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Abstract

The REXEBISisan Electron Beam lon Source (EBIS) developed especially to trap and further ionise the
sometimes rare and short-lived isotopes that are produced in the ISOLDE separator for the Radioactive
beam EXperiment at ISOLDE (REX-ISOLDE). By promoting the single-charged ions to a high charge-
state the ions are more efficiently accelerated in the following linear accelerator. The EBIS uses an
electron gun capable of producing a 0.5 A electron beam. The eectron gun is immersed in a magnetic
fild of 0.2 T, and the electron beam is compressed to a current density of >200 A/cm? inside a 2T
superconducting solenoid. The EBIS is situated on a high voltage (HV) platform with an initial eectric
potential of 60 kV alowing cooled and bunched 60 keV ions extracted from a Penning trap to be
captured. After aperiod of confinement in the eectron beam (<20 ms), the single-charged ions have been
ionised to a charge-to-mass ratio of approximately %. During this confinement period, the platform
potential is decreased to about 20 kV, and an axial potentid barrier is lowered to allow the now highly
charged ions to be extracted from the EBIS a an energy matching the requirement of the Radio
Frequency Quadrupole (RFQ).

Several different topics are presented in this report, adl connected with the design and construction of an
EBIS. Old ‘truths have also been scrutinised, for instance alignment tolerances. A large part is devoted to
the description of anovel EBIS simulation implementation.

A complete injection, breeding and extraction cycle has been simulated to certify high injection and
extraction efficiencies. The entire EBIS was modelled in an ion-tracing program called SIMION, and the
accepted and emitted phase spaces were determined. Beam optics parameters such as lens positions,
voltages, accepted beam-tilt and displacement tolerances at the focal points were also settled using
SIMION. An analytically derived acceptance formula was verified with simulations, and genera
conclusions on acceptance, emittance and energy spread of an EBIS are presented in this report. Any
possible correlation between the two transverse emittance phase spaces was shown to be indgnificant.
Furthermore, continuous injection, and maximal obtainable efficiency for such an injection mode were
studied theoretically.

The electron reflection and back-scattering in the collector was simulated using a combination of EGUN
and SIMION. The result showed that a much lower degree of electron back-scattering may be obtained
with this design as compared to previously published estimations. Furthermore, the Penning trapping of
electrons at thetrap barrier (or the post anode) was addressed, and techniques to avoid it were eval uated.

Vacuum consderations for residua gas in the warm-bore magnet chamber, and the back-flow of Ar
cooling gas from the Penning trap, have also been addressed since there is a risk of outnumbering the
small number of radioactive ions. Simulated extraction spectra for different pressure scenarios are
presented.

All different REXEBIS elements (magnet, electron gun, inner structure, collector etc) are described from
a design and performance perspective, and preliminary investigations of the platform high voltage
switching and the beam diagnostics are included as well. A very elegant and simple method to align the
solenoid within theiron yoke was devel oped and used.

The high experimental emittance value obtained for electron beam ion source a&t MSL in Stockholm (4
times larger than the absolute upper theoretical value) was reproduced in smulations and could be
justified by aberrations in the small einzel lens following the collector. The result of this smulation also
verified the validity of the developed EBIS code.

Keywords: REXEBIS, REX-ISOLDE, EBIS design, beam simulations, SIMION, ion injection,
continuous injection, acceptance, emittance, phase space correlaion, eectron back-scattering, CRY SIS,
radioactive ions
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Foreword

The construction of REXEBIS, an Electron Beam lon Source (EBIS), is part of a larger project, the so-
called REX-ISOLDE project [1,2,3,4,5,6], which is a post accelerator connected to the |SOLDE (Isotope
Separator On-Line) [7,8] facility at CERN. The nuclear physics community isnow turning its attention to
the regions far away from nuclear stability, to the neutron and proton drip-lines and the physics with
radioactive ions. There, exciting new phenomena may be found, such as changed magic numbers, halo
shells etc. To reach these extreme regions in the nuclear chart innovative accelerator concepts have to be
used. The ISOLDE community has chosen to add a post accelerator to the isotope on-line separator. By
doing S0, the physicists will have access to the large number of isotopes produced at |SOLDE, and make
use of the long experience in radioactive ion production at ISOLDE, but now at higher energies.

The post acceleration of radioactive ions is a novel concept and the REX-ISOLDE is a pilot project
aiming at demonstrating an efficient scheme for post acceleration of radioactive beams produced by an
on-line mass separator (ISOLDE) to energies somewhat below the Coulomb barrier. The ions are first
accumulated in a Penning trap, thereafter charge bred in an EBIS, and finally accelerated in a short linear
accelerator to energies between 0.8 and 2.2 MeV/u. The first experiments planned for the REX-ISOLDE
involve studies of the nuclear structure of medium-light neutron-rich nuclei by Coulomb excitation and
neutron transfer reactions.

An EBIS is a device that charge breeds ions by bombarding single-charged ions with high energy
electrons [9]. These electrons knock out electrons from the ions, and after a few ms the ions have been
ionised to a higher charge state. By introducing an EBIS into the post accelerator chain, the 1" ions are
ionised to a Q/A-value of about ¥ in our case, thus the length of the succeeding LINAC can be reduced
considerably. For the low beam energies ddivered by an on-line separator, an EBIS is an effective
aternative. The actua REXEBIS has features similar to CRY SIS [10], and will be installed after a
Penning trap [11,12] and in front of a three stage LINAC in the REX-ISOLDE accelerator. Design and
construction of the REXEBIS are carried out at the Manne Siegbahn Laboratory in Stockholm in
collaboration with the Chalmers University of Technology with economical support from the Knut and
Alice Wallenberg foundation.

Thisreport summarises the last three years work done on the REXEBIS, and is amodified version of the
Licentiate thesis of Fredrik Wenander. The motivation has been to write a report that should act as
REXEBIS documentation in which the source design is described and motivated. Also some results from
theoretical investigations of EBISs in general are discussed. The report begins with a brief overview of
the REX-ISOLDE project, where the concept of the post accelerator design and the new physics are
explained. In the second and major part, the different REXEBIS components are discussed in separate
sections. The third part contains theoretical simulation results applicable for EBISs in general. In the last
part Conclusions, Outlook, Appendices, etc are collected.
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Part | —REX-ISOLDE 1

Part | — The REX-1SOLDE project

1.1 What isREX-ISOLDE?

One of the most exciting and foremost frontiers in nuclear physics today is physics with energetic
radioactive beams. That is confirmed by the number of conference proceedings and workshops
[13,14,15,16] discussing the design of such facilities and the new physics which can be carried out. Going
for nuclear physics further away from the valley of stability is aso advocated in two reports from the
"Nuclear Physics European Collaboration Committee” (NUPECC) [17,18].

REX-I1SOLDE - Radioactive beam EXperiment a | SOLDE —isone of thefirst stepsinto this new physics
arena: a pilot experiment testing a new concept of post acceleration of radioactive ions. It is placed at an
already existing isotope separator facility — the ISOLDE at CERN, Geneva — and makes use of the vast
experience and availability of low-energy radioactive 1" ion beams from about 70 chemical eements.
REX-ISOLDE employs a new concept to bunch, charge-multiply and post accelerate the sngle-charged
ions from 60 keV to 2.2 MeV/u. Themain initial aims of the experiment were [1]:

e todemonstrate an efficient way to post accelerate low energy radioactive beamsfrom ISOL -
facilities
e to study very neutron-rich nuclei around the neutron shell closures (N=20, N=28) by Coulomb
excitation and neutron transfer reactions using ahighly efficient y- and particle-detector array
For a start, REX-ISOLDE will déliver ions with a maximum final energy of 2.2 MeV/u, though options
for extension to higher and lower beam energies are on hand, which open up a wide field of physics

including Coulomb barrier penetration experiments. The project involves a dozen universities from all
around Europe, and the initial experiments are scheduled for late 2000.

12  REX-ISOLDE physics

To gart with very neutron-rich nuclel in the vicinity of the closed neutron shells N=20 and N=28,
corresponding to isotopes of Na, Mg, K and Ca, will be investigated. Level schemes, B(EA)-values and
quadrupole moments will be obtained, and provide key information for the theoretical description of the
nuclel in the shell model context in a wide range of isospin values. The intention isto use the accelerated
beam for studying dynamical properties and deduce the shapes of very neutron-rich nuclei close to semi-
magic shells by Coulomb excitation and neutron transfer reactions.

A new facility like REX-1SOLDE will of course address a great ded of new physics, and some questions
that it should answer are listed below, as well as proposals (P) or the letters of intent (Lol) addressing
these questions. In ref. [19,20] more information on the REX-ISOLDE and MINIBALL physics can be
found. In the future, after it has been demonstrated that the accel erator concept works, an optional energy
boost to ~5-10 MeV/u can come into question.

Nuclear structure topics

e How arelevel schemes, B(EA)-values and quadrupole deformations changed in a region close to
the drip-line?
What isthe most appropriate nuclear model far away from stability?
Do there exist new regions with extreme nuclear deformation?
Are new collective modes to be found with stable octupole, oblate or triaxial nuclear shapes?
Neutron halo nuclei: how abundant are they and do more forms exist?
Investigation of the single particle structure of the neutron-rich sodium isotopes 2*'Na[21].
Investigations of neutron-rich nuclel at the dripline through their analogue states: The cases of
10 j-1Be (T=2) and *'C-'N (T=5/2) [22].
P Study of the unbound nuclel *°Li and "He at REX ISOLDE [23].
P Structure features of ®°He from direct reactions on light target nuclei [24].
Lol Study of neutron driplinenuclel using post accelerated ion-beams [25].
Lol Dipole Coulomb polarizability in the scattering of halo nuclel [26].

U e e e o



2 The REXEBIS

Lol A post-accelerator for ISOLDE [27].

Nuclear astrophysicstopics

e The nucleosynthesis during the early universe: how did the process continue through the
bottlenecks, e.g. through the *Ar(p,y) reaction?

e What is the magnitude of the astrophysical S factor, and how can the solar neutrino problem be
solved?

Lol A radioactive-ion beam experiment for the study of the astrophysical rp-process at CERN-
ISOLDE [28].

Lol Measurement of the ‘Be(p,y)®B absol ute cross-section in inverse kinematics[29].

Atomic and fundamental physics
e |sthere parity non-conservation in heavy ions or atoms (Ba* [30], Ra” and Fr [31])?
e What arethe exact masses of short-lived medium mass and heavy isotopes?
Lol Search for new physics in B-neutrino correlations using trapped ions and a retardation
spectrometer [32].

Solid state physics
e How will radioactive implantation, creating point defects and impurities on a deep level in the
semiconductor, affect its properties?
Lol Energetic radioactive ion beam studies of hydrogen in semiconductors[33].
Lol Defects studiesin high-energy ionimplanted semiconductors [ 34].
Lol Diffusion in highly immiscible systems [35].

1.3 Accelerator concepts

1.31 Acceleratorsworld-wide

Physics with radioactive ions is a hot and expanding topic that until now has been technically too
challenging. Though, the latest accel erator achievements have prepared the way, and several Radioactive
lon Beam (RIB) facilities are at the planning stage or under construction, and will start running around
year 2000 [36]. They can be divided into two types: the in-flight (Ei,n>25 MeV/u) and the ISOL-
technique (Eion<25 MeV/u). See further Figure 1 for explanation of each type. A list of a few 1SOL-based
facilities follows below.

e Louvain-la-Neuve, Belgium, is an accelerator operating an intense low-energy proton driver
(30 MeV, 500 mA) and a CYCLONE 44 post-accelerating cyclotron. An upgraded version is
under commissioning and it will produce secondary beams close to stability, in the energy range
for nuclear astrophysics[36,37].

e The SPIRAL facility at GANIL, France, is ready to start. The existing GANIL will be used as
"driver" accelerator that allows a great variety of production reactions. The exctic elements,
including nuclei far from stability, are accelerated in the newly constructed K=265 cyclotron to a
wide energy range (2-25 MeV/u) [36,38,39,40].

e At TRIUMF in Canada, a 100 mA, 500 MeV proton beam bombards a target and produces a
variety of very intense beams of nuclel far from stability. After mass separation the beams can be
directed into two different experimental areas. one has 60 keV energy and in the second the beam
ispost accelerated to 0.15-1.50 MeV/u [41,42].

e The HRIBF, Oak Ridge Laboratory USA, is devoted to low-energy nuclear structure and
astrophysics research. Radioactive ions are produced when intense hydrogen or helium beams
accelerated by the K=105 cyclotron are directed onto thick, refractory targets. The radioactive
elements diffuse out of the target, are ionised, and mass sdected for injection into the 25 MV
Tandem Accelerator producing beams of 0.1-10 MeV/u for light nuclei and up to 5 MeV/u for
mass 80 nuclei [43,44].
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Figure 1. In-flight and ISOL-technique (including post acceleration) production of radioactive ions. The major
difference between the two methods is the production of el ements in the production target, which in the case of the
1SOL-technique callsfor post acceleration.

1.4 The REX-ISOLDE post accelerator

Like the accelerators listed above, the REX-ISOLDE is of on-line mass separator type and uses the long
experience gathered at ISOLDE for the production of beams far from stability. The radioactive species
produced at | SOLDE are bunched and cooled in a Penning trap prior to charge-state breeding in an EBIS.
The highly charged ion beam is thereafter mass analysed and accelerated in a three stage LINAC
consisting of an RFQ, an IH-structure and three 7-gap resonators to reach an energy of 0.8-2.2 MeV/u. It
is aso foreseen to redirect the highly charged ionsto the ordinary ISOLDE experimental area without any
post acceleration. An overview of the concept is shown in Figure 2, and progress reports are found in ref.
[2,3,4]. This concept, uwtilisng an accumulation device with buffer gas cooling and bunching, and a
charge breeder, isthe first of its kind. It should have a high efficiency, which is important when handling
valuable and rare exotic nuclel. REX-ISOLDE is expected to be operationa in year 2000.

012 3 456 7 8 9 10m
T T S Y S TR S |

charge breeder Lay—out of the REX—-ISOLDE experiment
EBIS Einzellens
22.5- EQS1 ED1
s E0S1 ) )
separator LINAC side view
. EqD2 EQT1 7-gap
SE IH—structure  resonators Experiments
- diag RFQ
:oar;nlng EQD1 D1 p2diag diag Buncher 5.4% 6% 6.6% sl diag MQT6
accumulater — | _A [T a—leaatermbeV———
sz SM EQD3 EQT2 MQT1 il
] 80k s‘l{e‘:,m ¢ mar2|  MRT4 nar >
11 L
/ / / 7/
5keV/u 300 keV/u 1.1-1,2 MeV/u ooy

Figure 2. Overview of the REX-ISOLDE beamline [45].
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141 ISOLDE

ISOLDE is an on-line separator, located at the PS Booster at CERN. It produces a wide variety of
radioactive nuclides [7,8]; around 600 isotopes of about 70 different dements.

An on-line separator (ISOL) can principally be divided into four stages: (i) element production by particle
induced nuclear reactions in a primary target; (ii) ionisation; (iii) acceleration; (iv) mass analysis. From
the PS-Booster (a stack of four small synchrotrons that accelerates protons delivered by the proton
LINAC to 1 or 1.4 GeV) about 3-10" protons impinge the primary target every second. The target [46] is
rather thick, <230 g/lcm?, and in the form of metal foils, molten metal, oxide or carbide. At the proton
impact a vast number of different dements and isotopes are produced by spallation, fission and
fragmentation processes. The reaction products diffuse out from the heated target to an ion source of
surface, plasma or laser type. In the ion source the elements are ionised to mainly 1" charge-state, and
then accelerated over a potential gap of 60 kV. This means that the ions have an energy of 60 keV —the
ISOLDE energy — when they enter the experimental hall. The desired mass number is selected in an
electrostatic i sotope separator. Two different separators are available at ISOLDE (Figure 3) — the General
Purpose Separator (GPS) and the High Resolution Separator (HRS) with resolutions m/Am of 2400 and
~10 000, respectively.

From the PS-Booster a proton pulse is delivered every 1.2's, and on average every second pulse is
delivered to ISOLDE. The pulse length is approximately 2.4 us, but the diffusion time out of the primary
target is much longer. Time constants down to some tenths of a second can be reached for the fastest
targets and this fact sets the lower life-time limit typically to some 10 ms. Since the yields drop very fast
when approaching the drip-lines and half-lives of the nuclides decrease, a highly efficient acceleration
method is prerequisite for successful experiments with exotic nucle.

Proton beam

Figure 3. Schematic picture of the ISOLDE targets, the beam lines with already existing experiments, and the
coming REX-ISOLDE.

1.4.2 The Penning trap

A Penning trap — the REXTRAP [11,12] — is introduced as the first step in the accelerator scheme to
accumulate and bunch the dmost continuously injected beam from |SOLDE. Besides, theions are cooled
so that smaller longitudinal and transverse emittances (see sec. 3.3 for definition) are obtained. The



Part | —REX-ISOLDE 5

reasons for introducing a trap in the system are that an EBIS has optimum injection efficiency for a
pulsed beam with small emittance, and the LINAC operates with a duty factor of about 10%. Moreover, a
bunched beam a so improves the signal to background ratio for the measurements.

The REXTRAP islocated close to 60 kV potential so that the semi-continuous 60 keV 1SOLDE ions just
enter the trap. The ions are trapped in a combination of a solenoidal magnetic field created by a
superconducting magnet, and an electric field from cylindrical el ectrodes (see Figure 4). Inside the trap
the ions perform mainly three different motions: axial, cyclotron and magnetron eigenmotions as
illugrated in Figure5. To reduce the eigenmotions, and thereby improve the emittances, the ions are
cooled by buffer gas collisions[48]. To achieve thisthetrap isfilled with abuffer gas (e.g. Ar, Ne or He),
and by long range Coulomb collisons energy is

transferred from the ions to the buffer gas, so the B
axial as well as the cyclotron motion amplitudes beam in >

decrease exponentialy with time. The magnetron — O:)@@@(D
motion, however, is unstable, i.e. the amplitude

increases exponentialy under influence of any // U

dissipative force. To avoid this, the ion motion is Cyltirﬁ’ers

driven at the frequency w.+®. so the magnetron (c.) A
and the cyclotron (w.) motions couple [49] in such a i

way, that the friction force due to the buffer gas

now decreases the amplitude of the magnetron Figure4. Solenoidal magnetic fidd B and
motion. cylindrical eectrostatic surfaces in a Penning trap.

This frequency coupling is used in the so-called
sideband cooling technique [50] where the ion
cloud in the trap is purified from unwanted ion
species contaminating the ion beam. In this mode
al ions are firgd driven within a few ms to
magnetron orbits larger than the diameter of the
extraction hole of the trap. Subsequently only the
desired species are recentred by sideband
excitation and thus enabling extraction.

reduced cyclotron motion .

The energy loss, AE, in the buffer gas during a magnetron motion e
single oscillation in atrap has to be larger than the . ] o ,
energy spread of the ISOLDE beam (effectively Figure 5. lon eigenmoetions in a Penning trap:

magnetron, cyclotron and axial motion;

100 eV) for the ions to be trapped. With a trap 0= -BIME .+ (=true cyclotron frequency.

length of 0.9m and an argon gas pressure of
1-10° mbear, the aim to accumulate 100% of the injected ions should be reached. The cooling time for this
fast cooling isin the range 10-20 ms. The magnetic field strength B created by the superconducting coil
equals 3T. In afuture larger trap version 10’-10% ions can be accumulated, but with stringent emittance
and time structure requirements, a maximum ion current of 10’ iong/s for 100 Hz repetition rate is
redistic. At the end of the cycle theions are extracted in a bunch and transported to the EBIS with 60 keV
Kinetic energy.

1.4.3 The Electron Beam lon Source (EBIS)

Insgde the REXEBIStheions are charge bred to a higher charge-state. An EBIS isa device for production
of multiply charged ions with capabilitiesfor:

e Producing an axially extended el ectron beam of given energy and current density.
e Creating an electrostatic ion trap aong the beam.

¢ Recelving acertain number of low-charged ions of the working substance into the EBIS trap
during a defined pre-set period of time.

e Confining theionsin the electron beam for a period of time sufficient for theionsto reach the
desired charge-state.

e Extracting the produced highly charged ions from the EBI S trap dong the electron beam and
simultaneously prepare for the next cycle.
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The EBIS, Figure 6, uses a dense mono-energetic e ectron beam from an el ectron gun to further ionise the
ions [9]. The electron beam is focused and compressed by a strong magnetic field created by a
surrounding solenoid. lonsinjected into the EBIS are confined radially by the electrostatic forces from the
negative eectron beam and the magnetic field, and longitudinally by potential barriers, established by
cylindrical eectrodes surrounding the beam. Inside the trapping region the high-energy eectrons collide
with ions, which are stepwise ionised, until they finally are extracted by raising the trapping potential and

lowering the extraction barrier simultaneously.
Theion mation indde the trap is a combination
of radial oscillation in the electrostatic field of
the beam with a superimposed azimutha
cyclotron motion around the magnetic field
lines, and a relatively independent bouncing
between the end barriers [51].

The main characterigtic entity describing an
EBIS isthe product jet, the ionisation factor, of
the eectron-beam current-density jo and the
breeding time 1. The probability for transition
of an ion from charge-state q to g+l is
Py q+1=0qqe1jert/€, Where e is the elementary
charge. Thus, on the average, al ions of
charge-state g transform to g+1 ions when
jeT=€/Cg,q+1. This means that to reach ions of
mean charge k from singly charge ions with
stepwise ionisation, the ionisation factor jet has
to be:

ok
JeT = 2

0=10 qq+l

N
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e-gun lon
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e
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S

Drift tubes

e
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Figure 6. Scheme of EBISand corresponding axial
potential function and axial magnetic field [52].

(8)

The REXEBIS is designed for a current density je~200 A/cm? (see sec. 2.6.3 for comments) and a current
1e=0.5 A. An éectron kinetic energy of 5 keV enables ionisation to Q/A>1/4.5 for almost al elements.
The limited lifetime of the radioactive nuclides restricts the breeding cycle time to about 20 ms, with
option to go to shorter time-periods for lighter elements. To reach the required charge-to-mass ratio for
¥Na (Ty,=54 ms) and **K (T1,=365ms), breeding times of 13 and 19 ms are needed, respectively.

Tablel lists the pesk
charge-states for

(39

— X
0.1 = © % 4

0.01+

breeding time (s)

0.00H Box*

Lt different dements a a
breeding time of 20 ms,
and Figure 7 illustrates
the breeding time versus
charge-state for a
selection of elements.
To reach high charge
states of heavier
dements edther the
breeding time or the
(,3 current density has to be
a increased.

+ x o O o
~

S The solenoid has a
length of 1.2m, with a
trap length of 0.8m

0.000% ‘ ‘ ‘
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Q

Figure 7. Breeding time versus chargestate for the REXEBIS design

parameters.

where the magnetic field
equals 2T. The
REXEBIS trap can hold
~5.10° C for an eectron-
beam charge-compen-

40 50 60
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sation of 10%, i.e. 6-:10° N&®. This is approximately one order

of magnitude more ions than the REXTRAP can accumulate. Element Charge-state
Since only one specific charge-state is selected from the tota O 7t
charge distribution by the mass analyser, a maximum breeding uNa g
efficiency q/=q; of about 30% is expected. Mg 9

18Ar 11°
To obtain an efficient charge breeding the overlap between the 1K 111
ion trajectories and the el ectron beam has to be complete and the 20&? 1@
injection into the EBIS exact. A low extraction emittance of :ij 18"
3 m:mm-mrad from the Penning trap (60 kV) is required, and the ) 19"
following mass analyser accepts a most an emittance of wXe 21t
58 mmmmrad (4c) at 20kV extraction voltage. While the
voltage of the trap platform is fixed to 60 kV to decelerate the Table 1. Peak charge-state after
ions from 1SOLDE, the platform of the EBIS will be pulsed 20 ms breeding time.

between 60 kV (injection) and ~20 kV (extraction). The low
extraction voltage results in a low RFQ injection energy and
thus an efficient, adiabatic bunching providing better output
emittance of the RFQ.

Insde the REXTRAP the buffer gas pressure is 10° mbar, while the REXEBIS requires an extremely
good residual gas pressure (10™ torr) to avoid completely outnumbering of the radioactive ions. A 7-
stage differential pumping transfer line will provide an argon pressure of ~10™ torr inside the REXEBIS,
which yiddsan Ar ion production of the same magnitude as 5000 injected Na ions.

1.4.4 The mass separator

From the REXEBIS a wide variety of ions emerges, not only highly charged ions of the desired isotope
that wasinjected. Thisis due to residual gas contamination inside the REXEBIS that isaso ionised in the
electron beam. Astheintensity of the radioactive ions can be much smaller than the residual gas intensity,
amass separator is required.

Dueto the potential depression of the REXEBIS e ectron-beam space-charge, the extracted ions will have
an energy spread (<100 eV/charge, see sec. 3.3.6 for further comments), that limits the Q/A-resolution of
an ordinary magnetic achromat with two 90° dipoles separator to Q/A<200. However, to suppress the
residual gas spectrum from the EBIS a Q/A-resolution of approximately 150 is needed, and hence a Nier-
spectrometer [53] will be used as mass selector. A Nier-spectrometer consists of an electrostatic 90°
cylinder deflector and a 90° magnetic bender arranged in a vertical S-shape (Figure 8). The electrostatic
deflector separates the ions according to their energies irrespective of their masses to a focal plane (SE).
The correct charge-to-mass ratio is selected in the focal plane of the bending magnet (SM). Assuming a
40 m-mm-mrad (4c) emittance and an energy spread <50 eV/charge from the REXEBIS, a resolution of
150 is expected.

beam from
the EBIS 031

ED
. e L\ Q5 = quadrupecle singulet
3 % QD = quadrupole doublet
RE00 s Qsz D = deflecting magnet
ED = electrostatic deflector
£ l 52 QD1
N.S .
SE Figure 8. Nier-
1 spectrometer for
R300 bearmn to mass separation
@ SM — ihe RFQ consisting of an
oy & ph—s electrogtatic 90°
5 cylinder deflector
D1 q/A=- QD2 and a 90° magnetic
1m selection bender [45].
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1.4.5 TheLINAC

The linear accelerator congsts of three separate stages: RFQ, IH-structure and 7-gap resonators, dl
operating at aresonance frequency of 101.28 MHz and with a duty factor of 10%. The macrostructure of
the accelerated ions will have a typical pulse width of 100 us and a pulse separation of 20 ms. The
microstructure has pulse widths between 2.4 and 13 ns, depending on energy. The time between the
micro-pulses will be 10 ns. The overall beam transmission is calculated to ~90% [1].

