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Summary

A charge state breeder, which transforms externally injected singly charged ions to a higher charge
state g+, is an important tool which has applications within atomic, nuclear and even particle
physics. The charge breeding concept of radioactive ions has already been demonstrated at REX-
ISOLDE/CERN with the use of an Electron beam Ion Source (EBIS) and at several facilities
employing Electron Resonance Cyclotron Ion Sources (ECRIS). As will be demonstrated in this
paper, EBIS and Electron Beam Ion Traps (EBIT), are well suited for the task as they are capable of
delivering clean, highly charged beams within a short transformation time. The increasing demand
for highly charged ions of all kind of elements and isotopes, stable and radioactive, to be used for
low-energy experiments such as TITAN at TRIUMF and MATS at FAIR, but also for
postacceleration to higher energies, is now pushing the development of the breeders. The next
challenge will be to satisfy the needs, for example space-charge capacity, of the second generation
radioactive beam facilities presently under construction or in the design stage, such as the MSU re-
accelerator (ReA3), SPIRAL2, SPES and later on EURISOL. Radioactive trap facilities will also
require high performance breeders geared towards rapid breeding times.

The requirements and the critical issues of the breeding concept will be discussed and a review of
the different facilities, operational and planned, will be given. The paper does furthermore feature a
summary of the extensive breeding experience gained under operational conditions at REX-
ISOLDE, including results from dedicated beam cleaning tests, isotope production using intrap
decay, high-current and continuous ion injection into the breeder, and closed-shell breeding.
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1 Introduction

1.1 Field of application

Highly charged stable ions at low energy have been requéstelde atomic and surface physics
communities for several decades, see for exampi8]] High-precision mass measurements using
traps B, 5] benefit from the higher charge state as the resolution Bngas:
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where g and m denote ion charge and mass, B the magnetic figidh& duration of the radio-
frequency excitation and N the number of measurement cyEtmsshort-lived radioactive ions the
advantage becomes evident as the excitation time may bietesty the half-life. Nuclear physics
facilities now also make use of highly charged ions for am@glon up to and above the Coulomb
barrier (i.e. a few MeV/u) for studying key reactions rethte nucleosynthesis in astrophysics and
the structure of nuclei far from stability. Even particleyplts employs charge-bred stable ions,
for instance gold, in the injectors for TeV-collider§] [and ideas to use charge-bred radioactive
ions for neutrino physics exist as well]] The advantage of charge breeding directly after the
production stage is that a shorter and more power efficiesttgecelerator can be employed as the
attainable final energy is proportional to q arfdfor a linear accelerator (LINAC) and cyclotron,
respectively. The externally injected singly charged iondergo a breeding process to a g+ state
to match the mass-to-charge limit of the accelerator. @oyto the ion stripping case, where a gas
jet or foils are employed, a pre-acceleration of single arde charged ions to some 100 keV/u is
not required §]. In principle, the charge breeding should be able to exhilliigher transmission
than traditional stripping, particularly for heavier elents where a two-stage stripping results in a
few percent transmission in a single charge state.

Although charge breeding of stable elements was alreadiedaout with CRY SIS §] and
DIONE [10] in the nineties, the important gain of momentum came in #sé decade. The results
from for example REXEBIS described below and the RHIC Te$8&R1] (converting 1+ gold
ions to at least 32+ and providings pulses of more than 1@ons) among others, have promoted
several new designs using EBIS/T as 1+ to g+ breeders, freendredenoted Electron Beam lon
Breeder (EBIB). Presently, the demand for a cost-efficientipction of accelerated nuclear beams
is pushing the development of two breeder options - EBIB a@®RES. This paper will focus on
charge breeding of radioactive ions as the growing field siekelveral upcoming Radioactive lon
Beam (RIB) facilities 12, 13]. Examples of earlier reviews of EBIS/T and ECRIS as radivac
charge breeders ar&4-17).

1.2 Functioning of EBIS/T

Atoms or ions that are introduced into an EBIS/T are ionizedhigher charge states. If singly
charge ions are injected over a lowered outer barrier, seeeflg(top), the EBIS/T work as a
breeder, but likewise neutral gas atoms or molecules canttmeliced and the EBIS/T then acts as
a source or trap of highly charged ions. Figaréottom) illustrates how a dense mono-energetic
electron beam from an electron gun is used for the ionizgtimtess in an EBIS. The electron
beam is focused and compressed by a strong magnetic fiekddrieaa surrounding solenoid. In
most EBIS/T the electrons pass only once through the trgpigion before they are absorbed
at the electron collector. The ions inside the EBIS/T arefioed radially by the electrostatic
forces from the negatively charged electron beam and by #gnetic field, and longitudinally by
potential barriers, established by cylindrical electodarrounding the beam. Inside the trapping
region the high-energy electrons collide with ions. Thdzation process is step-wise, removing
one or a few electrons at each ionizing impact of the beantreles; until the ions finally are
extracted by lowering the outer barrier. Note that the iamsigjected and extracted at the same
side of the EBIS/T. By applying different voltages to thdtdribes the pulse shape of the extracted
beam can be modulated. The ion motion inside the trap is aic@atidn of radial oscillation in the
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Figure 1. Top: axial potential inside an EBIS during pulsed ion itijge, trapping and pulsed extraction.
Bottom: key elements of an EBIS, including electron gun asltbctor, and an extended high magnetic field
solenoid which compresses the electron beam in the trappiyign in order to obtain a rapid ionization
process.

electrostatic field of the electron beam with a superimpe@shuthal cyclotron motion around the
magnetic field lines, and a relatively non-correlated bingnbetween the end barriers.

