDIR)
Q2_F w W - wQ2 R ww w - wD2 R J

Figure C.3. Signals applied to segments #1, #4 and #7 of the high-pressure ion
guides. RF refers the quadrupole RF signal, while HF refers to the dipole signal. The
segments along each rod are connected in-vacuo using UHV resistors.

In order to allow for the option of selective CID prior to the mass filter, the last
segments of the high pressure ion guide are wired to allow for superposition of an HF

dipole field. The HF signal is added to the RF signal by means of a ferrite toroid
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transformer, as shown in figure C.4.

DCH |

DCH

Figure C.4. Schematic illustrating the implementation of the HF dipole in the high-
pressure ion guide. A ferrite toroid transformer allows the addition of an HF signal
on top of the RF signal applied to D3_R and D2_R (see Fig. C.3).
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C.4.2 Mass Filter Ion Guide

Resistive chains are not used to supply the DC offset potentials in the mass filter RF
distribution circuitry; each of the segments before and after the primary mass filter
segment instead has a dedicated DC power supply. This is necessary for fine tuning
the injection into the mass filter.

As discussed in chapter 5.1, the mass filter system employs a delayed DC-field,
whereby the a fraction, x, of the DC quadrupole potential, Vp¢, is applied to each
segment in the system. The fraction which is applied to each section is shown in Fig.
C.ha.

In order to reduce the number of power supplies needed for the mass filter system,
the DC quadrupole potentials required for the delayed DC-field are supplied using

resistor chains, as shown in Fig. C.5b.

[0% | [0%] 50%) [75%] | 100% | l25%]

[0%| 0% 0% [75% | 100% | 25%)

MFDC2 Q," = §i + xMFDCi + (1-x)DC, b)
MFDCI <=—RL__
R1+R2

Figure C.5. (TOP) Fraction of DC-quadrupole potential applied to each segment
in the implementation of a delayed DC-field for the ion guides. (Bottom) Circuit
schematic used to create Delayed DC field potentails.

In Fig. C.5 MFDC: represent the two voltages which are used to create the DC
quadrupole field for the mass filter, ¢i are the two RF signal which are used to create
the RF quadrupole field, DC,, is the DC offset potential for the n** RFQ segment,

and ng) is the total potential applied to pair of rods in the n'* segment; the i refers
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to one of the pairs of rods. As noted in the figure, the total voltage, QS), applied to a
pair of rods is equal to the RF signal plus a fraction of the DC quadrupole potential

plus a fraction of the DC offset potential.
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APPENDIX D

Electronic Designs

D.1 RF Monitor Circuit

Figure D.1. Photograph of assembled RF monitor circuit board.
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Knowledge of the RF amplitudes in the LEBIT ion guide system is very important,
particular so for the mass filter. While these amplitudes can be monitored using
oscilloscopes, this is undesirable — it is expensive and oscilloscopes are designed for
accuracy in the time domain more so than in the voltage domain. Furthermore, the
oscilloscope probes add a unnecessary capacitive load to the RF system. To monitor
the RF amplitude without using oscilloscopes, a high-speed RF rectifier with op-amps
was built which allows readout of the average amplitude of the two RF phases (which

is what is truly important) as well as the DC quadrupole amplitude and the average

DC level.

D.2 Schematic
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Figure D.2. (top) RF rectification circuit schematic for up to 1 kV RF amplitudes.
(bottom) Op-Amp circuit schematic for the RF monitor.
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Figure 2 show the RF rectifier scheme used for the monitor. A high-speed high-
voltage diode (NTE575), rated for 1000V with a typical recovery time of 72ns, is
used to rectify the RF signals. In order to safely measure amplitudes up to 2kV, the
monitor circuit “doubles-up” on the diodes so that no single diode has more than 1 kV
across it. The rectified signal is then reduced by a 1:200 voltage divider network, to
achieve a signal that can be used by the op-amps. For use up to 2 kV, 50k2 resistors
should replace the 100kS) resistors shown. All resistors should be 1% tolerance or
better. The op-amps require a 12 V DC power supply.

In Fig. D.2, the designations “pin” and “pip” refer to "phase i negative” and
"phase i positive,” respectively, where the two RF signals are designated “phase 1”
and “phase 2”7. pin is the negative half amplitude of the phase called phase i, and
vice versa. As an example, if phase i is 100Vpp and has a DC level of 420V, then pip
is 70V and pin is 30V (less the diode voltage drops, of course) at the test points and
a factor of 200 or 400 less at the signal branch. These signals are the input for the
op-amps. The op-amps perform simple addition and subtraction. (plp+pln) should
equal the dc level of phase 1. (plp-pln) is the peak-peak amplitude of phase 1. All

the op-amps do is perform the following operations:

Vouwads = (plp + pln) + (p2p + p2n) (D.1)
Vorrs = (plp+ pln) — (p2p + p2n) (D.2)
Vi = (plp —pln) + (p2p — p2n), (D.3)

where Viyqq is the DC quadrupole potential, Vpe, Voyyss is the DC offset potential
and V,, is the RF quadrupole potential, Ugp.

These three quantities fully characterize the RF signal.

One flaw in the circuit is that if the DC quadrupole potential Up¢ is greater than

the RF quadrupole potential Vzp then the calculated V), does not properly represent
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the RF quadrupole potential. In order to achieve the best resolution when reading
V,p via an ADC, R64 (Fig. D.2) can be adjusted so as to set the output to a scale of
(-5V,5V) or (-10V,10V) instead of (0,10V).