1451 The RFQ
The use of a Radio Frequency Quadrupole (RFQ) [54,55,56] is favourable for low energetic beams owing
to itsgood efficiency. In principle an RFQ can be divided into four sections: the radial matching section,
the shaper, the buncher, and the accelerator section. The 4-rod RFQ consists of four eectrodes (see
Figure 9), on which an aternating voltage field is
applied. The RF quadrupole field provides
transverse focusing for the low energy ions while a
modulation of the spatial length of the four rods
performs smooth bunching of the injected dc-beam
and acceleration. The 3m long 4-rod RFQ

L7
accelerates the radioactive ions with a charge-to- \
mass ratio larger than 1/4.5 from 5keV/u to Beamdirection | o ™ o
300 keV/u. Due to a conservative layout, it should
be possible to go to even lower Q/A, such as 1/6.5 O
for the maximum voltage between the rods, a fact &
which isimportant when heavier ions shall be used
in future experiments. Figure 9. Schematic pictureof a 4-rod RFQ.
1452 ThelH-structure

The second acceleration stage, the Interdigital H-type (IH)-structure, is an efficient drift tube structure

with special beam dynamics[57]. Inside the resonator tank cylindrical cavity drift tubes of varying length

(matching the ion velocity) are mounted alternating on opposite sides (Figure 10). The magnetic field

lines are parallel to the beam axis and the induced currents flow azimuthally on the wall, creating electric

fields of aternating direction

15 between the drift tubes. This field

inner—tank capacitive —— forcestheionsforward. After afirs

upper shell  triplet plungers Indactor accelerating section the beam is

i N transversally  focused in  a

| 'g quadrupole triplet. Thereafter the
7

beam is rebunched in the first three

= E\[E”W?%W% gaps behind the triplet, followed by
H L a second accelerating stage. The IH-

L structure has 20 gaps and a total
length of 1.5m. A tuning of the
final energy between 1.1 and

0.85m
i
0.66m

lowsr shell central frame| 0" Bel e 12MeViu can be achieved by
low energy high energy adjuging the gap'VOItage
side side distribution via two capacitive
) plungers and adjusting the RF-
Figure 10. End and sideview of an I|H-structure [45] . power level in the resonator.
1453 The 7-gap resonator s

The last acceleration section consists of three 7-gap resonators [58,59]. These special types of split ring
resonators are designed and optimised for synchronous particle velocities of B=v/c=5.4%, 6.0% and 6.6%.
The resonator has a single resonance structure, which consists of a copper haf-shell and three arms
attached to both sides of the shell. Between the first and second resonator there is an additional doublet
for transverse focusing. The fina ion energy can easily be adjusted between 0.8 and 2.2 MeV/u by tuning
the RF power and phase of the three active resonators.
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1.4.6 The experimental area

In the dipole magnet after the 7-gap resonators the beam is momentum analysed and directed to atarget in
one of the two experimental beam lines. One of the targets is surrounded by a highly efficient detector
system for y-rays (MINIBALL [19,60]), and insde the target chamber a position sensitive silicon detector
[61] for Doppler shift corrections of the scattered ions (or the recoiling target nuclei) can be found (see
Figure 11 and 12). The second beam line will be used for experiments which do not require the
MINIBALL y-detection array.

N

“=

Back Face

™ = Front Face

Figure 11. The MINIBALL — a Ge-array Figure12. Double Sded Slicon Srip

consgsting of six clusters. The six cryostats Detector of CD type used as particle detector.
areincluded in theillustration.
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Part I| — The REXEBIS design

2.1 REXEBISintroduction

An Electron Beam lon Source (EBIS) is a special type of ion source, with the ability to produce highly
charged ions. There exist other ion source types [62], but despite of the complexity and the expensive
price tag of an EBIS, the advantages such as:

e highest charge-states
o excelent beam quality 110
e variable pulselength from usto DC 100

Charge q

Fully Stripped

e nolifetimelimitations

e UHV-compatible
outbal ance the difficulties for many applications. An ECR ion
source produces higher currents but with poorer beam quality
and not such high charge-state [ 63]; a PIG ion source is much
less complicated [64], but is limited to low charge-states (see
Figure 13).

The EBIS can dso be used as a pure charge breeder — low-
charged ions are produced externally, injected into the EBIS
and charge-multiplied to the desired charge-state. The
REXEBIS will operate after this already tested working
principle [10]. The novelty is to place the EBIS after a
Penning trap and to inject radioactive ions into it. The EBIS
will be in the middle of an accelerator chain, and not as more

0 T ‘ T ‘ T ‘ T ‘ T I T ‘ 1T I T ‘ T ‘ T
0 10 20 30 40 50 60 70 80 90 100 11
Atomic Number Z

commonly, constitute the initial stage. The introduction of a Figure 13. Charge-states available
charge-breeding EBIS will lead to a compact and efficient from EBIS ECR, laser and PIG
accelerating system, compared with acceleration of 1" ions or sources [65].

the use of stripping fails.

2.2 General EBIStheory

The very basic EBIS theory was covered in the first part, sec. 1.4.3 and only complementary short
sections on ionisation, ion heating and cooling will follow here below. The EBIS is not a new device; it
was invented 30 years ago by Donets [9], and several comprehensive reviews of the machine and its
physics exist [66,67,68] and we refer to these for atheory compilation. Instead we prefer to introduce the
necessary theory in connection with each treated section.

2.2.1 Theionisation process

The main objective of an EBIS is to produce highly charged ions by electron impact, and since the
probability for multiple ionisation is low, the high charge-state is predominantly reached by sequential
ionisation (i.e. only one electron isremoved at each collision) and therefore several electron-ion collisions
arerequired.

A compilation of processesin an EBIS could be;
e eectron-impact ionisation of ions

e radiative recombination of ions

e charge-exchange between ions and neutral atoms or between ionsand ions
e ion heating by the electron beam

e jon-ion energy exchange

e jon confinement in, and escape from, thetrap
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but since the cross-sections for many of the processes are very uncertain, but nevertheless small, most
often only the electron impact ionisation is included when calculating required breeding parameters to
reach a certain charge-state.

The transition probability from charge-state g to g+1 for a short breeding time tis:

Lo 1JeT
Fiogi = —q—M: . )

where the deciding parameters are the electron beam current density je, the breeding time t and the

effective cross-section 64-,q+1 for ionisation of an ion with charge-state q by electron impact. Thus, the

average ionisation factor jet needed for all ions with charge-state g to reach g+1 is jet=€/Gq_,q+1, Which
when extended to ionisation from g=1 to g=k give an ionisation factor:

k-1

JeT = 2

9=10 gq+1

(10)

From the equation it is clear that to reach high charge-states, either one has to go for a high electron beam
current density, or for long breeding times. The effective ionisation cross-section for an electron energy
E. iscalculated using Lotz's semi-empiricd formula:

In(Ee/Eq,nl)

Ogqoqsq ~45-1074y —=2 A/ (11)
4 nl EeEq,nI

where Eqy is the binding energy and the summation extends over all removable electrons in orbitals nl
[69,70]. Even if the ionisation probability is largest for the outer electrons, this expression includes inner
electron ionisation as a possibility. The cross-sections also show that approximately 90% of the breeding
time is spent on removing the K-shell eectrons. Several correction terms can be added (e.g. Carlson's
correction [71] of the binding energies assuming a spherical eectrostatic model of the atom/ion), but they
arenot included in any of thefirst-order charge evolution plots presented in this report. The set of coupled
differential equations governing the charge-state abundance in an EBIS using ion injection, with the
ionisation frequencies vq_,q:1=j/€Cqq+1, ar€ [68]:

dn
—= =ain — U
it 8 — V12
d .
Tr: =V~ Vsl 1=2.m-1 (12)
dn,
e Vm—1smMm-1 m = max charge

where ay,; is the number of injected ions per unit time. Recombination, charge exchange and heating
processes can beincluded in the differential equations and an attempt to do thisisfound in ref. [72].

The peak cross-section is obtained for an electron beam energy Ee typicaly 2-3 times the ionisation
threshold energy. Recombination with the electron beam el ectrons can be described by the Kim and Pratt
formula [73], but for an EBIS with norma electron beam energy parameters radiative recombination
processes are negligible [72]. Of course, recombination with the secondary electrons may not be excluded
completely, but the magnitude of the effect isdifficult to calculate. The charge-exchange with the residual
gas can on the other hand be a more severe problem, as well as charge-exchange with low-charged ions.
Therefore, the residua gas pressure has to be controlled; more about this in sec. 2.10. The charge
exchange cross-section is calculated using the Miller and Salzborn formula [ 74]:

Oqsqa =14310 275117 Ry2 7 (=107 cm?for Z=8" and P;=10 eV) (13)

where Z, is the ion charge and Py the ionisation potential of the neutral atom/molecule. With a residua
gas pressure of 10™ torr, the probability for charge exchange during a 20 ms breeding period is <0.02%,
i.e. asothisprocessisnegligible.
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2.2.2 lon heating and cooling

Two competing processes of major importance in a high charge-state EBIS are the ion heating and
cooling. The former increases the ion energy and can even cause theionsto leave the trap. For thisreason
alight cooling gas can be introduced to cool theions.

In ref. [75] Becker describes how the electrons performing inelastic ionisation collisions with ions also
cause elastic Coulomb scattering, by which heat istransferred to theion populationin the trap. It has been
shown that the heating is mainly dependent on the charge-state of a specific ion and can be expressed as

022 | Smé&? .,
AU i |V |= e) —+je- At
a><|a|[ ] OA- Ee|: ¢z=:10§ Je " Emax

(14)

AU a0 V= 6.2 eéfx—zﬂ E2 AL
radial QA Ee 52105 e max

where Q and A are the ion charge and mass numbers; j and E. the electron beam current density and
energy in A/cm® and keV, respectively; & the extraction charge of the ion; o the ionisation cross-
section for charge-state &; and At the breeding time in the last charge-state &x. Assuming that the ions
are extracted immediately after reaching the desired charge-state, i.e. At=0, the REXEBIS heating
voltages for ¥Na®* ions become AUnix=14 MV and AU,xia=0.4V <> AEqia~0.1€eV and AE.ga~3 eV,
which is much less than theradial trapping voltage.

Another heating estimation was formulated by Landau-Spitzer [76], and this gives an even smaller
heating value. RF-heating of the ionsis difficult to calculate, and has not been confirmed unambiguously
in experiments. From the above values we can first conclude that there will certainly occur no ion loss
from the trap region due to electron-ion collision heating. Secondly, that a single-ion model such as the
one used in the SIMION simulations (see sec. 3.1), which assumes no el ectron-ion and ion-ion interaction
(apart from ionisation by electron impact) most probably is valid. Thisimplies that the ions “remember”
their injection conditions when they are extracted, and apart from the random ionisation, the process is
determinigtic.

Moreover, these estimates suggest that there is no need for ion cooling, which otherwise could be
obtained by introducing a light cooling gas to the trap region (compare with mixing gas in an ECR
[77,78]). Further reading about ion heating can be found in ref. [79,80].

Anocther inherent heating process, unavoidable in a non-compensated trap, is the ionisation heating that
occurs when the charge-state of an ion in a potential well is increased. At the ionisation moment the
position and kinetic energy of the ion are unchanged, but the potential energy increases since the depth of
the potential well increases. Thus, astheion charge rises, so doesits mean energy in the trap. Thiskind of
heating does not directly lead to loss from the beam (aslong as no ion-ion collisions occur), since theions
are confined even moretightly astheir charge increases (see also sec. 3.3.4).

2.3 REXEBI S specifications

The expected performance of the REX-ISOLDE post accelerator, together with the limits set by the
Penning trap and the following Mass separator/LINAC, impose strict requirements and restrictions on the
REXEBIS design. Herefollows alist of parametersthat the REXEBIS must fulfil.

The Penning trap deliversions:

e with atransverse emittance e,=¢,<3 n-mm-mrad at 60 kV, assuming an | SOLDE emittance of
100 T-mm-mrad

e with alongitudinal emittance of ~5 us-eV
e inbunchesof afew to 10" ions, bunch length ~10 us
e with arepetition rate of 50 Hz (optiondly up to 100 Hz)
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The Mass separator/LINAC reguest:
e ionswith Q/A~1/4.5
e jonswith5keV/u
e thedelivered beam to fit within an emittance dlipse of 40 n-mm-mrad (99.99% confidence)
e anaxial energy spread <50 eV/Q

Due to the low intensity of the most exotic radioactive ions produced at ISOLDE the EBIS has to be
efficient, i.e. the combined injection and extraction efficiency should be higher than 50% [81]. (The
inherent breeding efficiency is limited to ~30% since only one specific charge-state is selected from the
total charge distribution in the mass analyser.) Furthermore the EBIS has to be reliable since it is part of a
complex accelerator chain.

2.4 The solenoid

24.1 General magnet properties

The magnet congtitutes the largest individual part of the EBIS system both when it comes to weight and
cost. The purpose of the solenoidal field isto compress the e ectron beam from the gun cathode to the trap
region. The CRY SIS magnet [10,82,83,84] was used as a starting point for the REXEBIS magnet design:
aniron-shielded 5 T superconducting magnet with a cold bore. The REXEBIS magnet is shielded as well,
with acylinder of iron bars. In contrast to all existing high performance EBISs, the REXEBIS hasa warm
bore, i.e. the inner cylinder containing the drift structure is kept at room temperature by thermally
decoupling the cryostat from theionisation volume. Using this concept we will:

+ strongly reduce the memory effects, i.e. avoid release of frozen in e ements from previousruns
+  minimise the out-gassing from el ectron beam loading
+ improverdiability; no build-up of cryosorbed gas layers
+ minimisetheinterruption time in case of urgent inner structure changes
The disadvantages with a warm bore are the difficulties to:
— arange efficient pumping for noble gases due to poor pumping speed of inert gases
— arange efficient differential pumping between the gas injection and ionisation regions (not a
problem for REXEBIS since only ion injection will be used)

When injecting as few as 10° ions, a very short (<1 um) trap is sufficient to contain the ions without
compensating the el ectron beam space-charge, though a certain trap length, Ly, iS required to capture the
injected ion pulse (typically >0.1 m). The REXEBISwill have atrap length of 0.8 m, optionally shorter.

The solenoid, manufactured by Oxford Instruments, is of superconducting type and therefore needs less
power than ordinary non-superconducting magnets. The basic solenoid and iron shielding shapes were
calculated using POISSON [85] and are described in ref. [86]. Even if it intentionally was designed for
the use of a Pierce-type gun situated in low magnetic field, it iswell suited for an immersed gun. In this

Central magneticfidd at 4.2 K variablebetween 0.1and 2.0 T

Current for full 4.2 K field 116.115 A

Field homogeneity over £400 mm on axis 0.25% (measured), 0.3% (specified)

Feentra<0.1 mm over —-800<z<800 mm (measured)

Held sraghtness Feentra<0.5 mm over —-825<z<825 mm (specified)
Relative field decay 13:10° h* (measured), 5-10° h* (specified)
Bore diameter 150 mm

Nominal inductance 8.292H

Superconducting solenoid length 1200 mm

Stored energy 56 kJ

Table 3. Solenoid data
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configuration the magnetic field compresses the dectron beam from a current density of 25 A/cm? to
>200 A/cm?. As superconducting winding material NbTi of single wire type is utilised. It has a critical
magnetic field (Bix=3.25 T) well above the needed field, and its transition temperatureis~7 K.

In June 97, the two solenoids were delivered from Oxford Instruments to Stockholm. The solenoids are
identical, and one will be used for the twin ion source that is planned to be set-up as atest-bench at MSL.
During the Oxford initialisation of the two magnets, one of the solenoids developed a short-cut to ground
(the test-bench magnet), and had to be returned to the manufacturer. The other (the REXEBIS magnet)
was tested during the autumn. Due to not fulfilled specifications, it was later sent back to Oxford, and was
thereafter shipped directly from England to CERN after repair.

2.4.2 M agnet cooling
The main inconvenience with a superconducting magnet is the need for cooling to 4.2 K to achieve the
superconducting properties of the coil. This calls for extensive tricks to construct a compact system with
long refilling period, namely:

e eccentric helium reservoir containing the magnet

e surrounding He cooled radiation shields

e superisolation

The cail is situated in acryostat with an effective volume of 70-75 | filled with LgHe, see Appendix 1. To
make better use of the He, the cryostat is eccentric. Outside the cryostat an intermediate-temperature
radiation shielding is fitted and cooled using the ental phy of the exhaust He gas. A ~120 | LgN, cryostat
cools the outer parts of the magnet to 77 K. Multi-layer superisolation reduces the convection heating,
and vacuum (10” torr) between the He and N, reservoirs and surrounding room temperature provides
thermal conduction isolation. Support rods extending from room temperature to the He cryostat are made
of low therma conductivity materials. To further extend the operating period the current leads are
removable. The hold times for LgHe and LgN, were measured for the test-bench solenoid and are
presented in Table 4. From the table it is clear that the LgN, specifications are violated, while the LgHe
hold time is within specifications. Oxford has been obliged to modify the REXEBIS solenoid so it also
fulfils the LN, specifications before finally delivering to ISOLDE.

Specified holdtime Measured hold time (days)
LaHe 14 days for 70 | without refilling 19 days without current |eads connected
q and with current leads connected
LN, >14 days and LgN, consumption <7 |/day 11 days and LgN, consumption 11 |/day

Table 4. Specified and measured LgHe and LN, hold times for the test-bench solenoid.

2.4.3 Solenoid construction

The solenoid is surrounded by passive iron shielding (iron yoke) for two reasons. Firgly, when the
magnet was ordered, the intention was to be use a Pierce-type electron gun positioned in low axial
magnetic field. Thisrequired an iron shied to shape the field. Secondly, to reduce the stray fields so not
close-by beam lines or personnel are affected. The REXEBIS is therefore surrounded by aring of passive
iron bars of 25 mm thickness forming a cylinder similar to a water heater. Additional compensation coils
are added that improve the homogeneity at the centre of the field by reducing the rate at which the field
drops at the ends of the coils (due to finite winding length effects). These are indicated in Appendix 1. No
extra shims or cancellation coils, nor extrairon field clamps are added.

244 M agnetic field

The magnet field straightness, the homogeneity and the stability are three parameters of importance for
the application of the magnet. They will be defined in the following sections together with expected
requirements.

! After thelatest repair the REXEBIS solenoid seems to withstand provoked quenches, and the LgN, consumption is
within specifications, however, the LgHe consumption in violated with a hold-time of about 9 days.
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2441 Field straightness

The fidd straightness should not be confused with the fiedd homogeneity, and specifies the maxima
radial deviation from the geometrical axis of the central field line. Thisis of importance since the electron
beam follows the fidld lines, and a shift from the tube axis alters the potential inside the tube. The electric

potential from the space-charge of a cylindrical electron beam passing inside a drift tube with a definite
potential, can be expressed as follows[87]:

2
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U, = drift tube potential relative to cathode potentia

U, = dectron beam potentia relative to cathode

r. = inner radius of the drift tube

agisp = distance between beam axes and drift tube

I'weam = €l €Ctron beam envel ope I
r and 6 = cylindrical coordinates

Figure 14. Geometry and notations for
a displaced eectron beaminside a highly

. conducting tube.
In the case of axial symmetry, then:
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Note that eq. 15 and 16 are just approximate expressions,

since second order terms occur due to not pure Brillouin aisp (MM) AU (V)  Uar (V)
flow, non-circular beam shape and a change in electron 0 107 -750
beam energy occur when the beam is displaced. Anyhow, 1 107 741

they can be used for an estimation of the potentials. . . .
Inserting REXEBIS parameters and comparing the beam Table 5. Beam axis relative tube potential

axis potential to tube potential U, and the beam potential Uas an(;é’?‘”g pOte“ti"E‘)' dep:jh AIU for 0 and
depth AU (see sec. 2.7.1) for a non-shifted beam with a tlh?lgErXEIBlS (?Sggrr; diejsms m)acmmt n
1 mm displaced beam, givesresultsaslised in Table 5. '

From the table we can conclude that a displaced beam resultsin a shallower potential depression U, i.e.
ions with injection energy exactly adapted for a centrd beam may have too little kinetic energy to climb
the potential hill. The change in potential depth AU isinsignificant, but a displaced beam may have non-
symmetric acceptance and emittance phase spaces. Calculations of the latter effect have not been carried
out. Schmieder claimsthat the beam displacement should not exceed a fraction of the beam diameter [67].
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For the REXEBIS case that means <0.1 mm, however, from the arguments above we would say a
displacement of even 1 mm in a5 mmradiustubeistolerable.
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Figure 15. Calculated electron beam potential plots inside the REXEBIS drift tubes with the beam displaced
1 mm. The dash-dotted curve represents a non-displaced beam.

Since Oxford Instruments claimed that they could not verify the straightness, we measured it ourselves by
inserting a Hall element probing the magnetic field components in horizontal and vertical directions. By
integrating the transverse field components along the z-axis, the central field line was traced?, (Figure 16).
Twelve position knobs adjusted the position and alignment of the solenoid within the iron shielding. The
field mapping procedure is described in Box 1, and is similar to the method presented in ref. [88,89]. The
advantage of this method is the cancellation of possible non-straightness of the tube holding the Hall
probe. Such bending can affect the result more than the sag caused by the tube weight, which was
compensated for by an awkward arrangement in ref. [90]. We determine the tube sag afterwards by
optical measurements.

To optimise the field straightness and to find the magnetic axis, the following procedure was used:

1. Thesolenoid cryostat was positioned insde the iron yoke while most of the iron bars covering the
side were removed.

Using the cryostat as a reference, the iron end flanges were adjusted until they became parald to
the cryostat and each other 2

By attaching amirror to the end flanges and using the telescope, the parallelism was determined.
The solenoid was then centred radially with respect to the 150 mm holesin the iron shield.
The transverse field was mapped using the method described in Box 1.

The position of the cryostat inside theiron yoke was adjusted using knobs and micrometer gauges
and (5) and (6) were repeated until the traced field line fell within a cylinder of specified radius.

N

o 0~ Ww

After (2) theiron end flanges were measured to be parallel relative each other within 0.75+0.2 mrad. The
solenoid was radially centred (4) within £0.2 mm. The fina result after a few iterations of adjustment is
presented in Figure 18 (the sag is not eliminated and adds a convex shape to the y-curve), and we find the

traced central field line to be within a 0.1 mm radius cylinder concentric with the geometrical axis for
-800<z<800 mm. The specification required the centrd field lineto be within a cylinder of radius 0.5 mm
over —-825<z<825 mm.

2 |n fact, we measured the transverse field components a a number of positions along the geometrical axis of the
magnet, but since the radia variation in the fidd is small, the integrated path will be approximately the same as a
field line beginning a the integration starting point. Thisintegrated path is what we refer to as the centra field line.

% We were later told by Oxford Instruments that the cryostat only have a precision of 1 mm, so the cryostat is not
perfect as areference for paralle adjustment of the iron end flanges.
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Central field line y-position (mm)

-0.5

F

Box 1. Magnetic field mapping method.

At the two 150 mm holes in the iron flanges, a fixed axi-symmetrical end plate with a hole for a
brass tube was mounted.

A brass tube was inserted through these end plates. The tube was azimuthally rotateable and axially
movesble.

Insgde the brass tube a Hall element, which probed the transverse field, was inserted. The Hall
element was fixed at a known position inside the brass tube.

The Hall probe was then moved to a z-position by moving the brass tube. The brass tube was rotated
in steps of 90° and the B+, By, By, By. fields were measured. Thereafter the tube was moved 2 cm
axially, and new transverse values recorded etc.

By taking the average B4(z)=(Bx:-Bx.)/2 and By(z)=(By.-By.)/2, possible tube bending was cancelled.
The central field line (see footnote 1 on previous page) was traced by integrating B,/B, and B,/B..
The weight of the tube created a sag that was superimposed on the result. The sag was opticaly
measured with atelescope (see Figure 17).
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igur e 16. Field mapping method. 2 (mm) from magnet center
Figure 17. Measured sag of the brass tube holding the

Hall probe (positive value corresponds to bending
down).
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Figure 18. x-y plot of the central field line trace (left); x-z (solid) and y-z (dashed) plots of the central field line
trace (right).
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Field [T]

24.4.2 Field homogeneity

The second magnetic field parameter of importance is the field homogeneity, i.e. the longitudina field
strength variaion. A field strength that fluctuates with the z-position leads to a varying beam radius,
which in turn modulates the beam potential. The relation governing the electron beam radius repeam iS.

Bcathode (19)

where By and Beanoge are the magnetic field strengthsin the trap and at the cathode. From eg. 18 the axial
potential (relative to the drift tube) in the case of axial symmetry isgiven as:

Upge = —————te o |41 (20)
477:80 ziu lebeam
% a

Differentiation yields:

AU s _ ABryy 1 (21)
Uais  Bru ol i
lebeam

Now assume that Uxis=-750 V as for the REXEBIS (see also sec. 2.7.1), and alow a potential variation
AU,Li<5 V (approximately the potential variation created by the beam ripple, see sec. 2.7.2). Then the

ABgyi/ By must be less than 5%. This limit is far more relaxed than the rule of thumb of 0.1% given in
ref. [67].

The axia full field insidethe REXEBISis 2 T with a specified field homogeneity of 0.3% over +400 mm
on axis. The measured homogeneity falls within 0.25% (see Figure 19).
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Figure 19. Axial B, plot and detail for the REXEBI S solenoid. Measured by Oxford Instruments.

2443 Field decay

The field has to be stable in time since a decreasing field changes the beam injection conditions. Even
though the electron beam potential remains basically constant with a varying absolute magnetic field
strength (both the cathode and the trap fiel d decrease with the same factor and therefore the electron beam
compression remains), the magnetic part in the Lorentz force will vary with in time. The effect of thisis
not evident and requires smulations.

Oxford Instruments quoted a relative field stability of 5-10° h™, but the actually measured stability for the
REXEBIS solenoid isworse, about 13-10° h™, measured with a NMR-probe.

245 M agnet operation

One of the main advantages of a superconducting magnet is its ability to operate in persistent mode, i.e.
when current has been injected into the solenoid the power supply can be removed. The superconducting
circuit is closed and forms a continuous loop, the power supply is switched off and disconnected, and the
solenoid is left at field. In this state, the current can run for a year without interference, however, the
EBIS parameters will of course be affected due to the slow, but non-negligible, field decrease.
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Persistent mode operation is achieved using a superconducting switch that is fitted to the magnet in
parallel with the main winding (see Figure 20). When energising the magnet, the superconducting switch
is heated to a non-superconducting state with a few ohms resistance. Although the resistance is low,
amogt al current flows through the magnet coil when the power supply is switched on. Soon after the
magnet reaches the desired field, the induced voltage across the switch drops to zero, and the switch can
be closed and returned to a superconducting state by switching off the heater. Now the current in the
magnet leads is slowly reduced by running down the power supply, and as the current in the leads drops,
the current flowing through the switch increases gradudly, until it carries the full current of the magnet.
The procedure is opposite when the solenoid is de-energised.

For different reasons, some part of the magnet winding might go normal (i.e. resistive), and the current
passing through it will cause ohmic heating. In turn this heating will extend the resistive zone, and if the
disturbance is unstoppable

(usually the case unless the  curentiead Current lead

disturbance is very small), the

Protection circuit
complete coil may become
resistive and heated. All stored
energy in the magnet is
dissipated rapidly, causing the
liquid helium to boil off very
quickly and often warming the
magnet to a temperature
significantly above 4.2 K. This
technica hitch is cdled a
guench. To cause quenches a
very small amount of energy is o S , ,

required, even  microscopic Figur e 20. Schematic circuit showing the solenoid, the switch and the
movements of the wires in the ~ Protection circuits[91].

coil may be sufficient astriggers.

Connections to
switeh heaters

A magnet protection circuit is used automatically in the event of a quench:
e todissipate the energy stored in the magnet

e tomakesurethat high voltages are not produced

Protection resistors and diodes are provided for all magnet sections. The diodes are used in the protection
circuit to ensure that all the current passes through the magnet under normal operating conditions, but in
the case of a quench, the barrier voltage of the diodes is exceeded and the protection comes into operation
automatically. The current then passesthe protection resistorsthat dissipate the stored energy.