The main characteristic entity describing an EBIS/T is th@zation factor, i.e. the product
je-ThreedingOf the electron-beam current-densityand the breeding timepleedsing On average, to
transform ions of charge state g to g+1 an ionization fagt®jeeding-€/0q—q+1, Whereoqg_.q.1 is
the electron-impact ionization cross-section for chatgéesg to g+1, is required. Thus, one can
easily select a specific charge state by just varying thedbmgdime (see also figur@), and there
is no need for retuning other source parameters as in theo€aseECRIS. Nevertheless, also for
an EBIS/T, the ions are statistically distributed over saveharge states and therefore the inherent
breeding efficiency is limited to between 20% and 40%, dejpgndn the Z of the ion. We shall
later see that there exist tricks that can be used to overdosBmitation (sectior?.7).

Traditionally an EBIS is characterized by an extended frappegion (typically 0.5 m or
longer) surrounded by a solenoid, often superconductirig avfield of a few T, while the shorter
magnetic field in an EBIT is created by a pair of strong Helrtthobils. The space charge capacity
of an EBIS is usually larger than for an EBIT, but because efftigh electron current-density in
the latter, it can produce very highly charged ions in a stioe (even fully stripped uraniundg)).

1.3 Charge breeding of radioactive beams

The aspects of radioactive beam charge breeding are diffémn the stable ion breeding. Fore-
most, the rare ions have to be efficiently bred as a lack ofeled beam intensity may not simply
be compensated by an increase of the injected 1+ beam. GmmgBg the acceptance of the sys-
tem — transverse and longitudinal — has to match the prasedf the injected beam. Related



to this is the necessity to minimize the radioactive conteatidn caused by losses in the system.
The limited life-time of short-lived radioactive ions, dowo some ms, stipulates a rapid charge
breeding. A low superimposed ion contamination in the exéch beam is of particular importance
for low-abundance, neutron-rich or deficient nuclei. Thgdanumber of isotopes in the nuclear
landscape, over 3000, has a mass range from a few mass uoitert800, thereby demanding a
large flexibility of the breeder system. The radioactiverbeatensity spans an even larger range,
from a few to over 1& ions/s. Furthermore, crucial but not RIB specific critedge the space
capacity (or ion throughput per time unit) and the most abnb@dharge state in the charge state
distribution. The complexity of operation and the ease aigfing charge state are also parameters
to be considered as several beam changes (element, isotepergy) may be requested per week,
or even per day. The robustness of the system and the costalplal a role. In the case of mass
measurements by means of traps, the space charge insidectftebis not a constraint as only
a few ions are required to establish the cyclotron frequekimwever, a low energy spread is de-
sired, ideally only some eV/q, to reduce the effect on thesmesolution unless a dedicated cooling
mechanism using, for instance, protons or electrons fallthve breederl[9]. For mass resolution
reasons, trap systems also benefit from the highest possiatge, while a post-accelerator in most
cases only requires a mass-to-charge ratio (A/q) betweewl &.aA more extensive discussion of
the criteria is found inZ0Q].

The low-energetic, typically 30-60 keV, radioactive beamimaed for charge breeding are ei-
ther produced in an Isotope Separator On-Line (ISOL) tamgetsource 21], or in a Fragment
Recoil Separator (FRS) connected to a thermalizing beaoheaf2?], by interaction of driver
beam particles with a target. In the ISOL situation the poedluatoms or molecules effuse from
the target to an ion source where ionization to 1+, or rarelyjtékes place before the cocktail beam
is accelerated and mass-separated. The quasi-contineaussihave emittances in the order of 15-
30 mmmrad (27, 30 keV) 23]. From the beam catcher, singly charged fragmentatioreptitgs
are extracted with approximately a factor 10 times smakleittance. In order to reduce the trans-
verse phase-space of the ISOL beams a gas-filled cooler @ Reetjuency Quadrupole (RFQ) or
Penning trap type can be introduced and thereby enhancej#iagion efficiency into the breeder.
Accumulation and bunching can also be performed if spacegetalows and, bunch lengths of a
few us are obtainable. A breeding scheme using an EBIB is showgune? with its main com-
ponents. The system can indeed provide beams both for lenggiphysics and post-acceleration.
Succeeding the EBIB is an A/g-analyzer, with a resolution-@b0, to select the correct charge
state and separate away residual gas ions produced in ndelbre

2 The REXEBIS charge breeder

2.1 The setup

The first dedicated charge breeding studies were perfortietbekholm p4] and Saclay25] and
served as a feasibility test for the REX-ISOLDE re-acceterf26, 27] at CERN. The encouraging
breeding efficiencies of 30% and 9.4% fof'Nand A4+ provided a solid basis for the construction
of REXEBIS. REX-ISOLDE was the first 1+ g+ based system to provide re-accelerated beams
for nuclear physics experiments and have now supporteceatsai program for many year2§].
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Figure 2. Schematic layout of a charge breeder system for an ISOhzliessed on an EBIB.

REX-ISOLDE makes use of a unique combination of a Penning(fREXTRAP) and REXE-
BIS for the bunching and charge breeding of radioactive prims to their acceleration, see figuse
The 1+ ions exit the ISOLDE ion source as a quasi-continu@asrh with a time structure given
by the proton impact on the primary target, typically witheavfseconds interval and, the release
time of the elements from the target, ranging from a few 10arsetzeral minutes or longer. The
beam, with a total energy of 30 keV, is mass-separated in bhveocomagnetic separators, before
arriving to the gas-filled Penning trap, located at 30 kV. Dwu¢he limited resolution of the sep-
arators (R-1000 and~5000) isobaric contaminations, stable or radioactive, o@pe with the
desired radioactive ions. Accumulation and phase-spagiéngadakes place in the buffer-gas filled
trap for as long time as the breeding process takes, thatésadel0 ms in most cases, before the
ions are transferred in a bunch to REXEBIS. For light ions eeting time of only a few ms is
required, nevertheless, the cooling time inside the traptdéde at least 10 ms to be effective. The
EBIS efficiency is strongly dependent on the effectivendsbaphase-space cooling in the trap,
optimized by tuning of the REXTRAP cooling cyclotron freaquag. Inside the EBIS the ions are
further ionized to an A/g 4.5, before being extracted at a variable potential to mitetvelocity
acceptance (5 keV/u) of the RFQ cavity, the first elementérptbst-accelerator. The room temper-
ature LINAC is pulsed with a duty cycle of 10% and providesrbsdo two different experimental
stations, one of them being the Miniball gamma detectorydi28]. The pulsed extraction from
the EBIS is well matching the RF pulse length of the LINAC. koself-extracted beam, that is
ions leaving the trapping region without applying a potngradient, a Fwnm Of approximately
30 us is attained. Between the EBIS and LINAC an achromatic Afopsator selects the desired
radioactive ions from ionized stable residual gas contatiins coming mainly from the trap and
EBIS. REX-ISOLDE delivered its first beam to experimentsutuann 2001.