N.B. To make full use of the monitor, the RF must be connected di-
rectly, not capacitively! A capacitive connection will disable the V(. and

Vorrs outputs.

D.3 Calibration

Calibration of the monitor is simple. For calibration of the DC levels, simply connect
a pair of lab power supplies to the phase 1 and phase 2 inputs. Measure V¢ and
Vorss as a function of the inputs. For obtaining a rough calibration for the V,
output of the RF monitor, a pair of AFG’s capable of 20Vpp is sufficient; use of an
RF amplifier is preferable, however, so as to calibrate in the range not dominated
by the diode drops. For the calibrations given below, a tunable resonant circuit was
used in conjunction with a 10W amplifier. The method is to simply connect the two
RF phases and measure both with an oscilloscope while measuring the Vpp output,
then do the math. As is shown in Fig. D.3, the calibration curves for frequencies
from <1MHz up to =~2MHz are nearly identical. To improve high frequency results,

smaller valued capacitors could be used.
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Calibration at several frequencies
11
10 5
9 Brvg
3 ng“ ‘ 2. 77MHz
é 7 m 1.88MHz
< 6 ' gg ; 1.4MHZ
5
X 1MH
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2 1 1 1
0 100 200 300 400
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Figure D.3. RF monitor calibration curves, showing V},, output as a function of RF
amplitude, for several RF frequecies. For RF frequencies from <1MHz up to ~2MHz,
the calibration curves are nearly identical.
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D.4 Fast High-Voltage Switch

This MOSFET-based switch provides fast switching of voltage levels with a maximum
swing of 1200 V. These multi-purpose switches are used throughout the LEBIT facility

for e.¢g. beam gates and in the fast ejection of ions from the beam cooler-and-buncher.

Figure D.4. Photograph of fully implemented high-voltage switch.
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D.4.1 Design

This device is a two-state switch capable of a total swing of up to 1200 V. The two
states will be referred to as HHV and LHV for higher high voltage and lower high
voltage. HHV and LHV need not be of opposite polarity, however HHV must be at
a greater potential than LHV. Power is supplied by the LEBIT bus.

Figure D.5 shows the circuit schematic for the switch. The switch works by lifting
logic signals onto high voltage to signal MOSFET drivers and turn on one MOSFET
at a time. PWS1 and PWS2 are DC-DC converters. The output of PWS1 floats on
LHV, while that of PWS2 floats on the OUTPUT signal - LHV when the switch is
closed, HHV when the switch is open, GND when ENABLE is low. These DC-DCs
power U$2 and U$8, which are TC442x MOSFET drivers that turn MOSFETs U$4
and U$5, respectively, on or off. The signals for doing such are the signals LOW
SIGNAL and HIGH SIGNAL, which are lifted onto high voltages by use of U$l
and U$7, which are PS9601 optocouplers. As a safety measure, comparator IC5 will
disable switching if the voltage polarity is incorrect. Resistors R9 through R14 form
a pair of 1:4000 voltage dividers. HHV and LHV, after being reduced by a factor of
4000, are the inputs for comparator IC5, the MAX907. D3 is an LED which can be

employed to display an error condition.

D.4.2 Operational Limits

The MOSFETS to be used in the switch are designed for 600V, implying maximum
switching capability of 1200V. In practice the switch was tested with no more than
650V potential difference without issue. At 600V potential difference, with switching
rates below 5kHz, there was negligible (<1mA) current draw on the high voltage line.
At 20 kHz, the current draw begins to increase near exponentially with frequency,
exceeding the 10W rating of the push-pull resistors near 100 kHz. With a 10% duty

cycle at 100 kHz, however, a HV current draw of 2.3mA was found at 600V operation.
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The rise and fall times have been measured to be <200 ns when loaded with a ~1 m

50€2 cable.
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Figure D.5. Schematic and printed circuit layout for the high-voltage switch.
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D.5 Fibre Optic MCP Readout

In order to transfer signals from MCP ion detectors and (3-detectors located along
the high-voltage transport lines to computer system on ground potential, a fibre optic
system is used. The signals from the detectors are sent to a fibre optic transmitter
circuit; the optical signal is converted back to an electronic signal by a fibre optic
receiver on ground potential. The circuit schematics for the transmitter and receiver

are provided in Fig. D.6.
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Figure D.6. (top) Circuit schematic for analog fibre optic transmitter. (bottom)
Circuit schematic for analog fibre optic receiver.

The fibre optic transceiver, Agilent model HFBR-1412, is essentially a light emit-
ting diode. The transmitter circuit uses a fast op-amp (LT1361) to add 5 V to the

signal. In this way, it is possible to convert electronic signals from -4.4V (from the
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diode drop) to +5V into optical signals. The receiver, Agilent model HFBR-2412,
acts much like a common emitter amplifier, with the optical intensity playing the role
of voltage applied to the base.

Figure D.7 shows a photograph of an oscilloscope display from a test of the trans-
mitter and receiver circuits. A 10 V,,, 2 MHz sine wave was sent into the transmitter
circuit. The figure shows this signal as well as the output from the receiver. The
distortion seen in the output of the receiver is due to the lower level of the input

signal being below the diode drop voltage for the transmitter.

Signal out of
L~ receiver

| Signal into
transmitter

Figure D.7. Photograph of oscilloscope display demonstrating the functionality of
the analog fibre optic system. The input signal was a 2 MHz sine wave with 10 V,,,
amplitude.
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