2.5 EGUN smulations

To simulate the electron beam propagation from the e ectron gun cathode to the collector, two different
programs were utilised: a modified version of EGUN [92] and OPERA 2D [93]. Both programs assume
axi-symmetrical geometry, and the former uses the finite difference method, while the latter is a Finite
Element Methode program. Both programs have limitations, mainly convergence and boundary problems,
and after some time of evaluation we concentrated on calculations with EGUN. This program has been
used in many EBIS designs, but due to the maximum number of mesh points (101 000), we were not able
to smulate the complete system in one run. Ingead the geometry was divided into 17 sections, and the
solutions were spliced. This resulted in problems for the program to determine the potential a the
boundaries, with energy non-conservation as a consequence, which had to be handled manually.
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2.6 Theelectron gun

2.6.1 Gun theory

The eectron beam that confines and ionisestheionsin an EBIS s created at the el ectron gun cathode and
accelerated by the anode potential. Several different gun concepts exist, which utilise pure thermd or pure
field emission from the cathode, or a combination of the two. Important properties of the extracted
electron beam are the current, current density, energy, beam radius and shape. Involved forces are the
Lorentz, the space-charge and the centrifugal force.

For a space-charge limited cathode the current | and the anode voltage U soqe are related as:
le=PU grﬁgde (22)

where P is the perveance (unit A/V*?) that determines the current yield from a specific gun geometry.
One should note that the perveance is only dependent on the gun geometry. The current density is
connected to the compression of the el ectron beam, and the two distinct designstypes are:

1. Immersed flow gun

The gun is positioned in full magnetic field and there is no compression of the electron beam. A simple
method where the eectrons tend to follow (spiral around) the individual lines of magnetic flux, so
perturbations in beam diameter can be made arbitrarily small merely by increasing the magnitude of the
B-field. The current density islimited to the cathode density.

2. Brillouin flowgun

A way to create high-density beams by the use of magnetic fields. The cathode is placed in a B-field free
region, and when the beam enters the magnetic field the current density is compressed adiabatically as B2,
The three forces listed above acting on the electrons are made to balance and produce a smooth beam, a
so-called space-charged balanced flow. To obtain this the whole electron beam has to be set in rotation
with half of the cyclotron frequency — the Larmor frequency .

For the REXEBI S we have chosen a dightly modified immersed gun design —a semi-immersed gun with
compression proportional to B" (n>1). Since n is only dightly larger than unity, the beam behaviour is
similar to that of an immersed, and we will therefore briefly touch upon the theory that governs the
immersed gun. A laminar-flow beam is assumed (no electron trgjectory crossing), which leads to
comfortable calculations and the need to only consider the outermost eectron to determine the beam
shape. While this is a severe idedlisation, this hypothesis does in fact yield results that agree well with
observed first-order beam characteristics.

Theradial space-charge field acting on an electron at radiusr in an electron beam with radius regpeam IS:

| r
£ =t (23
T€oVe lepeam

Busch's theorem expresses the angular velocity vy. Let the magnetic flux threading a circle of radiusr be
denoted by @, and index cindicating cathode. Then Busch’stheorem iswritten as[94]:

2
€ (q>—q>c)+%9'c (24)

6-—2
2mm,

We conclude that the angular velocity of a charged particle in a magnetic field only depends on the
terminal radii of the tragjectory and the values of total enclosed magnetic flux, not on the trajectory details

between these two points. To a good approximation 6, may be considered zero, and with a constant
magnetic field By in which the emitting surface and the beam areimmersed, eg. 24 isreduced to:

. 2
6 = %(1— :LZ) (25)
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Herer. istheradius a which the peripheral eectron leaves the emitting surface. With the magnetic field
normal to the cathode the eectron will start to move radialy outwards governed by eg. 23. It is then

affected by the Lorentz force r 6. Boe, which bends the trajectory, and forces the electron inwards again.

Thus, perturbation in the electron beam diameter isan inherent property of immersed guns. One can show
that the beam expansion beyond r. is larger the contraction below re, resulting in a larger average beam
radius than the cathode radius.

Moreover, from eq. 24 we see that 6, reverses sign when the electron crosses r., which means that the
electrons do not encircle the stream but rotate more or less around radius r.. An important factor

describing the trajectories is the beam stiffness 2- = M . For the REXEBI S the m /m,-value
% [l jeram,
€

is 5.1 (compare with o /w,= 1/y/2 for Brillioun flow), that means we have a rather tiff beam strongly
connected to the magnetic field lines. Typical beam behaviour is shown in Figure 21. The beam diameter
fluctuation, or scalloping, is highly undesirable since it causes beam potentid variations which can act as
local ion traps inside the large EBIS trap. For large o/ my-values and moderate scalloping the normalised
radius equation is.

——+
B =

where R'g is proportional to the beam
envel ope slope after the anode. It is clear
that either the magnetic field has to be CHTO%E -
increased, or the initial Ry reduced, to
minimise the beam oscillations. To
control R’y suitable eectron-optica
methods can be wused, such as
converging-beam gun, post anode or
magnetic field gradient. In ref. [95] i
Herrmann claims that the scalloping will
be largely suppressed by the higher
frequencies of the motion of the
electron’s winding in and out of the
beam if Bc<<Bhui fieid- Figure 21. Beam behaviour inimmersed flow [94].
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2.6.2 Electron gun design concept

The REXEBIS electron gun is as already mentioned of so-called semi-immersed type, with the cathode
not in full magnetic field. In that way a current density compression almost proportional to B is obtained
when the beam enters full field. Such a design has several positive features as compared to a high
compressing Pierce-type gun [94] that we first intended to use:

e uncomplicated and well proved in EBIS constructions
e lesssensitive to axial displacement

e |, andj. adjustable by changing the anode voltage and the gun position in the magnetic field,
respectively

Therelative low compression, (ju+/jc=10) is compensated for by a larger cathode-current loading. Pierce
electrodes with an angle of 67.5° to the cathode surface produce flat equipotentia lines at the cathode, and
a uniform emission density from the cathode as well as a laminar flow. As a drawback the scalloping of
the electron beam should be mentioned, nevertheless, this can be suppressed by adding a post anode in the
design. If it is positioned appropriately in z-direction, and a high potentia is applied, the beam blow-up
after the anode is decreased and a lessrippling beam is obtained. However, a post anode at high potentia
in an axial magnetic field will act as a Penning trap for electrons (see sec. 2.6.4), so therefore the post
anodeisjust optiond and hasto be practically evaluated.
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2.6.3 Electron beam simulations

The eectron extraction from the cathode is governed by Child’' s law, i.e. it is space-charge limited and in
principle not dependent on the cathode temperature. The cathode heating is anyway specified in the
simulations to give the electrons athermal starting energy (1750 K <> 0.15 V). EGUN simulations of the
extracted electron beam, with and without post acceleration, are shown in Figure 22. From the figures we
conclude that a post acceleration results in a less scalloping beam as expected, but for
Upos anode<10 000 V, the effect is not overwhelming. With Uznoge=6500 V the electron beam 1.~0.46 A,
and the perveance is determined to P=0.87 uA/V*2 The cathode surface is positioned at z=-738 mm
relative to the magnet centre, at a magnetic field B,=0.2 T. The cathode loading and a phase space plot at
z=-722 mm are displayed in Figure 23.
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Figure 22. Smulation of the eectron beam in the gun region with and without post acceleration. One
unit of length correspondsto 0.1 mm Only the upper cylindrical part of the gun region is shown.

The simulated beam profile reem €quals ~0.25 mm in full field, corresponding to a full field eectron
current density j(full field)=250 A/cm?. Thus, the compression is:

jo(full field) 250

Compression = =
je(cathode) 25

=10 (27)

and we confirm that the compression isnearly proportional to B,(full field)/B,(cathode).
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The full field beam current density is
CATHODE LOADING higher than the specified 200 A/cm?.
AftmT2 ANGLE™ 0™ We have chosen this cause of action
a0 _———’—__’ & to have some margina snce the
simulation program is not aways

15 9 exactly reliable.

10 1 0
5 | According to ref. [67] it is important
to use laminar beams in order to
0 -6 avoid ion losses. The high fied
o2 4 & gradients connected with non-
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RADIUSAUNIT laminarity, together with the
. possibility of ingabilities, could
RMS-EMIT TAMCE=4 1E-2 cm*mRad cauise ion heating, The | tracing
ELLIPSE-EMITTAMCE=0.16 Pircm™mRad 80 smulations indicate laminar |

RMS-BRILLIANCE=83 .74 Afcr™2/sterad behaviour.
FOCUS AT Z=0.69 cm frorm origin, R=7 9E-4 cm

Figure 23. Smulated cathode loading and radial phase space
plot of the electron beam at z=-722 mm for the gun without post
anode voltage.

2.6.4 Electron trapping

So far, secondary electrons created in the ionisation process have been neglected. These can influence the
self-consistent field, and cause space-charge build-up aong the line of electron beam propagation, that in
worst case reflects the beam. After the creation at a point with potential U, the secondary electron with
kinetic energy E{"™ moves in complicated trajectories in the region with potential U>Ug+ EX". The
possibility for escape from the beam in radia direction is small because of the strong magnetic field — the
electrons are trapped in a Penning trap. Not even the space-charge from the primary electronsis strong
enough to gect the electrons radially due to the magnetic field. Instead they start to drift, either by their
initial kinetic energy or due to Coulomb interactions with the beam electrons, until they reach the
longitudinal trap barrierswith their high potential (or to the anode/post anode if such exists and has higher
potential). If the secondary electrons are not caught here, their motion is oscillatory within the trap region.

The production rate of secondary eectrons from the ionisation process in an EBIS with REXEBIS
properties is <510 s'. The energy spread of the secondary eectrons is very narrow, and has a
distribution as shown in Figure 24 (calculated in Box 2).

To remove the electrons there are in principle three different causes of action:
e apply astrongradia field that pulls out the el ectrons

e apply an asymmetric eectrical field aong one of the perpendicular directionsto the magnetic
field and | et them drift out [66]

o et them be heated by repeated Coulomb collisions until they gain enough energy to leave the trap
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Box 2. Calculation of the energy distribution of secondary electrons.

The secondary dectrons are kicked loose from the atoms or ions by Coulomb collisions by the beam
electrons. The energy transfer AE in a Coulomb collision between two electronsis[96]:

. of1

where E is the electron beam energy and Ogatering the scattering angle between the electrons in the
centre-of-mass system. Theimpact parameter sisrelated to the scattering angle Ogaering 8S:

2 Ie) .
s= € cot| —scattering (29)
8regE 2

Hence, the energy transfer as function of impact parameter sis

AE(s) = Esi nz[arccot[swzo E D Smin<S<Smax (30)
e

7000

where sy, is the lower limit taken to be the
classical distance of closest approach defined — ¢qo0}
by Smin~€"/E. [63], and snex IS the maximum
impact parameter determined by the sooop
ionisation energy of the atom/ion, ~10 eV.
(If the impact parameter is larger, the energy
transfer will be too small to kick out an
electron. The Debye length (sec. 3.2.2) isnot
limiting in this case) From eq. 28 and 29,
Smex IS determined to  ~3:10%m.
Furthermore, the Coulomb cross-section
oo, and when inserting a s-distribution like H

that in eq.30, a secondary electron 0 et —
distribution as the one in Figure24 is ’ 20 sy vy =0 oo
obtained. We note that most of the electrons

have a low energy <100 eV, compared to the ~ Figure 24. Energy distribution of secondary eectrons
5 keV of the primary electrons. just after they have been kicked |oose form the atoms/ions.
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Let us firg investigate how strong the radial eectrical field
must be for the electronsto leave the e ectron beam and to hit
the potential barrier or post anode. We have a situation as
illugrated in Figure 25. Insertion of athin positive drift tube
between two negative tubes can create the radiad electric
field.

secondary
electron track

The radia eectric field is assumed to be radially invariant,
i.e. E(r)=Eeqena- One of two conserved quantities is the
energy W:

_1 (~2 2 2) 31
electron W—Zmer +104 )+ qu(r) (31)
beam
tube where U(r)=UexematUe(r) isthe eectrostatic potential defined

as;

Figure 25. Schematic eectron trajectory

in ther-0 plane at the potential barrier or
post anode.
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2
_4p ! l[—r J —1+ 2In[—rebee‘m J] I < Tepeam
TEQ |\ Ten it
U(r)ZUexternal +Ue(r)=Uexternal - e (32)
2p| r
——In — r>r
4re [rt J ebeam

and p=-1¢/Ve (<0) denotes the linear charge dendty. The following equation, relating the enclosed
magnetic flux ®(r) with the angular momentum is also constant:

mr w, +%<I>(r) =C (33)

The congtant C is determined from the starting condition and w, can then be solved for varying r. Insert
the value of wy in the energy expression and use the conservation of energy to determine the turning
radiusr, for the electron. Demanding r, to be equal to the drift tube or the post anode radius, the radial
electrical field can be determined. This has been done for two cases: at the drift tube and at the post
anode, see Table 6. The eectrons started at the beam centre with no kinetic energy. Such high radia
electrical fidds as 450-10° and 95-10° V/m are unredlistic to create, therefore a radial field is no solution
for secondary electron removal.

Position Parameters Required Egerna
Drift tube B,=2 T, lebeen=0.25 mm, ;=5 mm, E;=5000 eV 450-10° V/m
Post anode B,=0.2 T, repeam=1 mm, r,=1.2 mm, E;=8000 eV 95-10° V/m

Table 6. Required radial dectrical field to remove secondary e ectrons fromthe beam.

The second method involves an asymmetric electrostatic field (e.g. a split drift tube with opposite
potentials on each side) that makes the electrons drift towards the drift tubes as shown in Figure 26. (An
asymmetric post anode arrangement is probably not appropriate due to primary beam disturbance in the
sensitive gun region.). The applied voltage required to remove secondary electrons from the barrier region
(B~2T, repeam~0.25 mm), starting at the beam centre with no kinetic energy, amounts 2000 V. The
removal time is in the order of 10-20 us. Donets alleges in ref. [66] that even small misalignments
(<0.5 mm) of the drift tubes may cause electron removal without any extra applied asymmetric voltage,
but we do not see thisin the smulations. For that to happen, the ions must also be heated by collisions.

Thirdly, the secondary electrons can be transported
away from the electron beam by Coulomb heating.
As seen in sec. 2.2.2 the most frequent collisions are
the long-range encounters, the Spitzer collisions
[66], that can have a large-angle scattering net effect
(well described in ref. [63]). The characteristic
Spitzer frequency for 90° eectron-electron scattering

5 equipotentia
i/ lines

is[97]:
e 32:10*neInA _ [1000Hzin trapregion (3
« g3/2 4 Hz at post anode

where n. (m?) and E. (J) are the density and energy

' s of the electron beam, respectively, and InA the

-1000 \7% Coulomb logarithm. Moreover, the small-angle
collisions that produce a 90° deflection will cause a
i change in energy. For identica-particle collisions
Figure 26. Secondary eectron removal at they result in a transfer of about half of the initial
E&tza; eg:?j i ]fte*t’a’)“;f'zs mm by asymmetric energy in the same time as a 90° deflection. Thus,

) secondary electrons in full magnetic field with low

initial energy will have an energy of afew thousand eV within 1 ms after they were kicked loose from the
ions/atoms, while secondary electrons in the post anode region need almost one second to reach the same
energy. (Naturally, after some heating, the electrons have gained energy so they can move between
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different places (potentials) within the trap, and are therefore not fixed to the post anode for instance.)
Electrons with a radial velocity corresponding to 5000 €V will only escape ~0.25 and ~2.5 mm radialy
from the beam axisin 2 and 0.2 T magnetic field, respectively, and thus not collide with the post anode,
nor the barrier tube. However, due to the Spitzer heating they have now gained enough energy to have the
energetic ability to reach the anode or the collector where they can be absorbed. All that is needed is a
close callision to redirect the transverse momentum of the el ectron into longitudinal momentum.

To conclude the discussion, secondary e ectrons have aways been a mystery in EBIS, and we might have
to be observant on Penning trap phenomena at the anode or post anode in the REXEBIS since these are
the regions with highest potentia in the present design.

2.6.5 M echanical design

The dimensions of the gun are of millimetre size and with kilovolt applied, this calls for high
manufacturing accuracy and clever design solutions. Figure 27 contains a commented drawing of the
electron gun.

As cathode materia lanthanum hexaboride (LaBg) produced by FEI Co [98] is used. The work function
for the 310-crystal directionis 2.41 eV, and inserted in the Richardson equation:

. Armek?T?
=TT e 2 (@)

we conclude that a cathode temperature of T.~1750 K is enough to yield a cathode current density j. of
25 A/cm? which is needed in our design.
The lifetime with T=1750K is
approximately 1 year if a surface
degeneration of 100um is
accepted (Figure 28). To caculate

the heating power needed to reach

the desired cathode temperature,

one must observe both the
radiative and the emissve
cooling; the former governed by
Stefan-Boltzmann’s law and the —

latter equals the energy the J‘
emitted €eectrons cary away

when leaving the cathode. The gun
average electron energy can be _ cathode | gnoge post anode
approximated with the work

function dwork.

drift tube

Figure 27. Electron gun for the REXEBIS
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Figure 28. Evaporation rate for three thermionic cathodes.

The LaBg(310) at j.=25 Alcn? that we use has a loss rate of

<100 um/year at 1750 K.
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2.6.6 Gun alignment

Injecting charged particles successfully into a magnetic solenoid field sets limitations on the alignment of
the source to the magnetic field axis. The particle, e.g. an eectron, will enter a magnetic region if the
angular orientation 3 of the velocity to the magnetic field line meets the following condition [63]:

in| | Bouside -
ﬁ<acrsm[ Eﬁng‘de} (37)

A theoretica investigation of the electron-gun alignment requirements is presented in ref. [99]. The
outcome was that a steep axial magnetic-field gradient leads to a small radial positioning error tolerance
and a large angular tolerance and vice versa. Using data of a typical EBIS (B =3 T, B.=1.5T, fiedd rise
over 0.5m, Ec=5 keV), the toleranceswere estimated to be:

Are<1.3 mm A(dr/dz)<4 mrad (38)

The parameters for the REXEBIS are similar, and we should expect tolerances of the same order. The
tolerated axia displacement of the gun to the magnetic field is estimated from the EGUN simulations to
be at least Az=+5 mm, but naturally with a change in eectron current-density at full field. The electron
propagation in a displaced tube geometry was treated in the sec. 2.4.4.1.

Gun type Semi-immersed

Cathode materia LaBg 310 crystal orientation
Cathode temperature T, 1750 K

Cathode life-time 1 year

Cathode current density j. 25 Alem?

Cathode diameter 1.6 mm

Magnetic field a cathode B, 02T

Electron beam current | 0.46 A

Anode voltage Uanoge 6500V

Perveance P 0.87 A/V¥?

Post anode voltage Upost anode ~10000V

Compression from 25 to >200 A/cm? (~250 Alcm?)
o /oy in full field 51

Radial gun misalignment Ar. <1.3mm

Gun tilt A(dr/dz). <4 mred

Axia gun misalignment Az, <t5mm

Table 7. Electron gun parameters.

2.7 Theinner structure

To the inner structure belong the drift tubes, the support structure and the NEG strips. All these elements
arein UHV, and at low room temperature (warm bore ~15°C). The drift tubes (inner radius r;=5 mm) can
be categorised in transport, barrier and trapping tubes. The potential along the axis is varied by applying
different tube voltages, for ingtance high potentias at the barrier tubesto definethetrap size and force the
ionsto be reflected longitudinally between the barriers. The potentia of the trapping tubes relative to the
gun cathode determines the electron beam energy E.. The REXEBIS has three trapping tubes: 100, 230
and 464 mm long with 2 mm spacing, combinable to various trap lengths of 100, 230, 332, 464, 696 and
798 mm. These trapping tubes are all immersed in full magnetic field.

2.7.1 Potentials

It is easy to be fooled and to create unwanted ion traps when setting the tube voltages. This section
therefore contains an analysis of the drift tube potential situation. We start with the trap potential, and
keep in mind that the desired beam energy E.=5000 €V. Using the expression for the space-charge
potential depression given in eqg. 20, we obtain the following equation for the beam axis potential U(r=0):
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U(r=0)=U,- le [ZIn[r ft J+1J (39)
4m0Jzeue ebeam
me

where U, represents the tube potential (relative to the cathode) as before, and U, the electron beam
energy. Note that U(r=0) should equal U, and we want to find a tube potentia U, that gives a beam
energy E=e:Us=5000 eV. For REXEBIS conditions eq. 39 then yields U,~5750 V. The eectron beam
potential depth AU (i.e. potentia difference between electron beam edge and axis) is calculated using

eg. 18:

Au=U(r=rebeam)—U(r=0)=i-'Tezlo7v (40)
0 /2Eue

Thus, if one intends to trap 60 keV ions within the electron beam potential, the REXEBIS potential
(Upiaiirom) should be between 59 900 and 60 000 V with atrap potentia of 750 V relative to the REXEBIS
potential. Alternatively, one can decrease the trap tube potential to 650V, and keep the REXEBIS
potential at 60 kV. More about thisin sec. 3.3.3. The inner barrier (closest to the gun) isfixed at +1250 V
relative to the REXEBIS potential, while the outer barrier is pulsed. At injection the outer barrier is at
same potential as the outer drift tubes, i.e. a 0V relative to the REXEBI'S potential. During breeding it is
raised 500 V higher than the trapping tube potential, i.e. to 1250 V. At extraction, the outer barrier is
again lowered to 0V, simultaneously as the trap potential is raised to 1000 V. In Figure 29 the tube
potentials for injection, confinement and passive extraction are illustrated. One should note that if the
REXEBIS should be run fully compensated, the barrier potentias must be AU-[1+2:In(ri/repeam)|=750 V
higher than the trapping potential. Note that the tubes have approximately the same potentid as the
surrounding stainless stedl tube; in that way Penning discharges are avoided. After extraction an extra
cleaning phase may be added. That involves applying a potential dope on the tubes to make sure that the
trap is cleaned from ions. The probability for ionisation before entering the trap at injection is <10%, that
means a | oss of the same order is expected. (Higher trap tube voltages can decrease thislossif needed.)

z=-728 z=-400 z=0 z=250 z=400 z=600 z=805
Inner ‘ ‘ Outer Transport
0 |:||:| barrier Trap 1 Trap2 Trap3 | parrier tube I C——
I Il | ] ]
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-3000
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Figure 29. Axial dimensions of the inner structure. The potential settings (relative REXEBIS potential
Upiatiorm) fOr injection, confinement and extraction are plotted beneath the structure. (Note that the voltages
arenot to scale, nor the structure sketch. The gun and collector regions are enlarged. Anode and post anode
are at same potential, and cathode at negative potential .)
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The theoretical trapping capacity, for a Ly4=0.8 m trap, equals the electron space-charge, and for the
REXEBISit amounts (expressed in number of elementary charges):

N~ = Prluay = L Lirap = le Lirap = 05 .0.8=6-10" (41)
e ev, e e
el2°u, e.[2-° 5000
m, m,
2.7.2 Potential well distortion

The desired alignment accuracy of the drift tubesis strongly related to the tolerated axial displacement of
the eectron beam. This was treated in sec. 2.4.4.1, and the old rule-of-thumb (a very conservative
estimation) states a tolerance of 0.1 mm. The alignment of the drift tubes, carried out opticaly, for the
REXEBIS will be within the 0.1 mm tolerance. In sec. 2.6.3 we noticed that the electron beam has a
ripple. Defining a scalloping measure as:

laverage

the EGUN simulations gave a full field ripple of 0.7%, corresponding to a potentia variation of +5V.
Compared with the total electron beam potential depth AU=107 V, the scalloping effect is unimportant.
Moreover, the thermal mix-up with the rippling paraxial beam may produce a Gaussian beam without
ripples after alarge number of ripple periods [94].

2.7.3 Extraction scenarios

We have chosen to use passive extraction, which
means that the outer barrier is lowered to let the
previoudy confined ions move out by their own | passive extraction
kinetic energy. (The axia field gradient from the
lowered barrier does not penetrate far into the trap,

just some centimetre.) Typical extraction times will ut
be ~100 us, and the maximal longitudina energy j—humky extraction
spread <QionrAU due to the low eectron beam

compensation degree. Results from simulated N g
longitudina energy spread are presented in U
sec. 3.3.6.

------- extraction
u A barier barrier

|

fast extraction

-

Other types of extraction modes are illustrated in

Figue30. The lesky mode gives a dower  9unside trap collector side
extraction, but a more well-defined energy, while

fast extraction has opposite properties. Stockli [100] )

has also tested multi-trap solutions with specific Figure 30. Different modes of ion extraction
breeding and extraction properties. froman EBIS passive, leaky and fast extraction.

Thefirst type will beused for the REXEBIS

274 RF generation by the electron beam

The inner structure of an EBIS has considerable similarities with a Travelling Wave Tube amplifier
(TWT). A high amplification factor for beam instabilities may develop due to the interaction of the
electron beam with the drift tube structure of an EBIS, and the broad band amplification can cause
dangerous (from an eectron beam stability point of view) RF generation if accidentally modulated
[101,102].

In an EBIS the danger for unwanted RF interaction with the beam is a priori not very high since no
transverse deviations exist in the basic drift tube structure, nevertheless, the connections to the HV
supplies may change the picture [103]. According to ref. [104] RF-feedback circuits with many
eigenfrequencies are formed by: the connecting wires; the drift tubes ending in axia gaps; the impedance
step at the transition of the connecting wires to the support structure, and these may start generating RF if
a certain construction-dependent el ectron-current is reached.
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Different ways to suppress the RF-feedback are proposed in ref. [103], for example to use constructing
materials with high loss factors such as stainless sted. The connecting leads should be rudimentary
screened, and the lengths of the drift tubes relative to the beam wavelength chosen such that their
frequencies of maximum beam interaction are well outside the bandpass of the overall structure
Capacitive shunts (overlapping ends) decrease the coupling between the drift tubes so the bandpass
bandwidth is kept low. The precautions taken to avoid self-excitation in the REXEBIS are the use of
titanium as drift and supporting tubes (high loss factor) and few drift tubes (6 in total). Optionally drift
tubes with overlapping ends can be used, but then the pumping conductance to the NEG drips will be
limited.

During the summer of 1997, RF measurements were carried out on CRY SIS in Stockholm. These could
not confirm the hypothesis of RF-induced ingtabilities [103], and our conclusion is that the instabilities
seen are due to other effects.

2.75 M echanical design

The two drawings in Figure 31 show side and end views of the inner structure. The inner structure is
confined under vacuum in a 75 mm radius stainless stedl tube. The sx drift tubes have an inner and an
outer radius of 5 and 6 mm, respectively, and are made of titanium. The choice of titanium is due to the
conceivable sublimating properties of the material, and the moderate dectrical conductivity (2.4-10° Sm
[105]) should reduce the ability for eectron beam resonance phenomena in the structure. In the future, we
have the option to drill radial holes in the drift tubes to improve the pumping speed from the NEG strips
that are mounted in an octagonal shape at aradius of 40 mm.

There are no coupling/damping sleeves at the ends of the drift tubes due to pumping reasons, only a2 mm
insulation distance between the flat front faces of the tubes. It isfeasible to add sleevesif it turns out to be
necessary. The tube ends are adjustable sidewaysin pairsby three insulating supports, which are mounted
on the support plates. The support plates are in turn fixed to the solenoid by three support tubes of
titanium.