The REXEBIS itself can provide electron beam currents upi A with a current density
of ~200 A/cn¥, although it is mostly operated with around 200 mA and 100w&/cThe electron



REXEBIS

charge breeding

I
T Uim-:?)O kV
U..=15-22.5kV

REX A/g-
l sepa rator

A/q analyzed

ISOL beam 1+

_>
CW or pulsed

REXTRAP
accumulation, bunching, cooling
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beam is emitted from a 1.6 mm diameter lgaB310> crystal cathode, immersed in 0.2 T B-field.
The room temperature trap with a length of 0.8 m is surrouryesl2 T superconducting solenoid.
A vacuum better than 13° mbar is achieved by a combination of high-compression nutdec
drag pumps and non-evaporable getters (NEG). The EBISuatsid on a high-voltage platform
with a potential switchable between ion injection and eottcen. The theoretical trapping capacity
for a 5 keV, 200 mA electron beam exceed$®° charges, although the electron beam is never
fully neutralized by the injected beam. Exhaustive infatiotaabout REXTRAP and REXEBIS
are found in 80, 31] and [20, 32], respectively.

2.2 General results

Since the first beams of neutron-rich Na were delivered ihZab1, numerous isotopes have
been provided by REX-ISOLDE for nuclear astrophysics, @aicktructure physics and solid state
physics at beam energies ranging from 300 keV/u up to 3.15/MeBy the end of 2009 72
radioactive isotopes of 25 different elements had beerceelerated for physics, in addition to
numerous stable isotopes for beam setup and tests. As de&atedsin figured, elements over
the full mass range have been charge bred, the most chalteimgterms of breeding being heavy
neutron-rici??*Ra and?8U. No surface physics processes affecting the charge bnedage place
in the bunching-cooling-breeding system of REX. Howevlarge exchange with the buffer gas
atoms inside the Penning trap may occur if radioactive nghkes are to be charge br&3][ For
instance, neutron-ricA-92Kr isotopes suffered from a halved transmission through REXP
already at a cooling time of 50 ms due to recombination andisbt®pes are problematic. Never-



theless, it has been shown that the full nuclear chart cambered, unless limited by short half-
lives. Even elements that are not extracted from ISOLDE nmaetfavourable circumstances be
delivered by making use of in-trap decay as explained beRrgvious results from the cooling-
bunching-breeding system are presente®i 35|

2.3 Breeding efficiency

The transmission efficiency of the system has continuattyeiased with gained operation experi-
ence. The total efficiency is defined as the particle curritat the REX separator divided by the
particle current injected into the trap, i.e. it encompagezp transmission, breeding efficiency and
REX separator transmission and selection. The Penningeffiiency ranges from 20% to close
to 60%, the lower values occurring for elements witk 5. Light elements are reflected at the
injection side and have a large energy spread inside thertadgng it difficult to confine them3(Q].

In addition, the cooling process is less efficient for theyuiaght elements as the mass difference
between the buffer-gas and the injected ions is relativlgd. The total low-energy efficiency
for a selection of beams, both stable pilot beams and ratileacs plotted in figured (top) with
complementing data listed in table The selection shows cases with good performance to reflect
the potential of the machine, as the excluded lower effigiarases are due to a non-optimized
setup. An overall efficiency of at least 3% can be expectethffull mass spectrum, with record
efficiencies in the 20% region. As mentioned the light eletmane problematic due to insufficient
cooling in the Penning trap, but also heavier elements shlmwer transmission. The reason for
a lower heavy-ion efficiency is partly due to a broader chatgée distribution than for low-Z el-
ements. Secondly, a poor vacuum 10~ mbar) in the REX mass separator, which has a length
of about 6 m until the focal point after the separator magreaises charge exchange losses of the
highly charged ions. Using Muller-Salzborn’s formula fdrarge exchange8f] and assuming a
13 eV ionization potential of the residual gas, the sepatasses for ions with charge 40+ can be
estimated to 25% and, approximately 5% for charges aroumd AGemi-empirical evaluation of
the efficiency for the REX low-energy stage is given in table