Gravitational deformation of the structure can be compensated by an extra support from the vacuum
stainless steel tube to the inner gtructure, and by individual adjustment of the drift tubes in vertica
direction. With only two supports at the ends the maximal deflection is ~0.15 mm, but with a third
support at the centreit can be reduced to 0.02 mm (see Box 3). (If the clamping of the ends should not be
perfect, the deflection will be a factor five larger.)

drift tube
adjustment e Vacuum tube
[ A NEC
/ Ti support tube

Ti drift tube ]

Ti support tube gi ‘t’sgsm“ I\ \\\‘\ W K/
_ \\\ AN\ /«’. /I//
T cooling 5 %
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\ ; tubes \ S —— support plate
. R
drift tube gap support plate magnet )
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Figure 31. Sde and end view drawings of the inner structure.

Outside the stainless steel tube two heating bands of each 700 W are wound in spiral (see Figure 32).
Four layers of 2 mm ceramic paper (Plisulate, A=0.07 W/m-K [106]) heat-insulates the tube (350 °C
during baking) from the cooling water tube (15 °C). The water tube consists of two concentric stainless
steel tubes, between which the water is forced by two barrier walls to flow forth and back along the tube
axis. The water flow is ~4-51/min, and with a water temperature increase of 5 °C, the water has a
maximum cooling effect of 1600 W (implies turbulent flow). Thisis well below the tolerated 40 °C that
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the magnet bore can withstand for a 12 h baking period. Due to the high voltage, the water transferred to
the platform hasto be de-ionised. The ISOLDE de-mineralised water has a conductivity of ~50 uS/m.

Box 3. Inner structur e deflection.
The support structure consists of 3 titanium tubes, each with a moment of inertia:

= btk 2(620°F 207 - 5210 «
The total weight per meter w<3 kg, and Y oung’s modulus E for titanium equals 1.1-10™ Pa.

Maximum deflection for the structure is then [107]:

3
clamped at both ends d—— ™  _015mm (44)
384E - 3l e
, : . w(L/2)®
clamped at both ends with an extra support in the middle Orax = WIE3 0.02mm  (45)
" Oltube

The abundance of residual
gas should be enough for
breeding and extraction
tests (see sec. 2.10.6), so ho
extra feed-through for gas
injection is foreseen. Due
to the wam  bore
construction, pulsed
injection is difficult to
control and had to be
arranged by a pulsed needle
valve.

vacuum 4 |layers
tube insulation

Figure 32. Schematic 3D picture of inner structure, heating band,
insulation and cooling water tube.

The drift tubes are eectrically connected to the power supplies via glass-insulated wires and feed-
throughs at the magnet ends.

Trap length 100, 230, 332, 464, 696 or 798 mm
Trap capacity 6-10™ charges (for 798 mm length)
Number of drift tubes 6

Drift tube inner diameter 10 mm

Electron beam energy 5 kev

Electron beam diameter 0.5mm

Electron current density at full field ~ >200 A/cm? (~250 Alcm?)
Electron beam well depth 107V

Beamripple 5V

Drift tube materia titanium

Table 8. Inner structure parameters.

2.8 The collector

In the collector the electron beam is separated from the extracted ions, and the electrons are absorbed at
the collector surface. Important properties for the collector design are among others: a high eectron
callecting efficiency; small ion beam influence and a low out-gassing rate. In addition, the design must
also be redligtic and feasible to manufacture in aworkshop.
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2.8.1 General collector design ideas

An EBIS has an axis-symmetrical geometry and the tradition has been to make aso the collector axis-
symmetrical, although we considered alternative solutions similar to the ones used in eectron coolers (a
deflecting magnetic field that guidesthe electron beam away from the ions so it can be absorbed in a very
efficient way).

To avoid virtual cathodes, the collector radius should not increase too much in comparison to the
€l ectron-beam radius-expansion, but approximately follow the electron beam envelope. In our design we
have relinquished this condition, and we use a collector with a cylindrical instead of conical form in the
absorbing region (see Figure 33). From the EGUN simulations we do not experience any virtual cathodes
due to this modification.

Usually, theresidual axial magnetic field keeps the electron beam together, and prevents it from diverging
out to the absorbing collector surfaces. To counteract this, we reduce the magnetic fied drastically inside
the collector by adding a cylindrica iron screen around the collector. The electron beam then has the
opportunity to expand by space-charge and Busch’ s theorem.

The REXEBIS collector has been designed with a very unclosed end. By having this large extraction
hole, we expect to minimise the ion beam aberrations; besides the pumping conductance increases.

2.8.2 Electron absorption and ion extraction

To extract the ions from the collector region, acylindrical extractor (-20 000 V relative to the drift tubes)
with a 14 mm radiusis positioned at the end of the collector. The large radius ensures small aberrations,
and from the SIMION simulations we concluded that the ion beam fills less than 1/5 of the extractor
diameter. There were no indications of a distorted phase space either. The extractor acts as a srong lens
(due to the electricd field), and creates a focus inside the extractor. Thisis not a problem from a space-
charge point of view, since the focal sizeislarge, ~2 mm (compare with sec. 3.2).

Figure 33 shows an EGUN simulation of the absorbed e ectron beam. The dashed line visible to the l&ft in
the picture indicates the magnetic field strength. One unit of length corresponds to 0.25 mm. Each
trajectory (in total 210) carries about the same current (~2.5 mA) and the trgjectories have a thermd
starting energy of 0.1 eV at the cathode. The eectron beam is dissipated over an area of ~65 cm?, i.e. the
average current load is <8 mA/cm?.
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Figure 33. EGUN simulation of the absorbed electron beam. One unit of length corresponds to 0.25 mm. Only
the upper cylindrical part of the collector region is shown.

2.83 Electron reflection and back-scattering in the collector

Electrons entering the collector have a certain probability to re-enter the trap region, either by direct
reflection due to the negative extractor potentia (directly reflected electrons), or after back-scattering off
the collector surface (back-scattered el ectrons), or by kicking out low-energetic e ectrons from the surface
(secondary electrons’). These back-streaming e ectrons may lead instabilities [ 108,109] and anode heating
[110], and the problem has previoudy been addressed by Hershcovitch et a. in ref. [110]. Due to certain
limitations in their modelling, we preferred to repeat and improve the smulation.

* These secondary electrons should be distinguished from the secondary electrons created in the ionisation process
(sec. 2.6.4)
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Both reflected and back-scattered electrons are in our design avoided by an extra low magnetic field
inside the collector creating a strong magnetic mirror effect that prevents most of the electrons to re-enter.
The dow secondary el ectrons are hindered by the suppressor, which is on -500 V relative to the collector
potential, in combination with the eectrostatic depression caused by the space-charge of the electron
beam. Electrons created in residua gasionisation processes in the collector region are also low-energetic,

and will not enter the trap region for the same reasons.

2831 Basic considerations and theory

Secondary electrons are low-energetic with energies about 20 eV [111,112], and the secondary eectron
emission coefficient is smaller than 25% for el ectrons incident on copper with anenergy E o<5 keV [113].
Owing to the suppressor and the electron-beam space-charge, the secondary electrons are energetically
disgualified to re-enter the trap region. On the other hand, eectrons with impact energies E, of a few
hundred electronvolts to 2 keV incident normally on copper have a 38% back-scattering coefficient and
an average energy of 80% of the incident energy when they leave the surface. This can be enough to
promote re-entering of the electrons into the trap provided that the electrons enter the EBIS trap within
the “loss con€’ of the magnetic mirror. The amount of directly reflected electrons re-entering the trap is
solely governed by the loss cone condition, eq. 37.

The back-scattering coefficient n is dependent on the deviation from normal incidence on the collector
surface, and the following expression is suggested in ref. [114] to include the angular dependence:

n=q) (40

where o is the angle of incidence, 1, and n, are the back-scattering coefficients for «=0 and o0,
respectively, and C=0.891 is a fitted congtant [115]. As already stated, 1o~38% on copper for eectrons
with energy Eo<2 keV.

The energy spectrum for the back-scattered el ectrons has been measured by Darlington [116], and a plot
for a 3keV beam is found in Figure 34. For lower impact energies there is little data available, but the
energy distribution of the back-scattered electrons broadens with decreasing incident energy [110]. In the
simulations, the digtribution was approximated with:

0 E/Ey <04
ﬂ_{ o< (47)

dE  |-2/3+5/3-E/E, E/Eq > 0.4

over the whole incident energy spectrum (a few hundred eV up to 2 keV). This approximation generates
back-scattered electrons with dightly overvalued energy, especialy for the low-energy impact electrons,
which probably resulted in an overestimation of the number of eectrons that were reflected into the trap
region.

A major complication for the modelling isthe angular distribution of the back-scattered electrons. At low
energies (<10 keV), no dataregarding angular distributions were found, but it is known that angular
effects of inelastic scattering become significant [116]. For this reason, plus the fact that the fraction of
electrons that undergo pure elagtic scattering is uncertain [110,117], we chose to ssimulate two extreme
cases in a similar way as was done in ref. [110]. In the first, the indastic case, all eectrons were
completely randomly scattered over a solid angle of 2rt, while in the second, the elagtic case, al electrons
had a cosine distribution about the most probable starting angle (i.e. the reflection angle); in both cases
with an energy distribution governed by eq. 47. The angular distribution of eagtically back-scattered
electrons do obey the Lambert cosine distribution with reasonable accuracy [114,118,119].

The presumably dominant drawback in the simulations was the exclusion of the space-charge that is
created by thereflected electrons, i.e. the reflected electrons did not interact with other eectrons reflected
inside the collector. Yet another minor smplification was to sort out and not further trace the electrons
that hit the conical part of the collector, but this fraction of eventswas only ~1%.

2832 Simulation description
To generate the primary eectrons, a beam of 40 el ectron trajectories from EGUN was used. The electrons
were started on equally distant radia positions, thus each trajectory had to be multiplied with its current
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weight factor (e<rgat/feveam), @nd a total number of 1500 electrons were obtained. EGUN traced the
electrons to the collector surface. The reflection probability for each electron was then decided using
eq. 46. For the dastic case, the angular reflection direction was weighted by a factor cos(¢)/N, where ¢ is
the angle between the actual take-off and the most probable take-off direction (equals the incident angle
o), and N is a normalisation constant. The inelastic electrons on the other hand had a complete random
angular distribution over the free 2r solid angle. Both the inelastic and the elastic electrons received an
energy distribution according to eq. 47. Thereafter the electrons were traced, usng SIMION, in 3-
dimensionsin a collector with the following features:

e potential surfaces of collector,
suppressor, drift tubes and |
extractor

e primary electron beam space- ¢
charge

e magneticfield
Note that al electrons were started at
6=90° (Figure35 and 36), just to
smplify the reflection direction
calculations. It is of no real limitation
since the geometry is cylindrically
symmetrical. The eectrons could then
either re-enter the trap region in which o
case they were not further traced, or 04
they could hit the collector surface once
again. If the latter happened, then the Figure 34. Reflected energy spectra dn/dE for an incident
same reflection and trace procedures Ey=3 keV dectron beam energy. Note that dn/dE is negligible
were performed until only ~10 very low for E/Ep<0.4.
energetic electrons remained wandering
around in the collector region (al others had either re-enter the trap region, or become absorbed at the
collector surface).

“dnldE
o
w

07 0
Fractional enerqy £/£,

2833 Electr on back-streaming results

EGUN simulations of the electron beam behaviour insde the collector showed that a fraction <0.1% was
direct reflected. The number of back-scattered electrons were ~0.1% (inelastic) and ~0.05% (elastic),
which is significantly lower than the result (8% inelastic and 0.6% elastic) from a comparable ssmulation
[110]. The shortcomings of the model in ref. [110] as compared to the one used here were:

e atwo-dimensional simulation

e possible uncertaintiesin the current weight factor for the trajectories from the EGUN simulation®

These features have been corrected for in our simulation. Moreover we have an open collector design
with a large, strongly negative extractor reaching into the collector region, which seems to quench most
of there-entering attempts (Figure 35 and Figure 36).

The back-scattered el ectrons build up an extra space-charge in the collector region. The magnitude of this
can be estimated by a simple reasoning. With an average reflection coefficient n,~0.5 for each collector
surface collision, each back-scattered electron will survive n,+n2 +n3 +..~1 reflections. The mean
distance between consecutive collector collisions is of the order 5 cm. Assuming an average energy of
1000 eV, each eectron will wander about in the collector region for approximately
1.0.05/,/2-1000-e/m, ~3 ns. Thus, the back-scattered el ectron space-charge from a 0.5 A incident

electron beam amounts 0.5-3:10°=1.5 nC, which should be compared with the primary beam space-

charge of ~2nC. As seen in Figure 35 and Figure 36 quite a few of the back-scattered electrons are
concentrated at the surface of the collector, and this sheath will affect the absorption of the primary
electrons; how isnot fully clear.

5 The author of ref. [110] recalls having problems with the weighting factor in certain simulations.
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2834 Conclusions

To conclude, only a minuscule part of the electrons are reflected back into the trap region: <0.1% by
direct reflection, 0.1% by inelastic back-scattering, and 0.05% by dastic back-scattering. The high
extractor voltage seems to quench most of the re-entering attempts. Still remains to investigate the
lifetime of the back-scattered dectronsinsg de the collector, and the space-charge build-up.

SUPPFV- -3500 V collector, -3000 V

N

extractor,
—-20 000V B

N\ .
drift tube, 0 V conical part

Figure 35. Smulated eectron back-scattering from the collector for the indlastic case. The plots show a few
back-scattered trajectories from the primary beam impact until they hit the collector again. Sde and end
views. (The geometry of the modd differs somewhat from the actual collector in the extractor region, but this
should not affect the results significantly.)

suppressor, -3500 V collector, -3000 V

extractor, i
—-20 000V E

N\ .
drift tube, O V conical part

Figure 36. Smilar as previousfigure, but for the elagtic case.

2.84 M echanical design

The collector is made of oxygen free high conductive (OFHC) copper. The absence of oxygen ensures an
oxide free formation when the outer cylinder is attached to the inner (see Figure 37). The whole collector
structureis bakeable to 350 °C. In between the two cylinders a two-way spiralling water canal for cooling
ishoused. Thetotal length L of the water canal is 1.6 m. Approximating the 3-6 mm? cross-section with a
circle of diameter d.ana=4 mm, the flow will be turbulent (Re~7000) if the flow velocity vqo,=2 m/s. The

pressure drop Ap is given by [120]:
LvZ,,

Ap = py of (turbulent) ——
2dcanal (48)

2
= [f(turbulent) ~0.32Re* for Re < 3.105]= 1000- 3.5.10*2% ~ 0.3bar

This, together with the low water pressure for the drift tube cooling, implies that no specia pressure
arrangement for the cooling water is necessary. A FEM calculation of the collector heating due to the
electron impact was carried out using Matlab PDE toolbox [121], and the temperature rise from the
electron beam load is expected to be less than afew degrees (see Box 4).
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Figure 37. Cross-section of the collector.

Box 4. Temperature distribution in the collector at electron impact.

The following assumptions were used for cal culating the e ectron-beam heat effect on the collector.

e Thecylindrica collector was approximated by a two dimensional slab of copper. (In the
figure only the upper half of it isshown.)

e Weallow the 15 °C cooling water to be heated 10 °C, and the worst case assumption isthen a
25 °C water cooling temperature at the upper boundary. The water flow must be >1.5 |/min.

e No convection wasincluded in the model, and isolating Neumann boundary conditions on all
non-marked s des assumed.

From the heat distribution RS
plot (Figure 38) we conclude _
that the heating is very small, r(m) Surface cooled by 25°C water i
lessthan afew degrees. 0.03 g j ; A: : : B

0025 |- 42088

002 F--

2086
0.015 |-~

Figure 38. Temperature
distribution in the collector at
1000 W electron beam
bombardment and with 25°C
cooling water. (Note the non-
proportional length scales.)

001 -7
298 4

0.005 fomrienenenens Feeeeens EERPEPRIEE RS SRR EPEIEE SERPRITES P .

2982

With a cylindrical 5mm screen of Armco iron (u,=250) surrounding the collector, the magnetic field
inside the collector is reduced to <0.02 T. Due to misalignment of the collector, or a deviation between
the central magnetic field line and the geometrical axis, a non-symmetrical situation can occur. This may
lead to a higher fraction of reflected electrons, and affect the direction of the extracted ion beam. Even
though the latter effect is easily adjusted for by the steering plates after the extractor, the eectron
reflection is both hard to determine and to adjust for. A conservative estimation indicates that a collector
displacement Ar<0.5 mm and a tilt Aa<10 mrad should not affect the performance serioudly.
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Collector voltage relaive to cathode 2000V
Suppressor voltage relative to cathode 1500 V
Extractor voltage relative to collector -17 000 V
Power dissipation 1000 W
Materid OHFC
Current density <8 mA/cm?
Temperatureincrease due to e ectron load <2K
Cooling water flow >1.51/min

Direct reflected, back-scattered and secondary electrons  <0.1%, 0.1%, 0.05%

Table 9. REXEBIS collector data.

2.9 | njection and extraction optics

29.1 Transport line

After bunching and cooling in the Penning trap, the ions are extracted to
ground potential (i.e. 60keV) and transferred to the REXEBIS via the
transport line. It has a symmetric design, and consists of two 7.5° kickers, two
82.5° spherical benders and two el ectrostatic quadrupole triplet on each side
of the symmetry point (see Figure 39). The kicker close to the 2™ bender
focus is only active during injection; at extraction the beam goes straight
through to the mass anayser. To improve the differential pumping of argon
between the trap and the EBI'S, orifices are positioned at the 1% and 2™ bender
focus, and at the mirror point of the line. The radii of these are not fixed for
the moment (see also sec. 2.10.4).
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Figure 39. Drawing of the REXEBIS beam optics with part of the transport li
included). Note theinsulating ceramic beam tube enclosing the retarding e ement E.

2.9.2 Optical elements

ne indicated (interface is not

The hardware interface between the transport line and the REXEBIS consists of flange and abellow after
the 2™ 7.5° kicker. Concerning the beam transport, we take over the beam at the 2™ bender focus and
deliver it at same longitudinal position, but dightly radially shifted due to the inactive 2™ kicker at
extraction. Inside the REXEBI'S optics section the following elements are contai ned:
A. Two 80 mm diameter cylindrical deflectors for steering. The deflector is a cylinder that has been
diced along the longitudinal axis into four 90° sectors, and then rotated 45° to the horizontal
plane. Aberrations from a deflector of thistype are less than from ordinary flat plate deflectors.

A small cylindrica deflector close to the collector.
Two 80 mm diameter einzel lensesfor focusing.

moow»

Retarder from 60 keV to 20 keV.

A differential pumping stage made of a 50 mm long and 10 mm diameter tube.
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Since the ion injection energy is 60 keV and the extraction voltage is variable between 15 and 22.5 keV
(the RFQ injection energy should be 5 keV/u), the lenses and the retarder have to be switched between
injection and extraction. The einzel lens voltages are switchable between +20 kV and -20 kV, which
guarantees a wide extraction voltage range. In Figure 40 typical voltage settings are found.

The REXTRAP will deliver a 60keV ion bunch with a 3 mmm:mrad focus at the 2™ bender. The
tolerated beam tilt and transversal displacement, which are correctable by the deflectors, have been
calculated using SIMION: tilt+0.3°, displacement +5 mm. After charge breeding the ions are extracted
from the EBIS with a voltage varying between 15 and 22.5 kV (depending on the Q/A-value). To obtaina
Q/A resolution of 150, the ions emitted a 20 kV extraction voltage must fit in a phase space ellipse with

the dimensions 5-8 n:-mm-mrad (4c). With the seering el ements the beam tilt and focus position at the
delivering point can be shifted (tilt +1°, displacement £20 mm). A summary of the beam properties at the
2" bender with tolerances are presented in Table 10 (the acceptance and emittance are treated in sec. 3.3).
The beam profile and phase space at the 2" bender for injection and extraction are plotted in Appendix 2.

Decelerating and Steering
Collector focusing tubes cylinders
Suppressor | AN . / \\
Drittube (N—5"\/) V)
KZ/)\ } / :‘/ j Az 7 } Z 7
N J \ J
N N
Drift tube O V Inner einzel Outer einzel
Suppressor -3 500 V
/7 ,_Collector —3000V
A T
-8000V -12500 V
-20 000 V Y
REXEBIS Steering voltage region.
platform voltage A oltages relative ground
60 000 V T
==Y D
-9 00V -12500 V
REXEBIS v
platform voltage 20000V A 2
20000V \

Figure 40. Schematic picture of the optics elements and the voltage settings for typical injection and
extraction. The einzel lens voltages are switchable between +20 kV and -20 kV.

Injection Extraction
Maximum tilt +0.3° +1°
Maximum transversal displacement +5mm +20 mm
Specified geometrical acceptance 3 mmm-mrad (60 kV)
Maximum geometrical acceptance 11 mm-mrad (60 kV)
Geometrica emittance <19 mm-mrad (20 kV)

Table 10. Beam properties at 2™ bender. The emittance and acceptance values are stated for ions
compl etely within the e ectron beam.
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2.10 Vacuum

2.10.1 Specifications and requirements

A good vacuum is of vital importance for an EBIS since residua gases may compensate the trap and
cause a large beam radius with an increased emittance as a consequence. For the REXEBIS this problem
should not occur, due to the low degree of compensation (<10%). For ingtance, the compensation pressure
(assuming 20 ms breeding time and H, as dominating residual gas) is":

KT

-0.1=1078 torr (49)
ThreedVeOH )

p(HZ)lo% =

which is several orders higher than the pressure we aim for (<10™ torr). We do not have to worry about
ion heating either since for such low Q/A-values as ~¥, the heating mechanism is negligible (see
sec. 2.2.2) and therefore no ionswill be kicked out of the well. Instead, the low number of injected ionsis
the main problem, since they can be outnumbered by the residual gases by orders of magnitude, even for
very good UHV.

Moreover a good vacuum is needed to avoid Penning discharges in the structure, that may heat-up the
system and lead to more out-gassing. This is probably of no danger for the REXEBIS design, since the
stainless steel tube isat approximately the same potential as the drift tubes.

Three sources for poor vacuum are;

e High vapour pressure from the constructing materials. Though, in the case of stainless sted and
titanium as the main construction materias for the inner structure, the vapour pressures are in the
region of 10% torr, which isway bel ow our objectives, and they can therefore be neglected.

e Desorption from the surfaces, mainly H,, CO, O,, N, and H,O. For vacuum fired stainless stedl
H, is the main contributor with a desorption rate Qqeq~eXp(-E«/2RT) %, where Ej is the energy
of activation for the diffusion process, R the molar gas constant, T the temperature and t the time
since the sample was put under vacuum. Due to uncertainties in for instance Egy, the desorption
rate for H, is difficult to calculate, but it is estimated to 5-10™ torr-l/cm?s [122]. Hydrocarbons,
such as CHy, are produced at the surface from H diffusing out of the bulk and reacting with C in
the sted, aswell as on the hot cathode area. The desorption rate is estimated to 5-107*° torr-l/cm?s
[122]. Other contributors are CO, CO, and H,O that cover the system surface after exposure to
air, and have an estimated contribution of 1-10™° torr-l/cm?.s each.

e  Permeation — diffusion through the confining material. The permeation Quem through metals can
only occur for gases that are soluble, that excludesinert gases, and it varies as:

Qperm = dA_W: (\/E - \/E) (50)

where p; and p, (Pa) are the partial gas pressures at each side of a wall of thickness d, (M), and
K (m*Pa”?s%) is the permeation constant. For the stainless steel vacuum tube in the REXEBIS
with dyai=2 mm, p;=5:10°Pa (H, partiadl pressure in air), p,~0Pa, K=1.10" m?Pa’*s*
(extrapolation of hydrogen permeation constant from ref. [123]), the hydrogen permeation
qsperm(Hz) is 1.510™torr-l/cm?s. This is much less than the desorption Cuep(Ho)=5-10
3 torr-l/em?-s, thus, we can safely neglect the influence from permeation. (Also true for heavier
gases due to their much smaller permeation constants.)

Apart from the gases listed above, we also have Ar diffusing from the REXTRAP. This is handled by
differential pumping, sec. 2.10.4. At the filament of the electron gun, as well as at the eectron collector,
the desorption rates are strongly amplified due to a high temperature and eectron bombardment,
respectively.

© One should observe that the compensation timeis i ndependent on the ., therefore the current density should be
increased and the current decreased if one wantsto avoid compensation problems.



40 The REXEBIS

All high performance EBISs have so far been designed with a cold bore (apart from a warm EBIS at
Sacley that was never finished), and thereby have a cryogenic pumping mechanism in the drift structure.
The REXEBIS, however, hasawarm bore, which callsfor other pumping techniques described bel ow.

2.10.2 Pumping systems

2.10.21 Turbo pumps

The backbone in the pumping system consists of two 180 I/s and one 260 I/s 2-stage turbo molecular
pumps from Balzers (further data in Table 11). The two 180 I/s pumps are positioned at the high voltage
platform on each side of the EBIS, and the 260 I/s pump at ground potential near the 2™ bender in the
transport system (see Figure 41). As backing pump a small turbo at ground potential is used, connected
via a plastic hose to the main turbos. The turbo pumping of the trap region is conductance limited.

180 I/s pump 260 /s pump
Pumping speed (I/s) 180 260
N, >110%, He 2:10% H, 5-10° N, >1.10°, He 3-10°, H, 1.3.10*
Compression (heavier dements — higher (heavier dements — higher
compression) compress on)
Lower pressure (torr) <1.10%2 <110

Table 11. Turbo pump characteristics.
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Figure 41. Vacuum picture of the REXEBIS system. Three different pumping devices exist: three turbo
molecular pumps that pump all gas types with high compression; NEG strips with high pumping speed
especially for H,; drift and supporting tubes of titanium with gettering properties. In the transport line
between the REXTRAP and the REXEBIS there are differential pumping stages (pumps not shown).
Calculated partial pressuresinthe sysemare also included (values from Table 13 and sec. 2.10.4).
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2.10.2.2 NEG pumps

Around the inner structure, non-evaporabl e getter strips are mounted in a octagona geometry. These non-
evaporable getters, St707 produced by SAES Getters S.P.A [124], are made of a Zr(70%)-V (24.6%)-
Fe(5.4%) aloy, and have a very high pumping speed for H,.

In the getter material active gases such as O,, CO and N, are permanently kept by strong chemica bonds
to the Zr with the exception of H, and its isotopes, which form a solid solution in the alloy and can thus
be reversibly sorbed, according to Sieverts' law (with parameters specific for St 707):

6116

|n(p(H2)) =438+ 2|n(rconc)__

. (51

where p(H,) isthe H, equilibrium pressure in torr, I'eone the concentration of H, within the aloy intorr-l/g
(valid for T'pne<10 torr-l/g) and T the temperaturein K.

We conclude that a lower temperature results in a better partiad pressure p(Hy) (hydrogen solubility
decreases with increasing temperature), and since the hydrogen atoms diffuse quickly into the bulk even
at low temperatures, the complete NEG strip body can be used for H, pumping. On the other hand, for O,
CO and N; that are chemisorbed on the surface the accumulation of adsorbed species can form a passive
layer at low temperatures, retarding the sorption process. Therefore the diffusion process should be
promoted by increasing the NEG operating temperature to 200 to 250 °C. Such a high temperature should
be possible to keep at the inner structure by the heating bands surrounding the vacuum tube, without
affecting the operation of the magnet. The optimal temperature has to be tested and it depends on the
relative residua gas pressures of H, and O,, CO, N,. The operating temperature will probably be at room
temperature to maximise the H, pumping speed, and when the other gases have built up passive layer, the
NEG is reactivated (this operation procedure is aso recommended by the manufacturer). At room
temperature the H, pumping speed amounts ~0.5 I/cm?s, while O,, N, and CO are pumped with 65%,
15% and 40% speed with respect to H,.

Reactivation means that the NEG is heated to around 350 °C under vacuum (<1-10° torr) for about 20 h,
and the NEG pumping speed should thereafter return to 100% efficiency. The reversible hydrogen
diffuses out of the material, while O,, CO and N that are strongly bond, migrate into the bulk. This
means that after some, typically 20-30, reactivation occasions, the getter is saturated with O,, CO and N,
and only pumps H,. Using dry nitrogen instead of air when venting results in less reduction of the
pumping speed.

To determine the reactivation period, we solve for Teonciimit in Sievert’s law.

In(p(H5)—4.8+6116/T
EXF{ (p( 2) 2 J<rconclimit (52)

and with a maximum tolerated hydrogen residual gas pressure of let us say 1-10™ torr, the limiting
Tconctimit 1N the getter should not exceed 3-10* torr-l/g. Etimating the gassing areato ~1 m?, the total H,
desorption is 10 000-5-10™° torrI/s. This gas load is absorbed by eight 27 mm wide and double-sided
NEG strips, with atotal length of 12 m and a weight of 240 g, and the concentration limit is reached after
a pumping time treqctivation:

Toonc limit - Mgetter ~ 3-107%- 240
Ureactivation = £ = 11 46 years (53)
Ogas l0ad 5-10

i.e. practically unlimited pumping time for H, desorption. The passivisation rate of the surface at low
temperatures due to O,, CO and N, ishard to estimate but should not be limiting at these pressures.

The chemical bonds of water vapour are cracked on the surface of the getter material, and the hydrogen
and oxygen are then absorbed as explained before. The hydrocarbon sorption efficiency at temperatures
bel ow 500 °C isvery small. Inert gases are not pumped at all.



42 The REXEBIS

H, pumping speed 0.5l/cm?s
0O,, N, and CO pumping speed relative H, 65%, 15% and 40%
Hydrocarbon sorption efficiency relative H,  <0.1%

M aximum number of reactivation cycles 20-30

Reactivation conditions 350°C, p<1-10'3 torr, 100% efficiency after 8 h
NEG melting point 1300-1500 °C

Flammability point of the powder 200°Cinair

Resistivity for a 27 mm wide strip 1.6 Q/m

Table 12. NEG data.

2.10.2.3 Gettering material

To further enhance the pumping capacity of the system the drift and supporting tubes are made of
titanium that has gettering properties and forms pseudo-hydrides with hydrogen. The pumping speed for
H, is of the order of 1 I/cm?s[122].

2.10.3 Vacuum firing and baking

The main cause for bad vacuum is not gas leaks but gas desorption from components and vacuum tubes.
To minimise the gas desorption, the material is heated in two different processes: during vacuum firing
and baking.

2.10.31 Vacuum firing

Before the parts are assembled we vacuum fire the stainless steel components. The parts are then heated
to the highest temperature possible without melting the material, which is typically ~900-1000 °C for
stainless steel. The high temperature is desired since the diffusion of residual gases out of the materid
(the desorption) is exponentially proportional to the temperature. The vacuum firing is carried out in
vacuum (1-10°<p<1-10™ torr), for aperiod of 8-12 hours. Before the material is vacuum fired it has been
chemically cleaned to remove surface oxide or other containment layers, and degreased to remove oil.
After finished firing the material must not be touched, but the parts can be stored in atmosphere pressure
since the re-adsorption is a fairly slow process. The main objective with the vacuum firing is to remove
H, from the bulk and oxide layers.

2.10.3.2 Baking

After the parts have been assembled, the system is put under vacuum, and then heated to ~350 °C for 16-
24 hours. This process is called bakeout, and aims to remove water vapour (easily done) and gases that
were adsorbed after vacuum firing (a slower process).

In our case the parts are heated by specially designed heat jackets and wound heating bands. The
temperature is surveyed by a microprocessor-controlled system. When baking, heat sensitive equipment
asturbos, vacumeters and val ves have to be protected.

2.10.4 Differential pumping calculations

To restrict the Ar flow from the REXTRAP (Ar pressure inside the TRAP is <1-10° mbar) to the
REXEBIS, five differential pumping stages are introduced along the transport line with a turbo pump in
each section, see Figure4l. Moreover, there are two orifices inside the trap, so the Ar pressure
immediately outside the trap will be ~107 torr. For the moment, the transport line is not finally designed,
and only an approximate estimation of the fina partial Ar pressureat the EBIS is possible. Assuming four
transport line orifices (A, B, C and D, radius=5 mm) situated as shown in Figure 41, and four pumps with
pumping speed S=400 |/s, the pressurein the EBI'S optics tube will be 102 torr. The two 90° bends of the
structure is overseen which will decrease the conductance and improve the vacuum values.

Thefifth differential pumping stage into the collector consists of a 50 mm long tube with 5 mm radius. At
the collector the Ar pressure is down at 10™ torr. No further pressure decrease caused by differential
pumping into the trap will occur since the NEG strips do not pump Ar. If needed, shrinking the radius of
the orifices to 3 mm will improve the vacuum almost 3 orders of magnitude (5-10°" torr at the collector).
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2.10.5 Gasdesorption from the collector

Residual gases can originate from desorption caused by electron bombardment of the collector surface.
This phenomenon has been investigated in many publications [125,126], and the results do not aways
harmonise (see e.g. [127]). In ref. [128] the gas evolution at continuous bombardment of copper surfaces
was studied at current densities up to 4 mA/cm? with electron energies in the range of 0-3 keV (beyond
200-300 eV eectron energy, the desorption yields only increase very slowly with energy [125,126]). The
materia had been baked out a 200 °C for 6 hours, and the measurement was done a a base pressure of
2:10" torr. The partial desorption efficiencies  (number of desorbed molecules per electron impact)

were determined to be:

N(H,)=7-10°, n(CO)=3-10°, (CO,)=2-10°, n(CH,)=5-10" mol ecul es/el ectron
A higher current density load (~8 mA/cm? for the REXEBI'S collector) leads to less desorption [125,126],
and the combination of higher bakeout temperature and longer baking time, should lead to maybe one
order of magnitude smaller desorption coefficients, i.e.

N(H,)=7-10", n(CO)=3-107, n(CO,)=2:10", N(CH,)=5-10 molecul es/electron
Thus, with 1.=0.5 A thegasload is

Quol(H2)=1:10®, Qe (C0)=5-10", Qo1 (CO,)= 310, Queri(CH4)=8-10"" torr-I/s
The pressureincrease Ap(gas) for each gasisgiven by:

(gas)l KT

ap(gas)= T2 (54)

With only the 180 I/sturbo pump connected, the partial gas pressuresin the collector region will be:
p(Ho)~ 110, p(CO)~ 310, p(CO;)~ 210, p(CH.)~ 810" tar

In addition, differential pumping in the solenoid bore (accomplished by the three support plates a z=400,
600 and 775 mm and the NEG surfaces) will improve the vacuum for collector out-gassed H,, CO and
CO,. Only CH, is unaffected by the NEG pumping. Before a run the collector can be cleaned by
sweeping the electron beam over the collector surface. As a fina remark, one should point out that the
experience from the electron collector at the electron cooler at MSL suggests that out-gassing problems
are of minor importance [129].

2.10.6 Overall vacuum calculations

Due to the large uncertainties in out-gassing constants, very detailed vacuum calculations are pointless,
and approximate models give reasonable vacuum estimations. We have implemented a very rudimentary
mode including:

e thecollector

¢ thethree supporting plates (conductance limiting) between the collector and the trap centre
¢ theturbo pumps, the NEG strips and the sorbing titanium

e thecollector gasdesorption

¢ theout-gassing from the inner structure
and calculated the trap pressure for different scenarios. The results are presented in Table 13, and the
most likely values lie probably somewhat closer to the higher estimation ‘Out-gassing from inner
structure and collector’ than the more wishful ‘ Out-gassing only from inner structure’.

(torr) H, CcOo CO, CH,
Trap region
Out-gassing from inner structure + collector 5102 3102 2102 510
Out-gassing only from inner structure 910" 310% 310 1210%
Collector region
Out-gassing from inner structure + collector 6102 5102 4102 5108
Out-gassing only from inner structure 910" 310® 310 1110%

Table 13. Vacuum estimations. The pressures are based on the following inner structure out-gassing rates:
Qesp(H2)=5-10", Quesy (CO)=1-10""%, Qs (CO2)= 1-10™, Giseey (CH4)= 5107 torr-l/cns, and a collector
gas desorption of Quesp(Hz)= 1:10°, Quesp (CO)= 5-10°, Quesp (CO2)=3-10°%, Quep(CH4)=8-10™ torr-l/s.



The REXEBIS

2.10.7

lon extraction spectrum

We are now able to make an absolute prediction of the number of residual gasions produced during one
breeding period, i.e. to decide the residual gas contamination of the extraction spectrum. Spectra for the

two extreme cases:

e inner structure + collector out-gassing + high argon diffusion from the trap

e inner structure out-gassing + low argon diffusion from thetrap

are plotted in Figures42
and 43. Included is aso
the charge distribution for
a typical radioactive ion:
10 000 *Naions. The
breeding time is set to
optimise charge-state 8.
Since the N, pressure is
uncertain, it is assumed to
have the same partia
pressure as O, (In redity
probably lower, which
should give an
overestimation of the N,
peaks.) The ca culations of
the breeding spectra do not
include the  spherica
correction of  binding
energies[71].

From the  extraction
spectra it is clear that a
mass sel ection system with
a good resolution is
needed after the REXEBIS
to separate the residual gas
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Figure 42. Calculated Q/A spectrum showing the absolute number of residual
and radioactive ions. Breeding time 13 ms; 10 000 “ONa ions; collector out-
gass’ ng included; high Ar diffusion from the REXTRAP (47180, 1213¢, 1415,
53840y jsotopes are present).
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Figure 43. Calculated Q/A spectrum showing the absol ute number of residual
and radioactive ions. Breeding time 13 ms; 10 000 ®Na ions, collector out-
gass ng not included; low Ar diffusion from the REXTRAP (187180, 1213C,
1415, %6384 jsotopes are present).
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2.11  Beam diagnostics

A major dilemmaisto guide theion beam into the trap region of the EBIS, and after breeding extract it in
an efficient way to the Mass separator (Figure 8). We are dealing with extremely low beam intensities,
and it is practically impossible to insert any kind of detector inside the trapping region to confirm a
correct injection. Here follows a description of the beam diagnostics that we have considered so far.

2111 Emittance meter

It is important to measure the EBIS emittance for beam transport and mass analyser design reasons.
Different methods exist, and most commonly a narrow dlit is swept over the beam profile to determine the
angular beam spread in one dimenson for each dice of the beam [131,132]. A one-dimensiona
transverse emittance measure is then obtained.

A more sophisticated device involves a so-called pepperpot (see Figure 44). The beam passes through a
plate (thickness d) that is penetrated with a two-dimensional array of small holes (radius d). After afree-
space propagation D, the beam hits a detector, in our case a fluorescent plate, and the beam spots are
recorded by a CCD camera [132,133,134]. From the sizes and positions of the beam spots, a variety of
information is obtained, eg.:

e relative current density of the beam
e if the beam isconverging or diverging
e complete four-dimensona phase space distributions

e horizontal and vertical phase space plotsif the motions are separablein x and y

A few important design details to keep in mind are that the plate thickness § should be small to avoid
vignetting, i.e.:

A6 << d (55)

and that the width of the particle profile at the detector must be large as compared to the dimension of the
aperture, in other words:

DAO >>d (56)

Our emittance meter has a design as is shown in Figure 45. The exact distances have to be settled after
tests since they are dependent on the actual beam divergence and focal spot size.

Orbit traces

Detector

I
Aperture plate Detector

Figure 44. Principle of the pepperpot emittance diagnostics [130] .

During the autumn 1997 we carried out pre-tests on such a device to determine a suitable fluorescent plate
material and found that a scintillator screen of YAG:Ce (commerciad name P46) has a higher light
intensity than Csl:Ti (usually used for low energetic ion beam detection), see Table 14. The transverse
resolution (estimated to ~0.1 mm) seems also to be better due to a thinner active layer, and since the
fluorescence material is evaporated on a glass substrate it facilitates observation from the back. The tests
appear very promising, and we hope to assemble a system in the near future. Though, one has to keep in
mind that the REX-ISOLDE intensities are very low. The CRY SIS tests were performed with a total
output charge of ~1 nC a thebeam line Faraday cup, with approximately 25% transmission from the
Faraday cup to the pepperpot. The beam focus at the pepperpot was estimated to 4-4 mm?, and the
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pepperpot  hole diameter was
0.15 mm. Under these conditions the pepperpot plate
fluorescent spots on a P46 plate

mounted  directly behind the ~ incomingbeam ] mirror
pepperpot were clearly visible both ’ —

with a naked eye and with an < D >

ordinary, non-cooled and non- gasse8se fluorescence

integrating, CCD camera. However, 88885220

typical output charges for the /15555555 iﬁrme

REXEBIS (including residual gas) @ CCD

will be ~0.0001 nC; the beam—spcz)t 2d Camera

size ought to be at least 10-10 mm~; to computer

the beam transmission is >90%; the pulse
pepperpot hole diameter 0.1 mm; the Figure 45. Possible emittance meter design for the REXEBIS
distance between the pepperpot and based on the ‘ pepper pot fluor escent-plate CCD-camera’ method.

the fluorescent plae ~100 mm.

Taking al these factsinto considerations, it is easy to redise that the detection will be abit of achallenge.
Furthermore, since the fluorescence response is not linear with respect to the impinging ion intensity it is
difficult to judge how large the beam spots are, and thereby to obtain a quantitative value of the
emittance.

P46 Csl:Ti
3 mg/cm? Y AG:Ce as phosphor ~0.5 mm thick fluorescence, non-transparent
2 mmthick float glass substrate Slightly hygroscopic
Covered with 5 nm Al layer reflector No conducting covering layer
Y ellow green emission colour, 560 nm 550 nm emission wavel ength
100 ns decay timeto 10% 900 ns decay constant

Table 14. Fluorescent material properties.

2.11.2 Other beam diagnostic devices

Apart from an emittance meter a current quadrant detector may be installed in connection with the inner
differential pumping tube. Such a device is able to detect misalignments of an injected pilot-beam (a test
beam that has higher intensty than the ordinary radioactive beam) with a total pulse charge below pC
[135], which is at the limit of the 10 ions the Penning trap can bunch and cool. However, the use of a
pilot-beam may produce slightly faulty settings since it is claimed that the trap performances will change
when going from a space-charge compensated trap (pilot beam case) to few ions (real radioactive beam
case).

Another possible injection-optimising action is to extract a single-charged beam from the REXEBIS and
guide it backward into the transport line between the REXEBIS and the REXTRAP. At the symmetry
point of the transport line a two-way detector could be placed, which would be of guidance when setting
the extraction parameters of the Penning trap and the transport line.

It has also been suggested to mount a MCP at the 2™ bender focus to check the injection focal position
and spot size.

212  Platform HV switching

The REXEBIS issituated at 60 kV potential during injection’, allowing the cooled 60 keV ions extracted
from the REXTRAP to be captured. During the breeding period, the potential is decreased to about
20kV. A low extraction voltageresults in a low RFQ injection energy, thus an efficient, adiabatic

bunching and small output emittance from the RFQ. The RFQ is optimised for an ion energy of 5 keV/u,

" Actually, the ions are extracted from the REXTRAP with an energy of ~59 700 eV. Thisis amore correct potential
value the REXEBIS will be a during injection, even if avalue of 60kV is stated throughout this report.
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and snce 1/4.5<Q/A<1/3, the extraction voltage Ue should be variable between 15 and 22.5 kV.
Figure 46 illustrates the platform potentia function.

Uptattor ‘(kV) T=5-20 ms
‘ < » [ 5V
= S
40 ] 8 . @
| = breeding éu t.£1ms
15-22.5 |..: :
5V
0 —>
| \ t
100us ~5-18ms  100us

Figur e 46. REXEBI S platform potential relative to ground potential during
two cycles. (Theinternal REXEBI Svoltages, for instance the barrier tube
voltages, arerelated to this platform potential).

2121 Design proposalsfor HV switching

Two different anglesto attack the HV switching problem have been considered. Thefirgt involves a static
REXEBIS platform at 20kV and a drift tube arrangement to retard the beam during injection, see
Figure 47. Its properties are summarised below, and one can conclude that the solution is not very
attracting.

— alongdrift tube is required: ~2m

— lensesareneeded inside the drift tube

— focusing difficulties: large beam radius and beam aberrations
— maximum Penning trap extraction time hasto be short: <1 us
—  short switching time: ~0.5 ps between 40kV and 0 V

=60 kV

Figure 47. Drift tube arrangement to
—»f[ TRAP HD retard the 60 keV beam. At injection the

20 kV, the ions have just enough energy to

- tube is at 40kv (relative to ground

2 potential) so the ions move with 20 keV
N 3 insde Before they leave the tube to enter

o the REXEBIS the tube potential is
1T —~ decreased to 0V, and since the EBISis at

=

®

Drift tube climb the EBIS potential, and consequently

EBIS —|]]]]]]]]]]]]]]]]][|]]I|]]]]—D they are trapped inside the EBIS. During

~0/40 kV extraction the tube is still at ground
=20kV potential until the ions have reached the
Mass separator, and then it is immediately
Udri wbe (KV) raised to 40 kV to be prepared for a new
cycle
40
0 ' i l —1 >
/ breeding \
beam injected in EBIS dead time
into tube
beam extraction

insde  (passing tube)
tube
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An dternative to the drift tube is to switch the complete EBIS between 60 kV (at injection) and 20 kV (at
extraction). This has some advantages, e.g. a longer switching time can be allowed. On the other hand, the
capacitance to switch islarger (~1 nF).

+ acompact system

+ alowslonger Penning trap extraction time (<100 us); now limited by the EBIStrap design

- difficult to switch the REXEBIS between 20 and 60 kV

Several different circuit layouts for switching of the complete REXEBIS have been put forward by Paal
[136], and we will here present one based on two semiconducting switches [137] (electrical scheme in
Figure 48). A switching cycle is described here.

1. Assumethe REXEBIS platform to be at 20 kV.

2. Open Switch2 and close Switchl. The REXEBIS, represented by C,=1 nF, will be charged up to
60 kV by the 60 kV power supply in combination with capacitor C;. The manoeuvre takes a little
more than 1 us (1.4 us for Uparorm to reach 59 800 V; thereafter a linear increase to 60 000 V
within 5ms). A quick charge-up is important since we do not want to |oose breeding time due to
dow switching. In principle, we can alow charging-up times<1 ms.

3. Uparorm Stays at 60 000£5 V during the 100 ps long injection period.

4. Then Switchl is opened while Switch2 till is unclosed. The REXEBIS capacitance will slowly
(t=40 ms) dischargeto 40 kV.

5. Just before extraction Switch2 is closed, and the REXEBIS is discharged to 20 kV within about
15 us. In thisway the breeding time is variable between 5 and 20 ms depending on the required
charge-state. The platform chargeistaken care of by the large capacitor C;. The voltage stability
should be 20 000+5 V for the extraction period.

When realising this circuit one has to be aware of not overloading the switches, and therefore build in
miscellaneous security mechanisms, and not run it with too short period time. Inherent inductances in the
circuit may cause unacceptable ripples, and this has to be investigated in practice.

R320M Switches: Behlke HTS 650, 65kV/30 A,
L1 transistor switch
Uswitcht Power supply 1: 60 kV / 10 mA
i Power supply 2: 20 kV /5 mA
R11k R2360 | switch
—»
lswitch2
R6
Switch 1 IT\ 40 M \
" Uswitch2
R7 36! _J
' Power | i Switch 2 | c21n
Chargl ng SJppl yl 200nl” RS 1 --REXEtBaL ie Uplarform
5y
::](_:3 Power ESK
R4 | +H|[Supply 2
20-30[kv et i
Discharging v

Umeasure, 6 V / 60 kV
Figure 48. Proposal for REXEBIS platform switching based on two semiconducting switches.

Other imaginable schemes we have looked into comprise a current generator, a high voltage tube
amplifier or acommercially designed power supply. The latter solution was chosen in the end. Sinceiit is
preferable, from the power supply point of view, to keep the voltage swing below 40 kV, the ISOLDE
separator could be run at a lower energy than 60 keV, perhaps 55 keV. Then a 40 kV switching supply
could reach therequired 15 kV which isneeded for Q/A=1/3.
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2.12.2 Platform power
The power needed on the REXEBIS platform is delivered by a

motor-generator arrangement. A transformer would be a less Motor Generator
awkward solution, but the higher capacitance of such a device 3-phase 3-phase
makes the switching more problematic. The motor is positioned on 15 kW 15kVA

the mechanical platform and grounded, while the generator is 380/660V ATY 400V
electrically insulated and impelled by an insulating rod. The 31518 A 21.7A
generator is physically separated from the REXEBI'S platform, but

is electrically connected with it, i.e. Situated on 20/60 kV/. Table 15. Motor-generator data.

2.13 Electronics

Most of the eectronics is physically situated in the racks on the REXEBIS platform. One of the racks,
containing the electron gun, the suppressor and the collector supplies, is on -5kV reative to the
REXEBIS platform. This has been arranged by insulating the inner shelves from the rack cabinet, so the
rack can be placed directly on the platform without electrical insulation. The power to the rack is
delivered by a 5 kVA transformer. The other two racks, containing the magnet supply, pump controls,
power supplies etc, are on REXEBIS potential. Furthermore, there will be one rack on ground potential
for beam optics supplies, pump controls etc.

2.13.1 Power supplies

Therearein total 17 power supplies (+2 optional) for the REXEBIS. The power supplies can be divided
into DC type, slow beam optics supplies (ms), and fast switching trap supplies (us). A VME-computer a
ground potentia controls the power supplies, either directly, or via function generators situated on the
platform.

2.13.2 Control parameters
The parameters that have to be controlled can in principle be divided into the following groups:
e Vacuum — turbo pumps, vacuum gauges and valves

e Magnet —magnet current, magnet field, LgqHe and LgN, levels
e Beam diagnostics— Faraday cup, channd plate and TOF
e  Power supplies—trap dectrodes, beam optics, gun, collector etc

e Baking system
Some signals are read/write, but most of them are only write. See further Appendix 3 for a complete list
of control parameters.

2133 Control system

A number of EBIS voltages have to be . PROFIBUS
synchronised in time for the system to work; PC vME [V

not only to each other but aso to the rumning {* 1SOLDE Y g | 4 SPB
REXTRAP and the following LINAC, A | Windows ﬁ O | g Serid
convenient solution is to integrate the control

sysems for the REXTRAP and the Optical link B
REXEBIS, and such a system has been < NN\ Z N <Z X\
devel opment by the two groups. In total there REXEBIS nExesd | REXTRAP round

are three high voltage platforms plus the GUN 60 kV
ground potentia. On ground potential, a
VME-computer running OS9 as operative  Figure 49. The principle of the REXTRAP and REXEBIS
system is situated. This controls the on-line  control system[140]. (NB! The optical links are two-way.)
working and the synchronisation of the

Penning trap and the EBIS. As user-interface to the VME-computer an ordinary PC is used,
communicating with the former via the ISOLDE Ethernet. Due to the potential difference between the
three platforms all data have to be transmitted via optical fibre links (TTL and PROFIBUS [138]). The
microsecond switching of the drift tubes is done by Simple Analog Function Generator (GFAS) [139]
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placed on ground and connected via optical fibres to 14-bit precision General DAC for GFAS (GFAD)
[139] stuated on the HV platform. In an identical way the two beam optics lenses are controlled even if
the switching times are more relaxed (~1 ms). The contral of the supply for the platform HV switching
calls for high accuracy and stability, which can not be fulfilled by a 14-bit DAC, and therefore a 16-bit
precison GFAD with a low temperature drift coefficient is used. Figure 49 shows the layout of the
control system.

2.14  Mechanical platform

The complete REXEBI S apparatusis placed on amechanica platform (to be distinguished from the
REXEBIS high voltage platform) diagonally above the REXTRAP, approximately 3.5 meter above the
floor level (see Figure 2). Spaceredtriction in the hall isthe motivation for positioning the EBIS one level
above the TRAP and the LINAC. The platform ismade of steel and is supported by 7 stands to the floor.
On this mechanical platform the REXEBIS high voltage platform is positioned, including the EBIS and
three electronicsrack. It isinsulated by 300 mm insulators from Siemens made of epoxy to allow the
REXEBIS platform to jump between 20 and 60 kV. The motor-generator has been recuperated from old
ISOLDE, and the motor and generator are mounted on a common frame, with the generator el ectrically
insulated from ground. It isforeseen to have the motor-generator situated on the same mechanical
platform asthe EBIS, since the result from avibration investigation implies that they aretolerable by the
EBIS and the transport beam line. A maximum weight distribution is shown in Figure 50. For security
reasons the entire apparatus is surrounded by a high-voltage cage, which is semi-transparent to alow
supervision of the insrumentsin the racks.

1901

300 kg 300ke | F———9
L ~ >
sea = EO
Max loadings
Elgctronics racks = O Insulator
§ support
=
o Vibration
Cr——D damper
231 1840
600 k 600 k;
e \ 100 ke
100 kg | L \\ X)
B vE)
LB koo [fEmte
&P /f} o 4
— '
] 7
100 kg 600 ke 500 ks 100 kg
51 638 91 57 345
2295

Figure 50. Top view of the layout with worst case weight distribution on the mechanical platform.
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Part |1l —SIMION simulations

3.1 | mplementation of an EBIS model in SIMION

311 SIMION 3D

SIMION 3D 6.0 [141] is a smulation program that models ion optical problems in 3D asymmetrica
electrostatic and magnetic potentia arrays. It traces the charged particles and displays them together with
the electrostatic/magnetic structure. SIMION 6.0 incorporates user programming — a feature that alows
the user to indlude any required function.

3.1.2 The physical model

The implementation of the physical EBIS model followed the basic structure used by Axelsson [142] in
the investigation of CRY SIS, but the model was refined and extended to comprise a complete injection,
breeding and extraction cycle. The SIMION model included the following features:

e Timevarying electric potentials produced by the switched tubes and optics elements
e Magnet field from the solenoid
e  Space-charge potential from the el ectron beam

e  Charge multiplication within the electron beam
Not included in the model were:
e Heating, i.e. momentum transfer in ion-ion or electron-ion interactions

e lon-ion or ion-atom interactionsleading to electron transfer (charge exchange processes)

e  Space-charge effects from theions

The model was of so-called zero order, that is no momentum transfer from electron-ion or ion-ion
Coulomb collisons were incduded, nor recombination or charge exchange events. The eectron-ion
mixture was simply not regarded as a plasma, instead the tracked ion moved as a single particle in the
electric and the magnetic fields. The main justifications for this smplification are the low desired Q/A-
value (giveslittletime for heating) and the low residual gas pressure (minuscule chance for eectron pick-
up from rest-gas).

3121 Electrical field

The REXEBIS dtructure was modelled with its transport, trap and barrier tubes, the suppressor and
collector, the extractor and the injection/extraction optics. Due to the switching of the platform potential
and the varying drift tube voltages, the structure potentials were changed between injection and
extraction.