2.4 Hold-up time

The hold-up time denotes the preparation time of the ISOis-loefore they are post-accelerated.
The total hold-up time when the REX low-energy system is afael in normal mode is comprised
of the cooling time in REXTRAP and the consecutive breedingetinside REXEBIS. For syn-
chronization reasons the former has in general the sam#hlasgthe latter, unless the breeding
time is shorter than 10 ms, then the cooling time still hasedétween 10 and 20 ms in order to
fully cool the ions. That means a 50 Hz repetition rate is Usednasses below 40. In figure
(middle) the EBIS breeding time is plotted for the same el@sas given in the efficiency plot.
The mass-to-charge ratio, plotted in figdrébottom), varies between 2.5 and 4.5 and the specific
value for each case is chosen so over-lapping A/g-peaksndéigonant ions are avoided. For the
heavier elements the breeding time can be as long as 300 sa#tjrrg in a total hold-up time of
600 ms. In order to maintain a sufficiently high repetitioterdne chosen breeding time might not
be optimum for the delivered charge state, as in the caselohrior example, but slightly shorter.
The hold-up time is comparable with or shorter than the difin-effusion time of the ISOLDE
target-ion source for most elements, but very short-liiethents, such aS'Li (t1/2=8.5ms), are
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Figure 4. Top: measured total low-energy efficiency (trap + EBIS + RiXss separator) for a selection of
elements, details listed in table Middle: charge breeding time for the same elements (exutucboling-
bunching time inside REXTRAP). Bottom: mass-to-chargeratr the same elements.

difficult to deliver without significant decay losses. The ug continuous injection into the EBIS
described below can curb the hold-up time. Closed shelldimge as exemplified witd3Na’* in
this plot, leads on the other hand to longer breeding timeth@é sodium case to 38.5 ms).

The breeding time is dependent on the electron beam setiimysass, the desired A/q and the
ion beam tuning. The theoretical electron current density heen confirmed with breeding tests.
For instance, injecteél38Xe is charge bred to 32+ / 33+ within 180 ms with a 190 mA cusrent
corresponding to a current density of approximately 110n&/c Nevertheless, for incorrectly
injected ions with only a temporary overlap with the eleatb@am, a breeding time of 330 ms was
needed to reach 31+ / 3237), translating into an effective electron current densitp® A/cnr.



Table 1. Cooling and breeding data for elements presented in fifjure

Element| Alq T1/2 | Tperiod| Tbreeding| Efficiency Comments

(ms) | (ms) (%)
1| SLi** | 45 (1783 ms 20 4 4
2| °Bedt 3 stable | 20 5 5
3| 19Be’t [3.333| 1.6 My | 20? 15 5 22Ne buffer gas, Ferioguncertain
4 | p+ 3.8 stable 20 5 7.5
5| 23Na’* |3.286| stable | 20 11 17
6 | 2Na’t |2.556| stable | 40 385 23 closed shell breeding
7 | Mgt |2.667| stable | 30 28.5 13
8 | ?’Al’t |3.857| stable | 20 10 16.7 AIF* molecule injected
9 | 3Omg’™ |4.286| 335ms| 20 8 14 large error bars
10| S%9K°t |4.333| stable | 20 9 19.8 closed shell breeding
11| 3¥K10+ | 3.9 | stable | 20 12 15
12| 5Mn'>* | 3.667| stable | 30 28.5 12.4
13| 65Cut®t | 3.421| stable | 100 65 19.7 closed shell breeding
14| %5Ni'6+ | 4.125| 54.6h | 30 28.5 6.7
15| 67Ccut® |3.526| 61.9h | 100 68 12.6 closed shell breeding
16| 8zn?l*t | 3.238| stable 80 78 9.1
17| °Cw%t | 3.45| 3m 100 98 9.5
18| °Cul®t |3.684| 445s | 70 65 10.2 single isomer
19| 8Rb?% | 4.35| stable | 50 44 12.7
20| 1075r?%+ 14.115| 4.11h | 82 59 12.2
21| MCP>t | 456 | stable | 70 69 13.7
22| 45?7 | 4.222| stable | 82 79 7.4
23| 133C4 | 3.912| stable | 200 198 10.8
24| 136xe33t | 4.121| stable | 183 180 7 large error bars
25| 138333+ | 4.182| stable | 173 170 6 BaF" molecule injected
26| 142Ba?3t |4.303| 10.7m | 173 | 168 5 BaF" molecule injected
27| 144Xe3* |4.235| 1.15s | 200 | 198 8.7
28| 186Hg** (4.227| 1.4m | 204 | 200 7.1
29| 20p#8t 1 4,167| 12.5h | 255 | 250 5
30| 2Rt | 434 | 1.24m | 204 | 200 2.6 non-optimal breeding time
31| ?**Rep™t |14.392| 3.66d | 357 | 355 3.7

2.5 Pulse structure

The pulsed extraction from REXEBIS leads to an improvedaligo-noise ratio at the experimental
station for low intensity beams. With a breeding time of 50 ansl 200us measurement time
per pulse, 24 h of beam time corresponds to approximately ibbites of data collection. On



Table 2. Estimated Penning trap transmission, calculated singégge-state occupancy after breeding,
calculated charge-exchange losses in REX mass separdttivenretical attainable efficiency for REX low-
energy stage for different masses under present conditions

A | g |Estimated Single charge statg Charge exchange losses Attainable low
Penning trap | occupation % in REX separator % energy
efficiency % | (no closed shell (present separator efficiency %

breeding) vacuum)

20 | 5+ 35 42 2.3 14

56 | 13+ 55 30 7 15

96 |23+ 60 26 14 13

137| 33+ 60 25 21 12
197| 46+ 55 23 32 9
238| 54+ 50 23 38 7

the other hand, the instantaneous particle rate will be Wi for high intensity beams. An
average beam intensity of 1Particles per second (pps) results for the same timing petesiin
an instantaneous rate of 218’ pps in the pulse, which may lead to missed events in the DAQ or
pile-up problems in the detector system. Hence, slow ioraetibn is commonly requested by the
experiments. The ions are then extracted during some hadipdrethe upper limit of 80Qus being
the length of the LINAC RF pulse, by slowly lowering the outiepping barrier 38]. The optimal
EBIS trap settings are dependent on the ion mass and chhegefdre time-of-flight diagnostics
of the extracted beam is mandatory during the setting-upgoh@s the ionization efficiency can be
maintained, this flexibility allows the beam pulse lengttbéotailored to the experiment. Figube
shows the time structure, for self-extraction and slowastion, of 22*Ra%t measured with a
particle detector at the Miniball setup.