As a conseguence of the electron beam space-charge — the second electrical force contribution — the
positive ions are trapped radially along the EBIS axis by the radia field given as:

P r
—_ r<r
277:80 rezb ebeam
E = 1 eam (57)
o lepeam < T
2mey r

where p; is the electron beam charge per unit length and re.em the electron beam radius. The attenuation
of p in the collector (due to eectron absorption) was incorporated by multiplying p; with
(Fsurace(Z)Fepear(2))? @Nd, by s0 doing, determine the fraction of electron beam found inside the radius of
the limiting potential surface, rqace(2), (the trap tubes, the extraction tubes, the suppressor and obviously
the collector). The variable rg,ace(z) Was approximated by:

leollector — ftube (58)
1+ EXp(_ Cl(z ~ Zeollector ))

I surface (Z) = Tube +
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where regiecor 8Nd Zegetor denote the radius and position of the collector, respectively, and C; is a positive
constant. An approximation of the axial field E, was derived from the potential (V(r,z)=—[E(r,z)dr ) by

the derivative (E, = -9V /dz), resulting in:

r r g rface _r2 arebeam
Pl r2 Mebeam . ebeam' surface 9z surface 9z

I <r. <Tr
3 3 surface < 'ebeam
2neg lebeam 9z lebeam

- ' < Tepeam < lsurface (59)
2TC£0

E, ~ P 1 r2 )arebeam_ 1 Orgyface
lebeam reabeamJ 0z lurface 02

PI 1 arsurface
- 9z lebeam < T < Tsyrface

2meg I'yyrface

Due to an incorrect derivation a different expression for the axial field E, was used in the simulations.
This affected the results in a way that the rectangular form of the acceptance phase-space became extra
accentuated.

Theion-ion interaction isthe third electrical force contribution, but this was neglected due to the intricacy
to model space-charge effects caused by ions. The few injected ions and the expected low residual gas
pressure could motivate the assumption, and the validity of it isdiscussed in sec. 3.2).

3122 Magnetic field

SIMION has not the potentiality to handle solenoid fields directly in its potentia arrays, so the field was
implemented as a user defined field force. An approximation of the following form was used for the axia
magnetic field [92]:

__ B 2
BAr.2)= 17 ep(- Aoz 2)) 1+ ep( Alz-2))

(60)

2 BoAS el- Ay(z-20))- (- ep(- A (2-20)) | BIA exp(- A(z-2))- (- epl- Alz- zl)))J
4 (- exp(- A(z- ) (-en(- Alz-2))

where Bo, B1, Ao, A1, 79 and V4)
are magnet dependent parame-
ters. Figure 51 shows a compari-
son between the OPERA 2D
caculated and approximated
values for B, adong the
REXEBIS axis. The agreement
is very good for field strengths
above 10° T, but the analytic
formula does not emulate the
fidd increase at the collector
iron-cylinder ending. The radial
magnetic field, to the 3" order in
r,isgiven as.

Bz-field at centralaxs (T)

198, 198 3
2 o0z 16 5,3 o . i i i i i i
61 0.2 0.3 0.4 0.5 0.6 07 0.8 0.4 1
( ) z-position in FB IS, 2=0 at center (i)

r =

Figure 51. A comparison between measured B,-field along the central
axis and its approximation. A drawing of collector and part of the drift
tubes relates the magnetic field to the solenoid. Note the logarithmic
scale.
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3123 lonisation process

To obtain a redlistic breeding scenario the random ionisation within the trap had to be included in the
model . lons within the electron beam had at each calculation time-step a certain probability, proportiona
to the ionisation cross-section and e ectron beam current density, to be further ionised. The cross-section
for ionisation was calculated with Lotz's approximate electron ionisation cross-section formula for
positiveions (see sec. 2.2.1).

In area EBIS the ions are reflected forth and back between the two longitudinal potential barriers a
numerous times during trapping; the number of reflections are determined by the injection energy and
confinement time. To avoid the time-consuming cdculation of forth and back tracing of ions, the
ionisation cross-sections were multiplied by a factor so that only one turn within the trap corresponded to
a desired confinement time.

3124 Calculation accur acy

Despite the shortened tracking length, computationally achieved by the increase of the ionisation cross-
section, the ion tracking required considerable CPU-time; a normal injection/breeding/extraction run with
a few hundred ions lasted several days on a 120 MHz Pentium. The tracing time-step length was 0.5 ns,
and energy conservation tests were performed to examine the calculation accuracy. If mono-energetic
1" ions were injected and hindered from ionisation, and thereafter extracted (i.e. fill as 1" ions), the final
energy spread was o(Eox(17))~2.3 eV. An upper estimation of the spread caused by energy non-
conservation for 8" ionswould then be 6(Eqx(8%))<8-2.3 eV~18 V.

3.2 Space-charge smulations

When performing beam tracing the space-charge from the propagating beam is one of the main
complications, and it is usually overcome with so called Self-Consistence Calculations (SCC). In the
SIMION simulations the ion space-charge effect was omitted, and the following calculations will
motivate the approximation, at least in aregion without external fields. The ion-beam space-charge effect
inside thetrap is on the other hand laborious to estimate.

321 M odél description

After extraction from the trap and collector regionstheions enter a field free region where they propagate
in a bunch, al with approximately equal axial velocities, repelling each other via Coulomb interaction.
The number of ions per unit length nio, is dependent on the extraction time te, the extraction voltage Uey
and the number of trapped ions Nion (see Box 5). In the simulations a fraction of the total pulse was cut
out and al ions within the test bunch were traced repeatedly until a self-consistent solution was found
(approximately three iterations were required). The test bunch length AL must be chosen much larger than
the beam radius (even after space-charge blow-up) to minimise the influence from the end boundaries (i.e.
the axial ends of the test bunch where the ions only experience Coulomb forces from the bunch centre).
Very long test bunch lengths AL were tested with consistent results.

3.2.2 Space-charge smulation results
For typical REXEBIS extraction conditions (given in Box 5), the beam radiusincrease is 0.01 mm over a
0.2m drift distance, with an emittance growth of 2-10° r-mm-mrad. The emittance increase should be

compared with the nominal value of about 10 w-mm-mrad. Thus, the radius and emittance increase due to
space-charge can safely be neglected.

Insde the trap region there exists a strong electrical force from the electron beam and a magnetic field
from the solenoid, so the above fidd-free calculations are not valid. The Debye length (the distance it
takesfor a plasmato shidd itself from an applied continuos dectric field) insde the trap equals.

Ap = /S(Jz_kTe (62)
€e

Due to the directed electron beam flow in an EBIS, the Debye length is different in axial and radial
direction, for the REXEBIS Ap(axia)~9-10* and Ap(radial)~1-10" m.
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Assuming that the trap contains 10° ions, each mm?3 will contain ~6000 ions, thus the Coulomb interaction
between the ions can not be excluded. However, the magnitude of the beam blow-up due to the space-
charge is difficult to estimate, and SIMION does not support Self Consstence Calculations and it would
be fairly difficult toinclude.

Box 5. Space-char geinfluences on beam radius and emittance.

The different steps in the SCC of the beam blow-up for an ion beam propagating exclusively under

space-charge influence were;

1. Distribute nio,-AL over acylinder with radiusr, and length AL.

2. Letalionshavethe sameinitia axial velocity and no transverse velocity component, i.e. €4a1=0.

3. Trace each ion separately over the distance L, and let it Coulomb-interact with all other ions that
are moving parallel to the z-axis with no transverse vel ocity components thisfirst trace.

4. Record the positionsfor all ions during the trace.

5. Retrace each ion separately over the distance L, and let now the ions Coulomb-interact with all
other ions at their positions from thelast trace.

6. Repeat (4) and (5) until a convergent solution is obtained.

7. Read final beam-radius and transverse velocities and cal cul ate the emittance increase.

Smulation conditions Smulation results
Number of trapped ions Nigy=1-10" Radius increase after 0.2 m drift Ar=0.01 mm
Initial beam radius r;=0.1 mm Emittance increase Ae=2-10"° mm-mrad
Extraction voltage Ue:=20 000 eV
lon charge geq=8" 02m

IOn mass mion:30 u [‘_—%ﬂﬂ 0.11mm
Test bunch length AL=1 mm >>r omm \L—N_/ '

7
Non 10 ~100000  (63)

oo U ot ot 100.10_6\/2-203%?10&

3.3 Acceptance and emittance

Radioactive ions are vauable and difficult to produce in large amounts, therefore the requirement on the
beam transport efficiency, including the REXEBIS, ishigh in the REX-ISOLDE project. To guarantee the
efficiency, extensive analyses of the EBIS injection and extraction have been performed, anaytically as
well as with smulations. To our knowledge, complete injection and extraction smulations of an EBIS
have not been performed before, so therefore we have developed a model and implemented it in SIMION.
Even if the smulations started off with the specific aim to determine the REXEBIS emittance, they soon
became more generd involving for instance investigations of the emittance dependence on ion charge and
mass, aswell as on magnetic field strength in the EBIS. Hence, the results of the analysis presented in this
chapter are in most cases of general applicability, also on other EBISs.

In the REXEBIS we will utilise ion injection, i.e. already 1" ionised ions are injected in the EBIS for
further breeding. This procedure is somewhat more complicated than gas injection, at which gas
atoms/molecules are let into the ionisation region by diffusion, where they are ionised and trapped. The
reason for the difficulty isto inject theionsin a proper way, so they are trapped within the electron beam
and not bounce at the magnetic mirror when they try to enter the EBIS. If theions enter the EBIS with too
largeradii or divergence, they will either oscillate too violently in radial direction due to the electrostatic
force from the electron beam, or pick up atoo large azimuthal momentum due to the magnetic field, and
are for those reasons reflected back. In other words, an effective injection requires a small ion beam
radius and little divergence. The injected ions will distribute their energy between potential energy in the
electron beam well and kinetic energy (longitudinal, azimutha and radial momentum) depending on the
injection conditions.
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Some of the simulations were performed with gas injection conditions since that imitates the way the
residual gasisionised. The atoms are then ionised at random radius (within the electron beam), with no
initial kinetic energy (the thermal velocity is negligible compared with the electron beam potential well

energy).

Due to the axis-symmetrical geometry of an EBIS, the horizonta and vertical phase space plots are in
principleidentical, and in thisreport they are often referred to as the transverse phase space.

3.31 Emittance definitions

Since acceptance and emittance are vital for the evaluation of beam properties, we will here shortly
explain what emittance is, and define a few measures. For a more extensive treatment we refer to for
instance ref. [130] or to the notes from CERN Accelerator School [143]. Neglecting mutual interaction
and coupling between the three movement directions of a particle, the emittance is defined for each
degree of freedom; horizontal, vertical (transverse emittances) and longitudinal.

3311 Transver se emittance/acceptance

The transverse emittance €, horizontal or vertical, is a measure of the paralelism of the beam and it is
proportional to the area filled by the trajectories in the phase space plot. Smaller phase space areg, i.e.
smaller emittance, means a better quality of the beam, implying better beam focusability or parallelism.
The phase space plot in turn is a plot of the x-x" or y-y” values for al particles in the beam at a certain
longitudina position z (the beam propagates along the z-direction), where x'=dx/dz and y =dy/dz
(Figure 52). Inthis context one often speaks about phase space ellipses because with linear focusing
elements the trajectories follow éliptical paths in phase space, so éliptical phase space digributions
remain elliptical®. We define the emittance as the area filled by the trajectories in a phase space plot. That
means for an ellipse the emittance is the product of the two semi-axes of the dlipse multiplied by ©. To
easier calculate the emittance value, a phase space plot can be converted to upright position. In reality,
that equalsatrandation in z-direction to the focal point of the beam.

Figure 52. A st of points representative for a beamin the (x,X") phase space; tilted (left) and upright (right)
emittance ellipses.

According to Liouville's theorem the phase space is invariant in an ideal focusing system, that isin a
system without dissipative forces, without particle loss (or gain), and where the applied forces and beam-
generated forces act over large length scales in comparison with the interparticle spacing. In other words,
the emittance is a conserved quantity when a beam is subject to reversible processes. Nonetheless, non-
linear forces can warp the phase space of the distribution, enlarging the practical phase space volume®.
When there is acceleration involved, the normalised emittance is conserved, defined as ey = g8y where

B and y aretherelativistic quantities.

Above the emittance was defined as the total phase space area, while others prefer to divide this value
with © and designate that the emittance. The confusion is widespread! However, throughout this
document the term ‘geometrical emittance’ refers to our “ared’ -definition, and the used encircling area

8 Nevertheless, in this chapter we will encounter arhomboida phase space defining the acceptance of an EBIS.
® With practical phase space area (or volume) we mean the acceptance phase space areathat existsin accelerators, for
instance an dlipse.
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has either been an dlipse or arhomboid, no strange butterfly-shaped areas. In some cases this definitionis
not completely unambiguous since a real beam has no clear envelope in phase space. A practical
definition is to define the emittance as the area of the dlipse containing 95% of al the particles in its
interior.

Sometimes even such a definition is not satisfying enough, especially if the phase space has become so
twisted and bent that its area is not more representative of the spread of the particles. Then a statistical
definition, which not relates the emittance to any contour limiting area occupied by the points, is
appropriate. Such a definition was given by Lapostolle [144]:

s = M OANX 2 = (x-X)? mm-nrad (64)

and it is called either ‘effective emittance’ or ‘RMS emittance’. For many redistic beam distributions
€rvs 1S the emittance that contains 85-90% of the beam. In our work we have preferred not to make
comparisons between geometrical emittance values and RMS emittance values. Note that the RMS
emittance is not a conserved quantity. (If astraight line in the phase space becomes curved, then the RMS
emittance is no longer zero, while that it till the case for the geometrical emittance (using a non-éliptic
contour).)

3312 Longitudinal emittance

The longitudinal emittance g, for a pulsed beam isthe areaof the time-energy space, i.e. e, =AE-At t-eV's,
where AE is the energy spread and At the pulse length. Also here definitions excluding the n exist. To
exemplify, the REXTRAP has an estimated longitudinal emittance of ~5 r-eV-s, which means that it can
deliver ashort pulse with large energy spread, or vice versa.

3313 Further explanationsand comments

The classification of ions into 0%, 95% and 100% groups denotes how large fraction of the confinement
timeinside the EBIS (at least) the ions spent within the electron beam. That means, ions that are injected
perfectly into the electron beam potential belongs to the 100% set, while theions within a 95%-set are not
fully trapped but spend at least 95% of there time within the eectron beam. The shorter time inside the
beam isdue to worse injection conditions (i.e. a high injection energy in combination with large initia ion
trajectory divergence or radius), resulting in larger trajectory radii insde the confinement region and only
occasional crossing of the electron beam. Due to the different conditions inside the EBIS for 95% and
100%-ions, they make up different phase spaces and acceptance/emittance values. 0%-ions have only the
requirement to enter the trap region without necessarily crossing the electron beam.

In the presented transverse phase space plots ‘+' denotes ions only partly trapped within the eectron
beam (<100%-ions) while ‘*’ denote fully trapped ions (100%-ions). Judging from the plots one may
think that the phase spaces are hollow, or worm-stung like a Swiss cheese, since there are + signs
scattered inside the elipses. This is not the case, and it is a consequence of the ions not being fully
trapped within the phase space in the other transverse plane.

Another detail that may cause confusion is a varying extraction voltage. Even though the ions will be
extracted from the REXEBIS at a voltage of 15-22.5 kV, we have chosen to carry out some emittance
simulations with 60 kV extraction voltage; just to facilitate comparison between injection acceptances
(performed at 60 kV) with extraction emittances. However, the conversion between different extraction
voltages is trivial. For example, the 20 kV extraction voltage emittance is related to the 60 kV emittance

as. exky =Eokv -J% , and in the 20 kV phase space plot the divergence values are increased with

the same factor as compared to the 60 kV plot.

One limitation in our simulations concerns the determination of the geometrica acceptance/emittance
values. What we have doneisto include al ionsin an upright phase space plot within either an elipse or
arhomboid and from that determined the geometrical area, i.e. the emittance. However, the inclusion of
the ions was done by eye and therefore somewhat arbitrary, so where the statistics were low, the error
bars became considerable.
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The reader may complain about the poor statistics for the simulations presented in sec. 3.3.3to 3.3.6, and
the complaints are motivated in most cases. Thereason for the lacking statisticsisthe long time needed to
complete a run. One simulation had to be performed a number of times before we finally got all
conditions correct. The excuse for the latter is a long and fairly complicated user program added to
SIMION, and the literally thousands of buttons/options available in the same program.

Finally, we should clarify that the term acceptance is a measure of what emittance value a system can
accept asinput.

3.3.2 Analytical acceptance expression

An analytical expression for the acceptance was derived following the outline of an emittance
determination for ECR sources presented in ref. [145]. The formula was adapted for an EBIS by taking
into account the electron beam potential, which induces a large emittance/acceptance contribution. In an
ECR, the ions move only with therma velocities inside the plasma, while in an EBIS the kinetic energy
can measure several hundred electron volts. This fact makes a large difference for the acceptance
expression. The following derivation gives the geometrical acceptance, as defined above, for ionsthat are
trapped 100% of the time inside a non-compensated electron beam.

The motion of a charged particle in an axially symmetric magnetic field can be described by a
Hamiltonian function:

- il(—pf)(””e“@ [er- p§]+u<r> %K‘pe(ca—m”m')—% [er- p§]+u<r> )

2m r m r

where =EB(z)r , g the charge, r the radial position, pe, p, pr the momenta, and U(r) the electrica
P 2

potential. The canonical momentum in the azimuthal direction ps(canonical) isa constant of motion, since

the Hamiltonian does not depend on the azimuthal angle 6. The canonical, kinetic and magnetic momenta
arerelated as

pg (canonical) = py (kinetic) + gAgr (66)

In contrast to the emittance derivation for an ECR source, the kinetic momentum pg(kinetic) can not be
assumed to be close to zero inside an EBIS due to the non-compensated electron beam potential.
However, the azimuthal momentum is conserved, that means pgout(Canonical)=pgin(canonicd), and since
the magnetic field outside the EBIS equd s zero, eq. 66 becomes:

Poout (KiNetic) = pgi, (Kinetic) + gAy 1, (67)

(Subscript ‘in’ and ‘out’ denotes inside and outside the EBIS, respectively). We have assumed the
magnetic field to be constant within the EBIS, and then at a certain point in the extraction zone suddenly
decrease to zero. Consequently, ri=ro, and the canonical momentum of the ion is completely transferred
into kinetic energy after passing the fringe field. Nevertheless, the derivation is valid for any shape of the
shaping field, as was shown in ref. [146]. We would now like to transform to Cartesian coordinates and
therefore write eg. 67 as.

. . B
(pyout cos6 — Pxout sn@): (pyin cos6 — PxinSIN 9)+ CI? fin (68)

using the relation Ay =% B(2)r;, and leaving out the ‘kinetic' notation. For projection in the x-x' phase

space (equals a rotation of the coordinate system), the 8-value to be used should equa either /2 or 3n/2
and ri=[Xi,|. However, since the maximum py,: value is searched for, 6 must be 3r/2. Then the above
equation is reduced to:

B
Pxout = Pxin +q? Xin (69)
If the longitudinal momentum p, outside the EBIS is much larger than the transverse momentum, one can
make the approximation pyou=Po-X ou- The longitudinal injection momentum is related to the extraction
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voltage Ueq @S pg = 4/2mgU  aslong asthe longitudinal momentum inside the EBIS is small compared
with po. Hence, after division with p, on both sides, we obtain:

B B
pxin"’q? Xin minn"’q? Xin

Po - \/quUM

Xout = (70)

The maximum acceptance is obtained from the phase space ellipse as Olmax=XoutmaxX’ outmax'T, aNd since we
require the ions to be within the electron beam completely, the maximum trajectory position
Xoutmax=Xinmax=Tepeam- What is gtill missing is to maximise x'oy, and that is accomplished by setting
Xin=Tevear’ iN the second term and to find the maximum kinetic momentum in x-direction inside the EBIS,
that means we would like to maximise pxn OF Vy,. This is done in Box 6, and when inserting the
expression for the maximum vy, in eg. 70, we obtain:

.| BBlebeam | 0B oo , G |, OB
2m 4m? 27egm 2
)<Jutmax =

J2maU o

(71)
[qBrebeam +\/q282re%eam + gom ]+ qBrebeam

2 4 2meg 2

J2mqUgq

Hence, the maximum geometrical acceptance oima equals:

2.2
, Tebeam q 0B Tépeam Pi
Oy = = | Br 1/—+ /—+— 72
max = Xoutmax Xoutmax T =7 U [ ebeam 2 oreq ] (72)

where repeam, Uext; @, M and p; represent electron beam radius (m), ion injection potential (V), ion charge
(C), ion mass (kg) and electron-beam charge per meter (C/m). Thus, all ions that enter the EBIS without
any interaction with other particles, and arerequired to be fully trapped in the electron beam, mug fit in a
phase space region with this area. We note that two terms originate from the magnetic field, while the
second term in the squareroot is due to the space-charge from the eectron beam. In the case of a
dominating space-charge, the acceptance formulaisreduced to:

rebeam P (73)
l 2neg

that means it becomes mass and charge independent and proportional to the squareroot of the eectron
beam charge per meter p,. Contrary, when the eectron-beam space-charge is small or compensated by
positive ions, the acceptance is both mass and charge dependent and proportional to the B-field:

rebeam [Br eam‘/7 qBZrebeam] (74)

Let us now insert vaues for **Na’ ion injection into the REXEBIS in eg. 72. It is clear that the magnetic
field influence on the acceptance is negligible (assuming a non-compensated beam). The geometrica
acceptance for 20 keV injection energy equals:

i (REXEBIS) = 1228m (0,94 /024 214 )= 1127 - mm.- nvad (75)

oo

10 This assi gnment is correct Since maximum Vyi, 0cCUrs for Xin=repeam 8 shown in Box 6.
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Box 6. lon Kinetic ener gy within electron beam.

The maximum velocity for an ion that has to be confined within an eectron beam is not
J20AU /m = \/qp; / 2eom as one may guess, if an axial magnetic field is present. Instead the highest

v, value is obtained for ions that circle a the electron beam edge reeam. FOr an ion circling at a
constant radiusr within the electron beam applies Feen=Fs+Fg, that means

2

™o . =Fg+Fg=2 Zr +qvyB (76)
r 27EQ & eam
Solving for vy gives:
198 168 Y (r Y
vp==LErg 28, 92 (77)
2m 2m ZﬂsOerebeam

The maximum v, occurs as mentioned for rin=reeam and with a positive squareroot:

2 2
_1g8 1g8 9 _1B 1g8 29
=2 m rebeam+\/[2 m rebeamJ +2m30m 2m rebeam+\/[2 m rebeamJ T (78)

3.33 Simulated acceptance

To determine the acceptance phase space a set of ions were “injected” into the EBIS. The ions were
initialised with uniform distributions in the x-x’ and y-y’ spaces at the 2™ bender focus. They were then
traced into the EBIS using the modd described in sec. 3.1, and those that were captured were classified as
accepted. Thereafter the x-x” and y-y' initia conditions for the accepted ions were plotted in two plots,
representing the horizontal and vertica acceptance phase spaces. Dueto too restrictive initidisation in the
divergence directions (-10 mrad<dx/dz<10 mrad and -10 mrad<dy/dz<10 mrad), most of the acceptance
phase plots are cut a +10 mrad. The initid energy spread was 59 999<Ekin<60 001 eV, which is
somewhat higher than the predicted energy spread from the REXTRAP. (The REXTRAP should
approximately have a longitudina emittance of 5 €V -us and with an extraction time of 10 us the energy
spread equals 0.5 eV.) When not specifically stated, theinjected e ements were *Na’ ions.

3331 Acceptance phase space shape

Firg after some smulations, when the datistics were good enough, we realised that the upright
acceptance phase space for the REXEBI S had the shape of a rhomb (see for instance Figure 53 and 54).
We had different theoriesto what could be the cause of this rhomboidal shape: either the magnetic field in
combination with the electrostatic potential from the electron beam, or solely the fringe field from the
electron beam. Our tests showed that the size and shape of the rhomboid was independent of the magnetic
field (which isin agreement with the analytical acceptance expression derived in sec. 3.3.2), and therefore
the first solution was ruled out. Moreover, inside the drift tubes the phase space was dlliptic, but outside
the collector the shape was rhomboidal. These facts suggest that the odd shape originates from the
collector region, and that it is created by the electrostatic fringe field that occurs in the collector region
where the electron beam is absorbed. A few comments to this statement are given in Appendix 4.

3332 Verification of analytical acceptance formula

To verify the analytically derived acceptance formula(eq. 72) the acceptance phase spaces for 100%-ions
injected into the REXEBIS were simulated, and a geometrical acceptance value was determined from
these plots. The ions were injected with an excess energy of ~280 eV above the axis potentia in the fully
compressed electron beam region. Actually, the needed excess energy to fill the acceptance phase spaceis
~220 eV (see Box 6).
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The analytical expression predicts Upright y-acceptance
a geometrical acceptance of 10 - - - ‘ -
11.2 m:-mm-mrad=35 mm-mrad, sl

which agrees very well with the

rhomboid area which measures 6F

~(—1'6'210'5J- 4~34mmmrad (see Ar

Figure 53). One should keep in
mind that the theoretical
estimation gives an upper limit
for the acceptance, and that it is
fairly difficult to decide the exact
extenson of the rhomboid.
Nevertheless, several independent 61
simulations support the result of

dy/dz (mrad)
=

the theoretical expression. sl

-10 1 1 1 L : i L
As was seen in sec. 3.3.2, the 2 s 05 0 0s 152
term originating from the electron y (mm)

beam is completely dominating Figure 53. Transverse acceptance phase space plot and enclosing
for the REXEBIS acceptance. rhomboid for 100%-ions with 60 keV injection energy. The tilt of the

That means the acceptance should rhomboid is due to free beam space drift and the einzel lenses.

be mass, charge and B-field independent. The latter independence was verified by testing different
magnetic fields strengths; the acceptance phase spaces for B=2 and 5 T were found to be similar. Tests
with different masses (A=30 and 100) and charges (Q=1" and 10%) were also performed, however, the
starting conditions were not completely unambiguous so no conclusions could be drawn about these
parameter’ sindependence, even if the acceptance phase spaces turned out to be similar.

3333 Beam aberrationsand effective EBIS acceptance

In Figure 54 an indication of a spiraling form is seen for the 0%-ions (it has been indicated with arrows).
Unfortunately, the starting conditions were such that the initial divergence was cut at +£10 mrad, which
means that most of the likely tailsare not shown. Nevertheless, specia injection simulations showed that
the present REXEBI S system can not accept larger divergence values than ~12 mrad without introducing
aberrations to the beam. The absolute maximum divergence is 14 mrad (then the trgjectories touch the
walls). The radial starting position at the 2" bender can reach at least 5mm without any noticeable
distortion.

Not upright y-acceptance
We have seen tha the 10 o

o
acceptance  formula  eq. 72 ol ﬁ% n ‘
predicts the acceptance for v I+
100%-ions quite well, however, 6 +

the acceptance for 95%-ions
might be of more interest from
an EBIS design point of view.
We will argue for that below,
and illustrate the REXEBIS

acceptance with a phase space
plot for 95%-ions.

dy/dz (mrad)

As dready pointed out, the
classification of ions into 0%,
95% and 100% groups denotes -8
how large fraction of the 1o .
confinement time indde the 3 b
EBIS (at least) the ions spent y (mim)

within the electron beam. To Figure 54. Transverse acceptance phase space plot for 0%-ions. The

have ~an ef_fici ent charge arrows indicate beginning aberration wings. (NB! The phase space is not
breeding, the ions should be upright asin all other plots.)
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completely confined within the beam, i.e. dl ions should be of the 100% sort. On the other hand, if a 5%
prolongation of the breeding time is acceptable, dso 95%-ions become useful. For 95%-ions, the
acceptance phase space is enlarged, as can be seen if one compares the phase space plots in Figure 55
(100% and 95%-ions); the geometrical acceptance increases from 11 mmm-mrad to

~ [%J 4 mm-mrad=17 T-mm-mrad.