2.6 High current beams

The maximal current throughput is not primarily limited bhyetREXEBIS storage capacity, but
by space-charge effects inside REXTRAP. Apart from an edtayclotron resonance frequency
at large trap loads3p], which can be compensated for, the space-charge insideehring trap
leads to insufficient phase-space cooliBd][and thereby less efficient ion injection into the EBIS.
Alternatives to the sideband cooling scheme have beenvtitbdut real succesg]. Nonetheless,
numerous tests with stable beams, for example Li, Na and\¢ tiemonstrated that the REX low-
energy system is capable of handling most beam intensit@sded by ISOLDE #1].

For instance, different intensities of#Na+ beam were injected into the trap while the current
of the charge bred®Na’+ was recorded after the REX mass separator. The efficiendyedbtv-
energy section is plotted as function of injected currerfigare 6. At the test a modest electron
beam of 176 mA was used for a period time of 20 ms and the omtizeeding time was found
to vary between 11 and 13 ms. The REXTRAP cyclotron frequevey fine-tuned for the various
intensities. A drop in efficiency from 14% for low currents386 for 2.5 nA injected been was
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Figure 5. Time structure for self- and slow extraction from REXEBT®e beam particle$?*Ra>%*, were
measured with a particle detector at the Miniball setup. fitmaber of counts in the two peaks is different
due to varying beam current. Note that the tail of the slowastion peak is cut due to the LINAC RF being
stopped at 750 us.

recorded and attributed to the worsened emittance of thééam extracted from the trap. The
highest current is equivalent to1®° ions/pulse for a repetition rate of 50 Hz, thus far below the
space-charge capacity. 10%) of the EBIS. A high-intensity case of radioacthf€Sn confirmed
the measurement as an efficiency>6f% could be obtained for injected currents of 100 pA and a
cycle time of 70 ms37]. The use of continuous injection directly into REXEBIS nmeliow for
higher beam intensities as will be discussed below.

2.7 Closed shell breeding

It is well known that the electron beam energy in an EBIS camused to maximize the abun-
dance of a particular charge state by taking advantage @ation thresholds and recombination
resonances4p, 43]. By adjusting the electron beam energy accurately jusivib¢he ionization
potential of an electron shell closure, a large fractiorhefibns can end up in a single charge state.
The method makes use of the large gap in ionization enerdgyeashell closure of atomic ions.
The radiative recombination (RR) counteracts the eledirgract ionization and the steady state
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Figure 6. Total low-energy transmission efficiency as function géaed?3Na* current into REXTRAP.

abundance of the highest charge states for long breedires tisndetermined by the ratio of the
ionization cross-section and the RR cross-section.

The closed shell breeding has been tested at the REX-ISOERp.s For instance, a beam
of stable potassium has been used. A large ionization pateytp occurs between’®t — K17+
(1055 eV) and the first K-shell ionization'k" — K&+ (4423 eV), which is compatible with the
REXEBIS electron beam energy of 3500 to 5500 eV. The eledieam energy was adjusted to
approximately 4375 eV, with an energy distributiorde?5 eV caused by the potential depth of the
electron beam itself. The choice of beam energy meant tedirieder could be operated with its
normal settings, i.e. with a beam current of 300 mA and a otidensity evaluated to 130 A/ém
In addition, by choosing a high electron beam energy closkeadonization potential for K to
K18+ the ratio of ionization to RR rates was optimized. The 1+beas first bunched and cooled
in REXTRAP and thereafter injected into the EBIS for bregdifollowing the standard concept.
The breeding times were varied from 20 ms to 250 ms, while tAX"RRAP cooling time was
fixed to 250 ms to avoid the influence of varying space-chaffgets. The setup had a satisfactory
efficiency, but was not fully optimized.

In order to estimate the influence of RR and charge exchafget€£fCBSIM B4] simulations
were performed using the experimental beam energy but alotdimg ion heating. The simulation
results shown in figur@ suggested a major occupancy in theKcharge state, approximately 70%
after 250 ms breeding time. The influence of RR for a 4375 evteda beam energy is negligible,
as well as charge exchange effects even at a pressure dfritfar (one order of magnitude higher
than expected), as displayed in the two panels.

The experimental results revealed a different charge diatgbution, as shown in figurg.
The combined transmission of REXTRAP and REXEBIS for défd@rcharges states is plotted as
function of the breeding time. The transmission curves ceflee charge state distribution inside
the EBIS at the moment of extraction. One finds that even f@ @5 breeding time the 16+
charge state dominates, with 40% more ions than 17+. Thepoitging line for 17+ predicts a
charge state dominance for breeding times exceedB&#) ms. Measurement limitations prevented
investigation of such long breeding times. The reason fomet peak charge state than expected
could be ion heating effects resulting in a lower effectikatron current density leading to a longer
breeding time.
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Figure 7. Potassium charge state distributions calculated withl®B®r conditions described in the text.
In the upper panel radiative recombination and charge exgshare excluded, in the lower included.

As a comparison, the transmission was measured for a narapgaing time of 20 ms followed
by 9 ms breeding, resulting in a peak charge state of 10+. Adeaeen in the graph the efficiency
for this mode of operation was 11%. The long breeding timeiired for closed shell breeding,
resulting in a large space charge inside the trap and a vghyéhitracted instantaneous ion beam
current, precludes the use of the method at REX-ISOLDE.