The reason for the acceptance increase is a larger mean radius inside the trap at injection for 95%-ions
compared to 100%-ions. A larger mean radius at injection is obtained by higher injection energy and less
restriction initial radius and divergence, i.e. a larger acceptance as is explaned in Appendix 4.
Nevertheless, very soon after entering the trap region, the ions traverse the dectron beam, and are then
immediately ionised from 1" to 2* (or higher). When that happens, the mean radius shrinks and most of
the ions become trapped within the el ectron beam. Thus, the time fraction spent within the electron beam
for theseions will be close to 100%. In fact, the acceptance can be enlarged until one runsinto aberration
problems caused by too narrow lenses and drift tubes (for the REXEBIS case this happens at about

[5_212J -4 mm-mrad =38 n-mm-mrad). The conclusion isthat the effective acceptance can be expanded by

raising theion injection energy a few hundred eV, to the cost of not fully trapped ions. Though, one hasto
keep in mind that if the time within the electron beam goes down for instance to 50%, it implies a broader
charge-state distribution and fewer ionsin the correct charge-state.

Upright y-acceptance Upright y-acceptance
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Figure 55. Transverse acceptance phase space plot for 100% (left) and 95%-ions (right). The acceptance
increases from 11 to 17 =-mm-mrad when the lower percentage value is accepted. (NB! The starting divergence
valuesarecut at 10 nrad.)

3.34 Radial redistribution during charge multiplication

3341 lon trajectorieswithin thetrap region

Insde the trap region the ion is bound to the eectron beam and its motion is a combination of the radia
oscillation in the eectrostatic field from the beam, on which is superimposed the azimutha cyclotron
motion around the magnetic field. Theresult is arapid precessing transverse oscillation around the beam
centre, plus a reatively independent bouncing between the end barriers. Figure 56 shows typical
trajectories for ions trapped in an eectron beam of uniform current densty. It isimportant to stress that
the ions are trapped to the beam even when their trgjectories take them outsideit.
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Figure 56. Typical radial trajectories of ions trapped in an electron beam with uniform density; the left ion
was started with no kinetic energy while the right had an initial azimuthal momentum. In both cases, the ion
attemptstofall radially to the centre of the beam, but isreflected away fromthe axis by the axial magnetic field.

3.34.2 Radial distribution

Ins de the trap region the successive ionisation causes the radial distribution of the ions to change from a
broader to a more narrow distribution closer to the beam axis. This can be intuitively understood by a
simple energy argument: At the point of ionisation the momentum and kinetic energy are unchanged, but
the depth of the electrostatic potential increases. Thus, theionswill on average not reach as large radii as
for the lower charge-state.

In addition, the radial and azimuthal velocity distributions change as well, but that will not be treated
here. It ispossible to calculate the radial distribution as function of charge-state and vel ocity distributions,
using classical Hamilton formalism, and a smplified example of that is given in ref. [51], however, the
mathematics are rather tedious.

To illustrate the shift in radia distribution with increasing charge-state we have plotted the distributions
in Figure 57 for an average charge-state <Q> of 1.0, 2.8 and 6.0 (the pictures are shapshots at different
breeding times). The mean radius decrease with increasing <Q> is unambiguous. As will be seen in
sec. 3.3.5.4, the emittance decreases too with increasing charge-state, and this phenomenon is mainly

0
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Figure 57. Radial trajectory digtribution inside the trap region for different charge-states (<Q>=1.0, 2.8 and 6.0). The
mean radius decreases with increasing charge-state.
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attributed to the radius shrinkage™. One should point out 2 _ <@=1 <=0s3mm_
that the amount of radius shrinkage is solely dependent on -
the average charge-state, and not on theion mass (in a first 20 —

approximation). This will have consequences for the —
REXEBI S emittance values, because all elements should be 15
charge bred to Q/A~1/4, i.e. the heavier elements will have  #

a higher charge and thereby a smaller average radius which 10

resultsin a smaller emittance, than the lighter elements.
5
Figure 58 shows the radial distribution of the accepted ions . H ‘ ‘ ‘
at the focus outside the EBIS (the ions are initialised with a 0 05 r(;lrm) 15 2
ug'gorm . disribution  over  —25<X<25MM. o658 Ragia trajectory distribution
—2.5<y<2.5 mm). for the accepted ions at start at the 2™
bender focus outsidethe EBIS
3.35 Simulated emittance
3351 General emittance consider ations

The emittance simulations that are presented here are mainly performed with an extraction voltage of
60 kV to alow for aneasy comparison with the acceptance simulations that aso were carried out with a
60 keV beam. One notices that the phase space is rhomboidal for lower charge-states in asimilar way as
for the acceptance phase space, but the feature washes out for beams with higher charge-states (see
Figure 59).

The firgt of two emittance tests was to check the

dependence on the B-fidd. Two complete Emittance (r-mm-mrad)
injection-breeding-extraction ~ cycles  were : B=2T B=5T
performed: one with a magnetic field of 2T, and ~ Geometrica 10 1
the other with a field strength of 5 T. The average RMS 255 2.60

charge for the extracted ions was <Q>=6", and  Table 16. Transversal emittance values for
Ue=20 kV. Though the statistics were somewhat B=2Tand5T, Ug=20KkV.

lacking, the conclusion was that the emittance

does not vary with the magnetic field (see Table 16). This result is of major importance from an EBIS
design point of view, since it shows that one does not have to keep the B-field strength low to obtain a
small emittance. However, one should keep in mind that this result was obtained with a non-compensated
beam (i.e. the dectrostatic potential contribution to the emittance outweighed the contribution from the
magnetic field). For a compensated beam the emittance will increase with the B-field.

The second parameter to be varied was the ion charge, and its effect on the emittance istreated in the next
section.
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Figur e 59. Transverse emittance phase space plots for 0%-ions of charge-state 1*, 5" and 9", Ue,=60 kV.

" Transformations of the radial and azimuthal vel ocity distributions also affect the emittance value.
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3.35.2 Emittance dependence of the char ge-state

From eg. 72 one may conclude that the emittance should be independent of the ion charge as long as the
EBIS s operated under such conditionsthat the electron beam term dominates over the terms originating
form the magnetic field, and theions are distributed uniformly over the beam. However, the latter premise
is not fulfilled for a distribution with highly charged ions as was seen in sec. 3.3.4, since the highly
charged ions are confined close to the beam axis and therefore r;,, becomes smaller than in the case for
low-charged ions.

By varying the breeding time during the simulation, different charge-states were obtained covering 1* to
11". The ions were sorted after charge, and extraction phase spaces were plotted for each charge-state.
From the plots the RMS emittances were derived. One should point out that the statistics for the higher
charge-states were embarrassingly poor. Figure 60 shows the emittance values as function of extracted
ion charge Q (Figure 59 illustrates the same phenomenon). The RM S emittance decreases with increasing
charge-tate.
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Figure 60. RMS emittance values vs. charge-state for 100% and 0%-ions, Ue=60 keV. The emittance
decreases with increasing charge-gtate.

One might argue that the emittance should drop with the sguare root of Q, which equals saying the
normalised emittance is constant. This hypothesis was tested and rejected. Instead the emittance decrease
is dueto the radial redistribution to smaller trgjectory radii inside the trap region for higher charge-states.
Similar behaviour of the emittance has also been noticed in ECR ion sources [ 147,148].

3353 Residual gas emittance

In the onset of our investigations we focused on the emittance from the injected ions, which is of
importance for the beam transport and the injection into the RFQ. Nevertheless, the emittance of the
residual gas might be of more importance since it could be the limiting factor for the resolution of the
mass separator; a too large residual gas emittance, and the injected ions are not separable from the
unwanted gasions.

To smulate theresidual gas emittance the atoms were ionised randomly within the electron beam with no
initial kinetic energy™®. Asrest-gas °O was used. Figure 61 shows an upright phase space plot for Q=4"
and 5" for 60 kV extraction voltage. The emittance ellipse had an extension of ~10 w:-mm-mrad, although
the main part was found within 4 t-mm-mrad. Note that this simulation is carried out with a modified
beam optics system alowing for a larger divergence. This has no effect on the actuad size of the
emittance.

Due to the maximum emittance for low-charged ions, the worst residual-gas emittance case, with a Q/A-
value close to 1/4.5, would correspond to He'*. However, helium is not very abundant as a rest-gas, so
O* probably generates arepresentative emittance.

2 To be ableto extract the ions they were given an initial axial momentum corresponding to around 5eV, which is
low and it should not affect the result.
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The REX-ISOLDE mass analyser is
able to separate beams with a Q/A
resolution of 150 for transverse
emittances smaler 40 T-mm-mrad (40)
and energy spread <50 eV/Q. From the
picture one concludes that the absolute
rest-gas emittance value falls within the
limit, but that the beam needs focusing.

3354 Injected ion emittance

As was hinted at in the previous
section, the emittances may differ
between injected ions and residual gas
ions. For instance, if one arranges a
narrow injection of the ions into the
bottom of the electron beam well, one
will end up with a small emittance. On
the other hand, if there is little overlap
between the injected ion beam and the
electron beam, the extracted beam will
show a high emittance. However, the
difference between residua gas and
injected ion emittances should be minor
as long as the ion injection conditions
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Figure 61. Phase space plot from residual gas *°0* and

0> extracted with 60KV. The geometrical emittance is
0.6:15 7-mm:nrad. The true REXEBIS residual gas phase space
would be stretched /3 in X-direction due to the lower

extraction voltage of 20 kV. This simulation has been carried out
with modified beam optics, therefore the large divergence.

are energetically correct and theions are distributed over the whole electron beam radius.

One may ask why the emittance plots in Figure 61 (residual gas) and Figure 62 (ion injection) are
different? Thereason for thisistwofold. Firg of al, and most important, thefinal charge-stateis higher in
the injected ion case (i.e. the emittance is smaller). Secondly, the statistics for the ion injection was poor,
and possibly not the whole acceptance phase space wasfilled by the injectedions.

The ions in Figure 62 were extracted
with an voltage of 60 kV, so to obtain
the true REXEBIS phase space the
divergence values have to be

multiplied by +/60/20 , which gives an
emittance of ~9 w-mm-mrad. With the
two variable einzd lenses we have the
ability to reshape the phase space, and
fine-tuneit for different ions.

So what will the largest emittance out
of the REXEBIS be, and for what
conditions does it occur? As will be
shown in the next section the
emittance decreases with increasng
charge-state, that means an extracted
beam of 1" ions will have the largest
emittance. In fact, the emittance will
be the same as the acceptance,
multiplied by the injection/extraction
voltage correction, that is

v/60/20 11 m-mm-mrad=
19 m:-mm-mrad. Thereby an upper limit
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Figure 62. Emittance phase space plot for ®Na ions charge bred to
7" or 8'. Theions werefully trapped, i.e. they were of 100% type. The
extraction voltage was 60 kV, that means for the real REXEBIS the
phase space would be stretched V3 in x -direction due to a lower
extraction voltage of 20 kV.

for the REXEBIS emittance should have been stated. Nevertheless, faulty injection conditions can make
the emittance even larger. We saw in sec 3.4.3.3 that the acceptance could measure 17 w-mm-mrad for
95%-ions, which gives an emittance (for 1%) of around 30 =-mm-mrad. Even higher values are obtained
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for less confined ions (i.e. lower ‘percentage value ions). Such high emittance values come close to the
limit of the mass analyser (40 m-mm-mrad). One has to keep in mind that this worst case scenario assumes
a poor injection condition, and no charge breeding (ions extracted as 17)!

To conclude, the simulations gave a REXEBIS emittance of around 10 m:mm-mrad (with 20 kV
extraction voltage) for ®Na’* ions, somewhat higher for ions with lower charge-state. If the ions are
injected within the specified 3 m-mm-mrad phase space, the emittance will be even lower than
10 m:-mm-mrad.

3.3.6 Energy spread

The REXEBIS platform voltage is adjusted so the injected ions have an energy of ~100 eV when they
propagate within the trap region, and since the eectron-beam potential-depth AU=100 eV, the ions are
energetically trapped within the electron beam. The ionisation isa random process that occurs at different
radii and therefore at different beam potential. That means the ions achieve a varying energy depending
on where they are ionised, which is the cause of the breeding energy spread (also called ionisation
heating). The energy spread of the extracted beam is an important parameter, maybe not so much from the
point of view of the RFQ, but to be able to perform an exact Q/A selection in the mass anayser, the
energy may not vary too much. An upper estimation of the energy spread yidds AEgqax=9-AU (nON-
compensated electron beam, which is approximately the case for the REXEBIS). This is a highly
conservative estimation; thus, the energy spread for the REXEBIS was simulated to moderate the
prediction.

The ®Na!* ions were injected from the 2™ bender focus with an initial uniform energy variation of
60 0001 eV, o(Ei)=0.6 eV. While the ions were confined within the trap region, the trap potential was
increased 300 eV, i.e. 1" ions should have an extraction energy of 60 300 eV. Only ions that were trapped
within the electron beam at least for 95% of the time were recorded, but since the breeding time was
varied, a set containing all charge-states was obtained. In this section the extraction energy per charge, i.e.

AEq/Q, at the 2™ bender focus for an extraction voltage Ue=60 000 V is presented™®

In Figure 63 the extracted beam energies per Q are plotted for Q=2,4,6,8 and 10. We can see that higher
charge-states lead to lower extraction energies as expected, since the highly charged ions accumulate
around the beam axis. The minimum extraction energy does not go below 60 200 eV, i.e. 60 300 eV
minus 100 eV (the depth of the el ectron beam potential), which is correct.

It seems as if the energy spread does not vary with the charge, but the statistics are rather poor. An
average energy spread per Q for all charge-stateswould be 6(Eqy)~15 V.

These results are naturally valid aso for Ue=20 keV, and we can conclude that smulations assign an
energy spread that is significantly lower than the estimation of 50eV/Q, which has been used as input for
the mass separator design. The presented results were obtained from ion injection, but since the
conditions are similar for gas injection, the outcome is not expected to change drastically for residual
gases.

The energy spread from an EBIS has been measured several times, for instance at CRY SIS, but then with
a highly compensated trap. The obtained result was an energy spread of 57 eV/Q for a 300 mA eectron
beam at 17.4 keV. This value exceeds my simulation prediction by far, and can not be ascribed to
electron-ion or ion-ion heating processes, nor faulty injection (gas injection was used), but is merely due
to the high eectron beam compensation. (The first ions in the extracted pulse leave a compensated trap
and have therefore a high energy, while the last extracted have a lower energy due to a more attracting
electron beam.) Remember that the REXEBIS will have alow degree of compensation.

3 Due to minor energy conservation problems when the ions passed the collector region, the energy variation caused
by the breeding was determined by recording the energy at z=410 mm when the ions entered and | ft the trap region.
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Figure 63. Extraction energy per Q versus charge-state for ions injected into
the REXEBIS Histograms for the energy spread (even charges) are plotted
vertically in connection to corresponding charge-state. (From the listed energy
spread values a numerical error of 6~3.5 eV should be subtracted.)

34 Phase space correlation in extracted EBISion beam

341 Introduction Y

lons starting inside a cylindrically symmetrical magnetic

fidd have after extraction from the field a rotationa

kinetic momentum corresponding to the magnetic vector

potential they started in (see Figure 64). The consequence

is an increase in the transverse emittance, so even if one

started with zero emittance inside the EBIS, after
extraction it would be non-zero. However, there exists a
correlation  between the transverse phase spaces
[149,150], and ion optica elements, such as skew
quadrupoles (a quadrupole rotated 45° to the horizontal
plane), have the ability to partialy decorrelate the phase
spaces. The magnetic field from the lens induces a
complete compensation of the azimuthal velocity in one
direction, while increasing it by a factor two in the other
direction as shown in Figure 65. So if one started with, an
unfortunately utopian, zero emittance inside the EBIS, the
skew quadrupole would arrange the ion movements so
that the emittance in one transverse plane would be zero,
and in the other increase by a factor two compared with

\ B3

Figure 64. Azimuthal velocity
components due to the coupling between
phase spaces[149].

the non-compensated beam emittance. A ) </]
;forceonlons
For the Mass separator following the REXEBIS in the
REX-ISOLDE system, the emittance is of vita Figure65. The effect of a skew
importance for the mass separation resolution. By quadrupole counter-acting the azimuthal

improving the emittance in one direction (the bending velocity in one plane [149] .
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direction), as suggested above, the mass resolution can be improved. This opportunity raised the demands

for an investigation of the beam correlation out of an EBIS, and the need for decorrelating optics. Thus, a
complete injection, breeding and extraction cycle for the REXEBIS was simulated to determine degree of
correlation.

3.4.2 Reaults

The result from the investigation is presented in Figure 66 in the form of a velocity vector plot, i.e. a plot
indicating the velocity vectors for the extracted ions at the 2™ bender focus. One can see that the velocity
directions are fairly randomly distributed, and no azimuthal correlation as the one in Figure 64 is
observed. The way we quantified the correlation was by plotting a histogram of the azimuthal velocity
component, see Figure 67, and from that compare the mean azimuthal velocity < v, > with the standard

deviation o(v,) . The result was an insignificant correlation, <v, >=65 nVs, compared with the standard
deviation, o(v,) =1100 m/s. The fact that the mean azimuthal velocity is so small compared with the

standard deviation, is due to the large transverse energy spread inside the EBIS, causing the ions to move
with high velocity in random directions, and this random movement swamps the velocity correlation
induced by the extractionfrom the axial magnetic field.
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Figure 66. Velocity vector plot for a beam extracted Figure 67. vy histogramwith < v, >=65 nm/s and
fromREXEBIS & (v,) =1100 nvs.
343 Conclusions on phase space correlation

Introducing a skew quadrupole after the EBIS would in principle decrease the azimuthal velocity in one
direction, while it isincreased in the other. Though, for the REXEBIS conditions, the initial ion-energy
inside the EBIS is so large, and the velocity so randomly distributed, that the azimuthal velocity coupling
caused by the extraction from the axial magnetic field is drowned. Hence, adding a skew quadrupole can
not compensate for the collective ion movements, and therefore not improve the emittance significantly.
For an ECR the effect is more pronounced due to the smaller initia energy spread, which would also be
the case for an EBIS with higher trap compensation.

35 CRY SIS emittance — smulation and measur ements

351 Introduction

There is a large discrepancy between measured and theoretically expected emittance from CRY SIS, the
EBIS for the CRYRING at the Manne Siegbahn Laboratory. A theoretical estimation (see sec. 3.3.2)
gives an upper limit for the geometrica emittance of ~17 m-mm-mrad at an expulsion voltage of 3.5kV,
which should be compared with a measured emittance of 70 m-mm-mrad (25). It is supposed that the ion
beam fills the collector exit, or the following narrow einzel-lens system, and that large aberrations are
introduced in ether of these regions. To verify the suspicion, and to validate the predictability of the
devel oped EBIS model, the CRY SIS geometry was implemented in SIMION.
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A sketch of the electrogtatic surfaces with potentials is found in Figure 68. The CRY SIS model was
similar to the REXEBIS implementation, with modified electron beam and magnetic field. In contrast to
the REXEBIS simulations, all ions were extracted with one charge-state, Q=14".

35.2 lon starting conditions

The extracted ions were of “°X*** type, and the position of ionisation from Q,,=13" to 14" (no further
ionisation) was assumed to occur uniformly over the electron-beam cross-section, even if theionisation is
more likely to occur at the radial turning points where the ion spends most of the time. The uniform
ionisation distribution results in an underestimation of the emittance. Two different electron-beam radii
were smulated: repeam=0.15 and 0.4 mm. To include the effects from ion heating and a compensated trap,
the ions were initiated with a total energy such that the ions were not necessarily energetically confined
within the electron beam, i.e. the ions could temporarily leave the electron beam radialy (rion>repeam). The
initial kinetic energy was randomly distributed between zero and the maximal electron-beam potential-
energy™ (GionAU), and the velocity direction was chosen randomly within the whole solid angle.

) einzel 1
X einzel 2 -1800V
. einzel 3 —3500V ollect i
einzel 4 21800V a collector Suppressor drift tube trap
—1800V ] |
W — | [ A——
/‘ -13 50?‘ y ‘ -14100V ’_ -13500 V| 4700 V. |[_ov |
! , \
d T c ion gtart
20 mm b 10mm

Figure 68. CRYS Sstructure with trap, collector, small einzel lens and positions for the snapshots.

Electron-beam current I, 0.2A
Electron-beam radius reyeam 0.15and 0.4 mm
Electron-beam current-density jo 280 and 40 A/cm?
Electron-beam energy E. 10 keVv

El ectron-beam potential -depression AU -30V

Magnetic fidd B 2T

Extraction voltage Uey 3500V

Extracted ion type Aoy 14

Initial radius rgat <0.15and 0.4 mm
Initial energy Egart <Qion’AU=420 eV

Table 17. CRyS Sandion parameters for thetwo different electron beam radius cases.

353 Beam compensation

For anon-compensated trap with no heating, the ions are al trapped within the eectron beam (assuming
proper ion injection or neutral gas in-flow). On the other hand, with an increasing compensation degree,
the rigidity reduces, i.e. the radial oscillation frequency , decreases with the growth of the ion space-
charge, and the amplitude of the ion oscillation swells. Since the ions then spend more time outside the
electron beam, the breeding has to be increased to retain the desired charge-state. lon heating due to
Coulomb collisions may also produce ions with enough energy to leave the electron beam temporarily.
For these reasons we have allowed the ions to have a non-confining (within the electron beam) sarting
energy, but the magnitude was somewhat arbitrary.

354 Reaults

The investigation focused on the ion beam properties at the collector exit and in the first einzel lens after
the collector. In Figure 69 and Figure 70 the beam profiles at the narrow collector exit (a) and at the first
einzel-lens cylinder (c) are plotted (‘+' denote ions only partly trapped in the electron beam; ‘*’ denote
fully trapped ions). The collector exit radius is ~5 mm, and the einzel lens radius ~10 mm. The collector

4 The magnitude of the upper energy limit was chosen somewhat arbitrarily and is in reality dependent onion
heating and boiling-off effects, that are difficult to estimate in a compensated trap.
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apertureis filled to approximately 50% and 90% for repean=0.15 and 0.4 mm, respectively. At the middle
of thefirst cylinder in the einzel lens the aperture isfilled to 35% and 50%.
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Figure 69. 1on beam profiles at the collector exit (a) for ruye,=0.15 (I&ft) and 0.4 mm (right). Collector radius

~5 mm.
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Figure 70. lon beam profiles at the einzel lens (C) for reeam=0.15 mm (I&ft) and 0.4 mm (right). Einzel lens

radius ~10 mm.

In Figure 71 the beam propagation from the end of the collector through the einzel lens are found. Note
that all ions, also ionsthat have spent only part of their timeinsdethe eectron beam, are included.

A series of phase space snap shots
were taken at the positions marked
in  Figure68, and they are
presented in Figure 72 (shifted to
upright shape) together with the
corresponding geometrical
emittance in Tablel7. It was
notorioudly difficult to estimate
the geometrical emittance values
(see sec. 3.3.1.1 for a definition),
so the error-bars are of the order
of 50%. From the two first values
(aand b) it is clear that the phase

einzel lens

»
mmmmlm“"‘hh%h

collector
T

Figure 71. Extracted beam for ree,=0.15 (top) and 0.4 mm.
Trajectories for all ions are included.

space is only dightly distorted after passing through the collector exit, and the emittance values (see
Table 17) agree well with the energy-adjusted theoretical value (an upper limit) obtained from eq 72"

> To be correct, eq 72 gives an expression for the acceptance. That means, anon-uniform distribution of ions within
the el ectron beam, as in the case for ions that have beenionised to a high charge-state and therefore been attracted to
the beam axis, will produce alower emittance than what the expression predicts.
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However, at the centre of the first einzel-lens cylinder (c), and after the last einzel-lens cylinder (d), the
phase space is distorted with spiralling arms that explain why the smulated values exceed the theoretical

by far.
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0.4 mm (right). Recording positions: (a) at collector, (b) after collector, (d) after einzel lens.

After leaving the drift tube region with the well-focused electron beam and the strong magnetic field, the
ions gtart to repel each other due to the Coulomb force. The space-charge blow-up results in alarger beam
diameter in the collector exit, which may lead to beam distortions. The SCC of the beam propagation
from sec. 3.2 could not be used because of too high beam current. A conservative anaytical estimation
gave a beam radius increase at the collector of 1.2 mm. Thus, when inspecting Figure 53, we can
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conclude that quite a few eectrons will touch the collector exit, and this causes naturally further beam
distortion and emittance increase.

lebeam=0.15 mm lebean=0.4 MM
Position Beam voltage (V) Theory g, Simulation &, Theory &, Simulation &,
Emittancesin (r-mm-mrad) Emittancesin (r-mm-mrad)
a ~14 000 85 6 28 20
b 13600 85 6 28 22
c 1800 24 30 86 200
d 3500 17 21 61 120

Table 18. Non-normalised transversal geometrical emittance values for CRYSS at different axial
positions. Note the varying beam energy.

355 CRY SIS simulation conclusions

The results from the simulation indicate that the beam is distorted in the entrance of the first einzedl lens
cylinder. The final emittance value is strongly related to the electron beam radius inside the EBIS since
the emittance grows linearly with reem, and the beam distortion adding to the inherent emittance
increases aso With repeam. The measured emittance value of 70 m-mm-mrad can therefore very well be
explained by an aberrated ion beam created in an eectron beam with a radius regeam of 0.2-0.3 mm. The
results from thisinvestigation also validated the implementation of the EBIS model in SIMION.

3.6 Continuous injection mode

3.6.1 M otivation

Continuous injection, aso titled sow injection, is an injection mode where the 1" ions are continuously
introduced into the EBIS during the confinement period. This method is well adapted for primary ion
sources with very low intensity where the callection of ions in the EBIS can continue for the whole
breeding period without running into space-charge limitations. The method is for instance regularly used
a CRYSIS at the Manne Siegbahn Laboratory. It would also be suitable for radioactive ion beams
produced a on-line isotope separators since the radioactive beam is essentially DC and the intensity is
moderate (proposed by Haas in ref. [151]). Subsequently the Penning trap would be redundant in the
accelerator chain since the need for efficient bunching disappears. Moreover, one is then no longer
restricted by the space-charge limitation of the Penning trap. This, however, assumes a high trapping
efficiency of the EBIS and a high-quality emittance from the on-line separator to be successful.

In this section we will briefly touch upon the method, because it might come in question for future
radioactive beam post accelerators. To our knowledge no theoretical studies have been carried out on the
continuous injection mode, and one has so far assumed that the trapping efficiency can be arbitrary high.
We have devel oped a few qualitative arguments that show that the maximally obtainable efficiency for an
ion beam with finite energy spread and emittance is less than 100%. These will be put forward here, as
well as some comments on continuous injection tests performed on the Dioné EBIS at Saclay [152] that
might explain their poor experimental results.