A variant of the genuine closed shell breeding is nevertiselesed in the daily operation of
REX. Even if the machine constraints prevent an adjustmettieoelectron beam energy to the
shell gap potential, we can still gain in transmission edficy by breeding the ions to a closed
shell configuration. For instance Ne-like copp&Qu*®") could be bunched and charge bred
with a total record efficiency of 19% (see figu# The ionization potential was significantly
lower (~1500 eV for 19+— 20+) than the electron beam energy4@00 eV). With an assumed
REXTRAP efficiency of 55-60%, the EBIS efficiency for char¢gte 19+ was 32-35%. Additional
information about closed shell breeding tests at REX-IS@li®found in B5].
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Figure 8. The combined transmission efficiency of REXTRAP and REX&RIr different charge states of
39K as a function of breeding time when operated in closed shetle.

2.8 Beam contamination and cleaning

Apart from striving for the highest possible intensity, brepurity is of crucial importance for many
experiments. The level of tolerated contamination variéh e experimental setup and can be
as strict as<10% of the requested beam, particularly if particle-taggm not available. Many
experiments make use of ionization chambers and Braggtdegdor on-line beam identification.
The beam contamination originates either from the primanyet as an isobaric mass-resolution of
the cocktail beam is rarely within reach of the separatar,om the EBIS in the form of residual
gasions, such as C, N, O and effusing Ne buffer-gas from REXH. R addition Ar, which is used
as venting gas, is also detected as a contaminant.

The EBIS contaminations are almost exclusively non-isebasntaminations, but some ion
species may have A/g-values not resolvable from the rath@aoeam by the REX mass separator,
which has an A/g-resolution of around 150. Trace elementsaaB, Cu and Ti from the cathode,
collector and drift tubes may also be detected after the EBUBIsuitable A/g-values, then at levels
of some 10 to 1000 pps. The partial pressures for C, O, Ne aiitAe REXEBIS trapping region
when the vacuum is optimal are estimated from the extracte@mt to be around-30-12, 2.10°12,
5.10 12 and 410 13 mbar, respectively. This corresponds to between 5 and 1@i@lpapA in the
Alg-peaks, while<0.1 epA (limit given by the Faraday cup readout) is recoraetddtween the
peaks. A mass spectrum for beam extracted from REXEBIS isepted in figured after new
NEG strips were installed. The result from internal coatighe drift tubes and collector with a
NEG layer was inconclusive. Even superior vacuum could léeged with a cryogenic system,
although the risk of memory effects between consecutive rsitnigher as reported id¢]. The
REXEBIS system needs to be baked-out after venting to athessfso a minimum time of a week
is required for an intervention, similar to an opening cyal@ cryogenic system.

For most elements an A/g-ratio within the acceptance of tieelarator can be found without
background, except for certain isotopes of low-Z elementh s Li, Be, B, etc. In those cases
single or double-stage stripping in the LINAC with carboiiSof thickness 4-5Qug/cn? is used
to separate the overlapping charge state distributioesfusther Bg]. Enriched?°Ne as buffer gas
in REXTRAP is regularly used to avoid tRé&\e isotope from being superimposed’dBe or!1Li.

— 14—



30 REX:
ass SCANNER
20N a7+
=1 A0pr1a+ L 1203+
/ 40p P12+ 1502+
20
| ¢4+ q 205+
< s |’! | 40p 10+
4013+ ﬂ
o | 1695+-
l a0p 11+ }
’ N1 ﬂ 2Nest | | P2Nes* | 40prd
5- H 1 f
il | |
i liniiEs 2. \ i
=1, LJUJLm | e SP - )" ~ L
3 3,2 3,r4 3:6 3!3 ‘; 4,‘2 4,‘4 4!6
Alq

Figure 9. Extracted residual mass-spectrum from REXEBIS for optwvaauum conditions. The Ne peaks
are due to buffer-gas effusing from REXTRAP into the breedéthe time of recording an electron beam
current of 150 mA was used with a breeding time of 28 ms.

Low intensity beams with less than a few 1000 pps from ISOLR#ebeen accelerated in REX
for physics. To further improve the beam purity moleculaesiand beams from ISOLDE can be
used, or REXTRAP can be operated in mass resolving mode.

2.8.1 Molecular beams

Molecular sideband ions have been part of the ISOL-toolsaftwng time. The method makes
use of the fact that elements along an isobar have diffetegical properties and often do not
form similar molecular compounds. Thereby the element eamansferred into a clean molecular
sideband with a high chemical selectivity. The method isdabghly treated in47).

For example, instead of selectif®Sr directly from the target and primary ion source, with a
substantiaP®Rb contamination superimposed, the molec§®r'°F was mass selected (produced
by injection of CR gas). Rubidium does not preferably bind as RbF, and wasftrersuppressed.
The SrF molecule was transferred to REX where it can eitheligsociated inside the trap or the
EBIS. In this particular case the primary A=115 beam from IL®@ happened to contaift’in
and°Ag, which then followed into the breeder. Nevertheless, lgrge breeding strontium to
23+ an A/g-value different from any possible mass-to-chawagio of A=115 was obtained. The
complete procedure is illustrated in figuk®. This two-stage separation demonstrates the suppres-
sion strength of the method. The final selectivity is giverthiy probability of the contaminant to
bind in the same molecular configuration and should prefgtad tested in advance of the exper-
iment. The REX low-energy efficiency depends on the electwativity of the desired ion in the
molecule, disfavoring radioactive ions with high electregative values, since they tend to become
neutral when the molecule is broken up and escape the capfirdtential of the electron beam.
For instance, a REX low-energy record efficiency of 16% wasiakd for At injected as AIF
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ion into the EBIS, while only a couple of percent was achief@d=>*. A higher electron beam
current density would improve the trapping probability dnerefore the efficiency.

Molecular beams from the ISOLDE targets are not exclusivegd to obtain pure beams,
but as well to improve the release of elements that in eleangrfbrm are highly reactive with
the target container or ion source surfaces, or have higbrizgtion temperatures. Examples are
carbon, nitrogen, oxygen, fluorine and chlorine (for furtreading see48]). At REX-ISOLDE
this technique was fruitfully used for extraction and biagf1°C, in 1°C160 form. The molecule
was broken up inside the EBIS and charge bred to 3+ beforg laeicelerated. Worth mentioning
is the use of a stripper foil after the acceleration to sa@paamay?°Ne®* from the°C3+ beam.
Since 2005 several molecular beams have been injected aindrdgments post-accelerated at
REX-ISOLDE, such as°C from CO, °Se from SeCO?Sr from SrF and“®14’Ba from BaF.
Additional information on the application of molecularsixhnd beams at REX is found #d, 50].

2.8.2 REXTRAP in mass resolving mode

To suppress low-intensity isobaric contaminants from I8 8Lthe intrinsic mass resolution of
a Penning trap may be employed. By ion-motion manipulatiwidie the trap, see figutkl, a
mass resolving power in the order of*1® 1 is in principle achievable. The complete trapped
ion cloud, including contaminants, is first compressed grgd amplitude quadrupolar excitation
inside the Penning trap for approximately 50 ms and thexeditplaced radially with a dipolar
mass-independent excitation during 20 ms. Once offsetyaloplitude quadrupolar excitation is
applied for 100-200 ms, which selectively re-centres ttairdd ions. These can then be extracted
from the trap and injected into the EBIS in a normal way, whike still displaced contaminants are
stopped by a diaphragm. The complete cycle takes up to 400dha required pulsed injection
into the trap is obtained by collection and pre-bunchinghinRFQ cooler.

The technique has been extensively investigated at REXqlynaith stable beamd5[l, 52]. A
mass resolution of-20* for 3°K has been demonstrated with a suppression factor exce2@ifuy
nearby contaminating masses. In standard operation the resalution is approximately 300 and
little suppression is attained. It is important to note tih&t modified cooling procedure inside the
trap is less efficient but still adequate for successivengection into the EBIS, reflected in a total
transmission of the REX low-energy part of up to 5%. Incrdasass resolution and suppression
factor lead to lower transmission efficiencies. Differemtases, varying injected currents and cool-
ing schemes have been investigated. It has been found ¢hapération mode is fairly complicated
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Figure 11. Sequence of RF excitations to achieve isobaric separatiBEXTRAP. Left: High-amplitude
guadrupolar excitation to compress the ion cloud. Middléadar excitation at magnetron frequency to
displace the ion cloud outside the acceptance of the eidradtaphragm. Right: Low-amplitude mass-
selective quadrupolar excitation to re-centre the desinesl Amplitudes Al>> A2 > A3. Picture adjusted
from [51].

to set up. The mass resolution is affected by space-chafgeieand above a few 1@ons/bunch
the resolution is lower than for the High Resolution Separate. 5000. With a repetition rate of
3 Hz this translates to a few pA injected beam, including thiet@minants. The long cycle time
disqualifies ions witht, <100 ms. As a conclusion, the method is not universal but a gt
to molecular sideband beams and suited for cases whereghly selective Resonant lonization
Laser lon Source (RILISH3] and target-ion source selectivity are not readily avdéab

2.9 Continuous ion injection

REXTRAP normally delivers a beam pulse of 3418 (FWHM), depending on trap extraction con-
ditions and ion mass, which is transferred to REXEBIS. Alidgjo the EBIS has been designed for
pulsed injection with a time-variable outer barrier, it fgeneral interest to investigate efficiencies
and breeding times for continuous beam injection (also knasvaccumulation mode). In principle
this mode opens up new possibilities for short-lived iongd, dnigh intensity beams for which the
Penning trap becomes a limiting factor. To be efficient, h@gea high-quality emittance from the
on-line separator is required as continuous injection nfadea reduced phase-space acceptance
compared to pulsed injection, due to the injected beam pagssier the EBIS outer barrier (for a
detailed discussion se87]). In addition, a rapid ionization from 1+ to 2+ or higher cha state
during one round trip inside the EBIS trapping region is p8ak

The continuous injection mode has been examined at REX. GAMbérom either a reference
ion source or ISOLDE were used. The latter had emittanceseimtder of 15-30 mrmrad (2,
30 keV), optionally cooled by the RFQ cooler ISCO4] to emittances of about 3-10 mmrad.
The beams were shot through a non-active REXTRAP (magnetit still on though) with 75%
efficiency and injected over a slightly lowered outer bauiriéo the EBIS. After finishing collection
and breeding, the outer barrier was fully lowered and tha&hapxtracted ions mass-analyzed. An
efficiency of 4% for3°K % was reached for 9.5 ms breeding time and 10 ms period times Thi
efficiency should be compared to a pulsed injection effigiewbich can attain values of 15%
(trap + EBIS) for 10+. It should be noted, however, that the @j#ction showed no decrease in

—17 -



—®—~50pA at trap entrance

P

Tbreeding=9.5 ms

—#— ~500 pAat trap entrance

©

5
5
4
~ 3.5 -
= 3 Threeding=19.5 ms /-
=
3 2.5
a2 /Y NN
1 ] —3
0.5 =
0 T T T
S 7 9 11 13 15
Charge (q)

Figure 12. REXEBIS breeding efficiency as a function of the chargeestat continuous injection oi’K
with different beam currents and breeding times.

efficiency when the beam current was increased from 50 to B0®&ee figurel2), which is not
the case for pulsed injection. This demonstrates the mistipadential for high-intensity beams.
As expected, a lower peak charge-state was recorded foctiwenailation mode (9+) compared to
pulsed injection (10+). A slightly higher efficiency of 5%rf/Rb!’*, breeding time 29 ms, was
achieved with a cold injected beam from ISCOOL. The highgciefhcy could either be attributed
to a smaller beam emittance or to a more effective trappmggation to 2+ during the roundtrip)
inside the EBIS. A drawback of the technique is the lack oathanemory reset’ inside the Penning
trap, meaning that the EBIS injection is sensitive to thérggs of the primary target ion source
(ISCOOL in case that is used) and the whole consecutive bis@mThe results of these tests are
more extensively discussed i85, 45].