3.6.2 Theory

The theory for continuous injection is Smple: the single-charged ions are injected over a potential barrier
at the beginning of the confinement region into an electron beam of sufficient current density so that
ionisation to Q>1 occurs before around trip insde the region is finished (see Figure 73). The probability
for trapping in the confinement region is large under the right injection circumstances, but not 100%, as
will be shown in the next section. The trapping efficiency is dependent on the ion injection energy, the
barrier potential height, the electron beam potential depth, and the barrier position. The ions that are
trapped are after finished confinement extracted in the usual way, i.e. the outer barrier is lowered and the
ions leave the source.
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Thereisadifference in extracted charge digtribution for ions that are pulsed or continuously injected. In
the latter case theions are continuoudly fed into the trap region, resulting in a broader charge distribution,

and a smaler fraction within the peak
charge-state than for pulsed injection. Thisis
illugtrated in two charge digtribution plotsin
Figure 74: one for continuous injection and
the other for pulsed injection. Both were
simulated with the same confinement time.
A broader charge-state distribution resultsin
a smaller fraction of ions within the peak
charge-state, and a lower peak charge-state
means that the breeding time has to be
extended, which is disadvantageous for
short-lived radioactive nuclei.

At extremely low injection intensities the
collection time can be of considerable length
(if there are nolifetime restrictions set by the
radioactive ions). Then the trapped ions
must be cooled by light ions (see sec. 2.2.2),
and one has to make sure that the trap does
not become compensated by residua gases.
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Figure 73. Potential distribution along the axis in an
EBIS using continuous injection mode [153] . The sketchis
not displaying that some ions remain singly charged, and
that some multi-charged ions have enough energy to leave
thetrap.

Effectively, a high efficiency for an EBIS means that practically all of the injected ions aso are extracted
and not lost for one or another reason. There are two measures for the efficiency that will be used
onwards—the totd and the partia efficiency defined as:

number of extractedions

number of injectedions

number of extractedionsin peak chargestate
number of injectedions

Total efficiency =

(79)
Partial efficiency =

normalised intensity
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Figure 74. Charge-state distributions for continuous (left) and pulsed (right) injection. The confinement

timeisin both cases 20 ms; electron beamenergy 5 keV; electron current density 200 Alcn; ion species Xe.

3.6.3 Potential settingsand injection energy

As mentioned in the introduction we have developed a few theoretical arguments associated with the
injection conditions that show that the trapping efficiency, and thereby the tota and partial efficiencies,
for continuousinjection is bound to be less than 100%. Important parameters for these arguments are the:
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Figure 75. Potential and energy definitions for continuousinjection.

3.6.3.1 lon energy contrabarrier potential

At injection single-charged ions have to climb the outer potential barrier, and therefore the barrier must of
course be lower than the lowest injection energy Ui-AU;/2 if all ions should have the possibility to enter
the confinement region. However, this potentia requirement is necessary but not enough since the ion
beam has also a finite emittance. lons entering the EBIS with a large trgjectory radius or divergence
oscillate in the dectron beam (large radial momentum) and/or pick up azimuthal momentum from the
solenoidal magnetic field, so they may bounce at the outer potential barrier because of a lack in axia
momentum. In other words, the acceptance shrinks with decreasing Uin-Uparier. From this point of view,
the threshold should be as low as possible compared with the ion energy (however, thereisno need to go
bel ow the bottom of the electron beam potentid well).

3.6.3.2 I on ener gy contra electr on beam potential

Ins de the confinement region the ions should have an energy less than AU+Upeay,. Otherwise the ions are
not completely energetically trapped within the el ectron beam, and have therefore the possibility to elude
ionisation by circling around the electron beam. Such ions can leave the trap after one bounce, and are
then lost. Thus, for this reason the injection energy should be low, but not too low, since that leads to a
decrease in the acceptance (see sec. 3.3.3.3), and definitively not lower than Uyem because then they are
energetically disqualified to enter the trap. Note that the trap potential Upean grows linearly while AU
decreases linearly with increasing beam compensation. Thus, possibly the injection energy Ui, and the
outer potential barrier Uparier Should vary with the compensation degree.

3.6.3.3 Requirementsfor trapping
The ions are not automatically trapped even if they are ionised inside the confinement region. The
following energy/potentia relation must be fulfilled for theion to be trapped at ionisation from 1" to 2*:

Uin +Ubeam +Uionisation < 2Ubarrier (80)

where Uionisaion 1S the potential within the electron beam at the position of ionisation'®. That means that a
higher potential barrier or lower injection energy give alarger trapping probability. Thisrequirement isin
contradiction with the ones specified in the two previous sections. Moreover, since Upem increases with
the electron beam compensation, the barrier ought to follow. What further increases the trapping
probability is ionisation to higher charge-states than 2°, and this is obtained by a higher electron beam
current density.

The optimal settings for a high efficiency are dependent on the energy spread of the injected beam, the
emittance of the primary ion source, the ionisation cross-section, the compensation etc, and are always a
compromise between alarge acceptance and a high trapping efficiency.

3.6.34 Pre-ionisation

During the transport from the collector to the confinement region, the ions move more or less within the
electron beam and can therefore already there be ionised to higher charge-states. Thisis undesirable since
it means that the ions will probably bounce at the outer potential barrier and not enter the confinement

%8 Theions can betrapped evenif the relation is not fulfilled as long as they have alarge radial oscillation or
azimuthal oscillation, which disqualifies them to climb the outer potential barrier on whentrying to leave thetrap.
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region. To avoid this, the transport time should be minimised, i.e. the velocity should be high and thisis
obtained by applying a potential to the drift tubes whichis well below the injection energy.

3.6.4 Experimental results

At CRYSIS in Stockholm continuous injection is used regularly with an acceptable efficiency for
injection of weak 1" ion currents from DC sources (<1 uA). No dedicated experiments to verify the
optimised total efficiency has been carried out, but crude measurements of the total efficiency for Pb™"
and Ar'®* breeding give values of 0.5 and 2%, respectively. One has to keep in mind that these are non-
optimised values, with possible ion heating affecting the resuilt.

In connection with the design of REX-ISOLDE, measurements of the total efficiency for continuous
injection were carried out on the Dioné EBIS at Saclay [152]. Primary 1" ions of nitrogen were injected
continuously during the confinement period, and after 38 ms the ions very extracted with N>* as the most
abundant charge-state. They reported a total efficiency of very poor 0.04%. The reason for this
extraordinary low efficiency was probably a fully compensated el ectron beam. The number of injected 1°
ions (8.5-10™ jons <> 13.6-10° C) exceeded the electron-beam space-charge (~3-10° C) by a factor of 4,
and after charge breeding to <Q>=5", yet another factor 5 of the number of ions ought to be lost. Thus,
just by using more moderate injection conditions, a factor 20 could be gained in efficiency. Furthermore,
the outer potentia barrier was set as low as possible to minimise the primary ion acceleration when they
entered the confinement region. This setting is not necessarily the optimal as was shown in the previous
section. The author’ s own explanations for the poor result are the low eectron current (1.=60 mA) and the
high energy with which theions enter the trap. That could be correct since the former condition leads to a
small EBIS acceptance, which the injection might not have been tuned for.

3.6.5 Conclusions on continuousinjection

There are several advantages with continuous injection, but to be efficient it imposes higher requirements
on theinjected beam properties. We have presented some arguments showing that the total efficiency can
not reach 100% due to the compromise between a large acceptance and a large accepted injected ion
energy spread on one hand, and a high trapping probability on the other. In other words, the total
efficiency is a combination of the acceptance and trapping probability, and both can not be optimised
simultaneoudly. It isimportant to stress that the acceptance is smaller for continuous injection compared
with pulsed injection, so even if a primary ion source (the source injecting ions into the EBIS) has an
acceptable emittance for pulsed injection, it might produce a beam with too large emittance for
continuous injection.

The optimal settings for ahigh efficiency are most likely an injection energy just below the upper electron
beam potential, with an outer potential barrier height adjusted to strike a balance between a high
acceptance and high trapping probability. Since the beam axis potential axis varies in time with the
electron beam compensation, the injection energy and barrier height might have to be adjusted in
accordance.

No absolute numbers for the trapping and total efficiencies have been calculated since it is a complicated
and intricate business, due to the fact that there is a correlation between the position in the injection phase
space and the trapping probability’’. Even if the Dioné EBIS at Saclay showed a very poor total
efficiency for continuous injection (0.04%), runs at CRY SIS indicate a much higher efficiency, and it is
the belief that it can reach at least several percent, which means that it would become an attractive
alternative to the Penning trap — EBIS arrangement.

¥ Depending on where the ions start in the injection phase space, they will end up at different trajectorieswithin the
electron beam, and thereby be ionised at different positiong/potentials. That means thereexists a correlation between
the position intheinitial phase space and the trapping probability. In addition, ionisation to higher charge-states may
occur that complicates the situation even more.
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Part IV — Conclusions

A summary of the REXEBIS design and construction has been presented in this report. The EBIS will
fulfil the requirements specifiedby REX-ISOLDE, that isto:

e chargebreed ionswith A<50 to a Q/A-value >1/4.5 within 20 ms

e accept an injected ion beam delivered by the Penning trap with a transverse emittance of
3 m-mm-mrad at 60 keV, an energy spread of 5 eV, and a pulse length of 10 us

e ddiver abeam with an geometrica emittance <40 :-mm-mrad at 20 kV extraction voltage and an
energy spread <50 eV/Q

e chargebreed <10’ ions per pulse

e manage arepetition rate up to 100 Hz
This has been proved viable by extensive smulations and calculations. The design is based on a 0.5 A
electron beam produced in a magnetic field of 0.2 T that is compressed by a 2 T solenoidad field to a
current density of >200 A/cm?. The 2 T magnetic fidd is provided by a warm-bore superconducting
solenoid, thus giving easy accessihility to the inner structure but no cryogenic pumping. The EBIS is
switched between 60 kV (ioninjection) and ~20 kV (ion extraction).

The eectron beam is produced by animmersed gun, which isfairly insensitive to axia displacement. The
design dlows a certain degree of freedom in eectron beam current and current density. The inner
structure with its few drift tubes is placed insde the warm bore, and most of the detail s are manufactured
in titanium due to its possibly gettering property. The eectron collector design is novel, yielding: a low
fraction of electrons that re-enter the trap region; small aberrations on the ion beam; a high pumping
conductance. Simulations showed that the fraction of electrons that re-entered the trap region is less than
0.25%. This valueis considerably lower than the result from a smulation performed on a similar system,
and it is attributed to amore realistic model, and a better designed collector.

Heating problems connected to baking of the inner structure, or heating of the collector by the electron
beam, were demonstrated to be insignificant. We devel oped a smple method to verify the magnetic field
straightness, and found the traced central field line to be within a cylinder of radius 0.1 mm concentric
with the geometrical axis for the full EBIS length (-800<z<800 mm). The field mapping procedure has
the advantage that it cancels possible bending of the test tube that holds the hall probe, which otherwise
can affect the result more than the sag dueto the tube weight.

lon heating by the electron beam is small for the REXEBIS (less than afew eV), and will not cause ion
losses from the potential well. It was proven that the drift tube alignment does not have to be better than
within 1 mm, afactor 10 less accurate than previously claimed, nor does the magnetic field homogeneity
need to be 0.1%, rather some percent. The eectron beam scalloping is neither that hampering for the
functionality of the REXEBIS since the centra potential ripple is only +5 V, which should be compared
with an electron beam potentia well of ~100 V. Though, a more severe problem is Penning trapping of
secondary electrons at the post anode or at the inner barrier. The build-up of negative space charge may
create electron beam indabilities. Spitzer heating of the secondary electron might be enough to gect
them, and smulations showed that an applied asymmetric radia eectric field could promote the e ectrons
to leave the trap. Experimental tests on the EBIS are the only confident way to determine if Penning
trapping isareal problem. If that should be the case, the use of the optiona post anode must be excluded.

Estimations of the vacuum in the trap region showed that the residual gas pressures originating from
surface out-gassing and Ar backflow from the Penning trap can be kept at an acceptable level with the
help of vacuum fired material, turbo and NEG pumps, and an effective differential pumping between the
REXTRAP and the REXEBIS. An Ar pressure of 1-10™*2 torr should be attainable, and the other rest-gas
partial pressures were calculated to be: p(H,)=5-10", p(C0)=3-10"2, p(CO,)=2:10", p(CH4)=5-10"" torr.
Assuming these partial pressures, the extracted ion spectrum from the EBIS can contain residual gas
peaks that are two magnitudes of order larger than the injected ion peaks in some cases, which should be
manageable by the mass separator. The pressure is of no worry from an eectron-beam compensation
point of view.
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A design study of an emittance meter dedicated to record the extracted beam properties has been carried
out. It is of so-called pepperpot type, consisting of a two-dimensional array with a fluorescent plate some
centimetres behind, and arecording CCD camera. Tests performed on CRY SIS with a low quality CCD
camera and a P47 fluorescent plate were very promising, though, one has to keep in mind that the REX-
ISOLDE ion intensities are very low, and the only possibility to obtain areasonable signa isto use apilot
beam or gasinjection. The ideato use a drift tube arrangement to retard the injected 60 keV beam and to
allow an extraction at around 20 kV was abandoned for practical reasons, and instead it was decided to
switch the REXEBIS platform between injection and extraction. Severa design proposals for the high
voltage switching have been presented and investigated, however, due to the construction delicacy and
the needed manpower; it was decided to buy acommercial switching power supply.

A complete EBIS was modelled in the ion-tracing program SIMION. The time-dependent model included
magnetic and electrical fields as well as charge breeding, though, it did not deal with collective plasma
effects. For EBIS conditions similar to those in the REXEBIS (i.e. moderate Q/A, non-compensated trap
and low residual gas pressure) the single-particle model is valid, and complete injection, breeding and
extraction cycles were smulated to certify the high injection and extraction efficiencies necessary for the
REXEBIS. Beam optics parameters such as drift tube potentias, lens positions and voltages, accepted
beam tilt and displacement tolerances at the focal points were also settled using the EBIS model. The
simulations should ensure an injection and extraction efficiency close to 100%.

The rhomboidal shape of the acceptance phase space might be explained by the fact that the ions are
injected into aregion with non-linear field, more exactly a cubic field, in this case caused by the fringe
field from the electron beam when it is absorbed at the collector. A dightly wrong implementation of the
electron beam model may have accentuated this feature. An analytical acceptance expression for an EBIS
was derived and verified with smulations. The formula implies that the acceptance for an EBIS with
parameters similar to the REXEBIS is independent of ion mass, charge and magnetic field as long as the
electron-beam potential-well is not compensated. The acceptance into the trap increases if the injection
energy is increased a few hundred €V above the outer barrier potential, although the average time spent
within the eectron beam decreases. In principle the acceptance is limited by the beam optics elements and
the drift tubesif oneisnot concerned about how well the ions areinjected into the el ectron beam well.

The emittance was found to be charge-dependent. The reason for the decrease in emittance with
increasing charge-state is the change in mean ion trajectory radius within the trap when the ions are
successively charge bred. In other words, the radial digtribution of the ions becomes more axially centred
with higher charge-state. The energy spread of the extracted beam is caused by the charge breeding
heating, and was estimated to be 15 eV/Q (1c). This low value is valid for an uncompensated electron
beam.

The maximal geometrical acceptance was determined to 11 m-mm-mrad for *Na'* ions with 60 keV
injection energy. The emittance was shown to be independent of the magnetic field, which isan important
observation since it is often claimed that the emittance is directly proportiona to the B-field. The latter
statement is in principle only true for a compensated trap. The residual gas emittance, represented by
1%0* ions, had a geometrical emittance of about 20 m-mm-mrad (20 kV). If *¥Na'* ions are injected
correctly into the REXEBIS (within the electron beam), a geometrical emittance of about 10 -mm-mrad
(20 kV) should be obtained for **Na’* ions; somewhat higher for ions with lower charge-state, and vice
versa for higher charge bred ions. If theions are injected within the specified 3 m-mm-mrad phase space,
the emittance will be even smaler. The absolute maximum emittance occur for ions that are not fully
trapped within the electron beam and not charged bred, i.e. they are extracted as 1*. Then the emittance
can amount 30 T-mm-mrad or even higher values.

lon beam smulations showed that any possible correlation between the two emittance transverse phase
spaces for the extracted ions is insignificant for the REXEBIS: the correlation is small with a mean
azimuthal ion velocity <v, >=65 m/s much smaller than the standard deviation o (v,) =1100 m/s. The low

degree of correlation is due to the large transverse energy spread insde the EBIS, causing the ions to
move in random directions. Thus, the adding of a skew quadrupole does not affect the emittance
significantly.
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The simulations of the ion beam extraction from CRY SIS suggested that the large discrepancy between
measured and theoretically expected emittance could be explained by aberrationsin the collector exit and
the succeeding narrow einzel lens. The final emittance value is strongly related to the electron beam
radiusinside CRY SIS since theinherent emittance grows linearly with it. Also the beam distortion adding
to the inherent emittance increases with the electron beam radius. The measured emittance value of
70 m-mm-mrad (26) can therefore very well be explained by an aberrated ion beam created in an electron
beam with a radius of 0.2-0.3 mm. An open collector design in combination with a wider einzel lens
would most certainly reduce the problem and decrease the emittance.

Finally, the advantages with continuous ion injection into an EBIS cdled for an investigation of the
hitherto obtained poor efficiency for that mode. We have presented some arguments showing that the
total efficiency can not reach 100% since it is a combination of the acceptance and trapping probability,
and both can not be optimised simultaneoudly. It isimportant to stress that the acceptance phase space is
decreased for continuous injection as compared to pulsed injection mode, so even if the primary ion
source has an acceptable emittance for pulsed injection, it is not necessarily the case that it is enough
confined for continuous injection. The optimal settings for a high efficiency are most likely an injection
energy just below the upper electron beam potential, with a potentia barrier height adjusted to strike a
balance between a high acceptance and high trapping probability. Even if the Dioné EBIS a Saclay
showed a very poor total efficiency for continuous injection (0.04%), tests at CRY SIS indicate a much
higher efficiency, and it is our belief that it can reach at least several percent, which means that it would
become an attractive alternative to the Penning trap — EBIS arrangement.

A compilation of the most important design parametersfor the REXEBIS s presented on the next page.
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Solenoid Electron gun
Central magnetic field variable between 0.1and 2.0 T Gun type Semi-immersed
Field homogeneity over 0.25% (measured) Cathode materia LaBg 310-crystd orientation
+400 mm on axis 0.3% (specified) Cathode temperature T, 1750 K
Foentra<0.1 mm over Cathode life-time 1 year
i . -800<z<800 mm (measured) et o Y )
Field straightness Cathode current density j. 25 Alem
I centra<0.5 mm over ]
-825<7z<825 mm (specified) Cathode diameter 1.6 mm
L 13-10° h (measured) Magnetic field at cathode B¢ 02T
Relativefiedd e o
o 5-10° h™* (specified) Electron beam current I, 0.46 A
Anode voltage Uanoge 6500 V
Inner structure Perveance P 0.87 AIV¥?
100, 230, 332, 464, 696 Post anode voltage Upost anode ~10 000 V (optiona)
Trap length 798
or /95 mm Compression from 25 to >200 A/cm?
Trap capacity 610 charges (~250 Alcm?)
Number of drift tubes 6 o /oy in full field 5.1
Drift tube inner radius 5mm Radial gun misalignment Ar, <1.3mm
Electron-beam energy 5keV Gun tilt A(dr/dz). <4 mrad
Electron-beam radius 0.25 mm Axial gun misalignment Az <+5mm
Electron-current density >200 Alcm? (~250
Alcm?)
Tube-to-beam axis voltage 750 V Turbo pumps
Electron beam potentia depth 107 V Two 1801/s One 260 I/s
Beam ripple 5V Compr on ; Compr on ; \
) ) . N, >1.10"2, He 2-10% H, 5-10 N, >1.10", He 3-10°, H, 1.3-10
Drift tube materia titanium
Collector . NEG pumps >
Collector voltage relative to 2000V Hz pumping . 05lfem’s
cathode 0, NZ and CO, pumping speed 65%, 15% and 40%
. relative H,
Suppressor voltage relative to 1500 V
cathode Helydrocarbon sorption efficiency <0.1%
Extractor voltage relative to relative H
-17 000V
collector
Power dissipation 1000 W lon beam properties (simul ated)
Material OHFC Specified geometrical acceptance 3 m-mm-mrad (60 kV)
Electron |oad <8 mA/em” Maximum geometrical acceptance 11 -mm-mrad (60KV)
Direct reflected, back-scattered ) 194 (105, 00506 Geometrica emittance <19 m-mm-mrad (20 kV)
and secondary el ectrons
Extracted energy spread per Q 15eV (10)
Injection  Extraction
Tilt +0.3° +1°
Transversal displacement +5mm +20 mm

A compilation of the most important design parameters for the REXEBIS.
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Commonly used symbols

A mass number

o acceptance (mm-mrad)

B magnetic field (T)

B, axial magnetic field (T)

e elementary charge (1.6:10° C)

Ee €lectron beam energy (eV)

€ permittivity constant (8.854-10"% Fm™)
€ emittance (mm-mrad)

h Planck constant (6.626-10% J.s)

le electron beam current (A)

e electron-beam current-density (A/m?)

k Boltzmann’s constant (1.38-10% JK)
Me electron mass (9.1-10°" kg)

N neutron number

O cyclotron resonance frequency (rad/s)

p pressure (1 Pa=1-10?mbar=7.6-10" torr)
q ion charge (C) or ion charge-state depending on the context
Q ion charge-state

Odesp gas desorption rate per unit area (torr-l/cm?s)
Quep  Oasdesorption rate (torr1/s)
rand 6 cylindrica coordinates

I drift tube inner radius (m)
feeam  €l€ctron beam envel ope (m)
o] electron beam charge per unit length (C/m)

S pumping speed (I/9)
Gyqqe  iONiSAtion cross-section from g to g+1 (mP)

temperature (K)
T breeding time (s)
u mass number
Ue electron beam potential relative cathode potentid (V)
Uext extraction voltage (V)
Udec deceleration voltage (V)
U, drift tube potentia relative cathode potentia (V)
AU €lectron beam potential depth (V)
Ve electron velocity (m/s)
Vg azimuthal ion velocity (m/s)
) magnetic flux (T/m?)
Z proton number
Acronyms
CCD Charge Coupled Device
CRYSIS CRY ogenic Stockholm lon Source (EBIS at Manne Siegbahn Laboratory)
DSSSD Double Sided Silicon Strip Detector
EBIS Electron Beam lon Source
ECR Electron Cyclotron Resonance
IH-structure Interdigital H-structure
ISOL | sotope Separator On-Line
LINAC LINear ACcelerator
MCP Multi Channel Plate
NEG Non-Evaporable Getter
PIG Penning lonisation Gauge
REX-ISOLDE Radioactive EXperiment at |SOLDE
RFQ Radio Frequency Quadrupole
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Appendlx 1. Magnet blueprints: end and side view.

(The drawings have been edited due to copyright reasons. No
further copying or reprint is allowed.)
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1555 mm

Appendl X 2. Beam profiles and phase spaces at the 2™ bender at injection and extraction.

Collector__

Hy A e

Injected 60 keV
1% ion beam

Extractor {

I

Inner
einzd lens

Inner
steering

Outer
einzd lens

Outer
steering

2" bender position

Beam
direction

Extracted 20* Q keV
Q" ion beam

Acceptance phase space
A X’ (mrad)
RNE
N\, 15
/// /K \\\/

Acceptance phase space at 2™ bender focus
for a60 keV ion beam.

Ellipse: specified geometrical acceptance.
Rhomboid: simulated geometrical acceptance.

Emittance phase space

A x' (mrad)

ARNEY

7N\
Vit \\\ 3
/, / m W,
SN[ X

Emittance phase space at 2™ bender focus for
a 20 kV extraction voltage. Note that the two
lenses facilitate shaping of the phase space to
acertain extent.

Ellipse: **Na’* geometrical emittance.
Rhomboid: Geometrical emittance for poorly
injected ions extracted as 1" (almost ‘worst’
case)
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Appendlx 3. Control system parameters

Gun platform

Cathode heater voltage
Cathode heater current
Collector voltage
Collector current
Suppressor voltage
Suppressor current

Analogue DC

Profibus

REXEBIS
platform

Trap 1 voltage

Trap 2 voltage

Trap 3 voltage

Outer barrier voltage
Cathode voltage
Cathode current
Extractor voltage 1
Extractor current 1
Extractor voltage 2
Extractor current 2
Inner einzel lens voltage
Outer einzd lensvoltage
Gun vacuum, Pe and Pi
Collector vacuum, Pe

OVC vacuum Full range
LgHe and LgN; level

us switching

Analogue DC

ms switching
ms switching
Analogue

Function generator controlled

Profibus
(optiona)

Delay-gate-generator

ISOLDE controlled

RS232
Mg%nﬁ: e?é:rent One common serial transfer
2 gatevalves Digita ISOLDE controlled
2 turbos - -
Extractor platform  Extractor deflector x voltage w ms switching Delay-gate-generator
Extractor deflector y voltage W - (optiona)
Ground potential HV platform switching R/W  usswitching  Function generator controlled
TOF chopper W TTL Pulse synchronised with
function generator
TOF signal R MCA
Faraday cup/Channel plate R
2 inner deflector x voltage W ms switching Delay-gate-generator
2 inner deflector y voltage \W “ -
2 outer deflector x voltage W -
2 outer deflector y voltage W “ -
3 cooling water flow W Digita ISOLDE controlled
Optics turbo R/W Digita -
Prevacuum turbo R/W - -
Gate valve R/W
Leak valve R/W - -
End valve R/W
Rough valves R/W - -
Optics vacuum, Pe and Pi R Analogue
Preturbo vacuum, Full range R e e
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Appendlx 4. Motivation for a rhomboidal acceptance phase space and its increase in size with
injection energy.

Rhomboidal shape

In the smulations we noticed that the phase space outside the collector had the shape of a tilted rhomb,
but inside the drift tube region, the shape was dlliptic. This suggests that the odd shape is created in the
collector region. Rhomboidal phase space shapes could appear non-linear field regions with cubic fields
(Focr®) [143], where the dlipse is distorted to a rectangular form. Since the magnetic field played an
insignificant role for the size of the rhomboid, we conclude that the odd shape originates from the
electrostatic fringe field that is formed when the electron beam is absorbed in the collector region.

Energy dependence

In sec. 3.3.3.3 we claimed that the size of the phase space is dependent on the ion energy, and by
increasing the ion injection energy it can be enlarged. We will here in a somewhat hand-wavy style
motivate that statement.

Theion injection energy is divided into several components when the ion enters the EBIS. First of all a
large portion is converted into potential energy Epq. It consists of the Egarom part (the whole EBIS is on
high voltage) and a radial-dependent part E(r) created by the electron beam space charge The kinetic
energy is divided into longitudinal momentum, radial oscillation and azimuthal rotation. The last motion
is fairly small compared to the radia oscillation in the REXEBIS case, and therefore left out in the
following argument. For an ion to be able to climb the potential hill and enter the trap region, not too
much energy must be spent “unnecessarily”, that meansthe E(r) component should be small aswell as the
radial oscillation insde the trap region. These two parameters are determined by the injection conditions:
large initial radius and/or divergence result in large trajectory radius and oscillation inside the trap, and
therefore little energy left for the longitudinal motion which isused for climbing the electrostatic potentia
hill. However, if the injection energy is increased, naturally the initial radius and divergence can be
increased, and there will ill be enough energy for the longitudinal motion.

A few 100 eV is enough to see an increase in the acceptance phase space, and if one increase the energy
more, one encounters aberration problems caused by too narrow lensesand drift tubes.
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