2.10 In-trap decay

In-trap decay is an indirect beam production technigueckviias explored at REX-ISOLDE. Due
to chemical reasons, refractory elements such as Fe haug aedlease time from the thick primary
target and short-lived Fe isotopes can therefore not beedetl to experiments at ISOLDE. One
way to circumvent this problem is to produce the mother igetof the desired isotope and then let
it decay in either REXTRAP or REXEBIS in order to extract treughter ions to the experiment
after the decay. This method has previously been used atTRAP with great succes$)]. Pure
radioactive manganese nucl&iMn t1/2=670 ms and later als®Mn t1/2=880 ms, copiously pro-
duced by RILIS, were injected into REX in an explorative ekpent [56]. The ions were trapped
inside REXTRAP for various times ranging from 300 ms to 1108 before being transferred to
REXEBIS, charge bred for 28 ms to 15+, and thereafter acel@rto Miniball. In this measure-
ment series no Fe daughter ions were detected at the exp¢ainsetup after the LINAC. On the
other hand, when the breeding time was increased to 298 malanibns were accelerated, a sig-
nificant part of the beam consisted of Fe. This proves thatilreg daughter ions can be trapped
in REXEBIS, although the experiment could not explain why tlaughter trapping in the Penning
trap did not work out. At REX it would be preferable if the dg@an take place inside REXTRAP
so the in-trap decay becomes decoupled from the breedirmggs@and, thereby A/g-rescaling of
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Table 3. Possible isotope candidates for the in-trap decay praztustethod.

Daughter | Mother T1/2 mother

12g 12pe 23.6ms
333435gj | 333435 54, 60, 150 ms
Ti Sc

616263Fg | 616263\n | 710, 880, 250 ms
98-103zp | 98-103y 0.23st03.75s

the LINAC can be avoided when the trapping time is optimizéditure tests dedicated to the
understanding of possible loss-mechanisms inside REXT&ARoreseen.

The method has restrictions of which certain can be addielbgenext-generation EBIB.
Firstly, recoil energies of several 100 eV are typical;%dte the recoil energy distribution reached
450 eV. The recoil ions from high Q-value decays are mordye#@isipped in EBIB with higher
magnetic field strength and larger electron beam curremor8ty, 3 decay is less efficient than
B~ as a large part of the daughter ions end up as neutral atothsugh a certain part will have
1+ or g+ charge caused by Auger and shake-off effects. pdegay is limited to mother ions
with limited half-life, i.e. maximum around a second. Fetymossible candidates, which are not
yet present in the ISOLDE vyield databagd]| are listed in table3. The technique is described in
detail in [57] and summarized ing0].

Obviously, there are also cases when the effectiveneseadhitiap decay is counterproduc-
tive. For example, an experiment requesting post accetifht (t; /2=178 ms) detected a fraction
of the decay produéBe in the beam as well. Likewise, for 8Zn beam, a contamination 8¥Ga
was seen.

3 Other EBIB systems dedicated to post-acceleration or trajmnjection

After being the only operational EBIS/T based charge brefteadioactive ions for several years
REXEBIS has now been joined by a number of devices, some tpegtawhile others still being
in the design or commissioning phase. These breeders aftylimtroduced below.

3.1 EBIB for post-acceleration

The RHIC TestEBIS8, 59] has demonstrated a significant increase of the electrom loeiarent
compared with other EBIS devices. The current has beendraise order of magnitude and 6-8
A electron beams for durations of 100 ms from a semi-immegaedare common. For shorter
pulsing times beams of 10-13 A at typical electron energie20okeV have been propagated.
The RHICEBIS itself will not handle radioactive ions but dea heavy-ion LINAC followed by
synchrotrons with different stable elements, the mostlehging being Ad%". As the rapidity of
the breeding is not of major importance, a moderate eletteam current density of 575 A/éhas
been chosen, producing the desired gold ions in 35 ms. Th8 ERlapable of producing at least
3.410° Au3?* per pulse. Although the EBIS has not been specifically desigs charge breeder
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system, it is essentially using the principle. The reasdnirfateis the requested pulse-to-pulse
switching of the extracted beam and therefore the EBIS wikenuse of external ion injection.
For instance the 1+ gold ions are injected from a liquid mietalsource. Until now no dedicated
injection efficiency studies have been performed, but theratise impressive performances of this
EBIS show the possibilities of high-capacity radioactivedulers.

The National Superconducting Cyclotron Laboratory (NS@tMichigan State University
(MSU) is currently constructing ReA®()], a re-accelerator for rare isotopes produced by projec-
tile fragmentation and in-flight fission which are thereattgermalized in a gas stopper. NSCL
is the only place in the world currently implementing a reelerator at an in-flight rare isotope
facility. The main components are a hybrid EBIS/T as changeder, a mass-over-charge sep-
arator, a room-temperature RFQ cavity and a supercondudiifi-tube LINAC. In contrast to
REX-ISOLDE a bunching Penning trap is not situated in fronthe breeder but continuous in-
jection of 60 keV singly charged ions decelerated to a fewdnea eV is employed. The MSU
EBIT [61, 62] has been designed in collaboration with MPIK in Heidelbargl ISAC/TRIUMF
and is based on the TITAN EBIT (see below), although changee been implemented in order
to adapt it to breeding for re-acceleration. The main chamgenpared to the TITAN EBIT are an
improved electron gun design and a different magnetic fiefdiguration. Two high-compression
electron guns have been designed, with anticipated efebgams of 1.5 and 2.5 A.

Apart from a high electron current, a large-diameter etectream, not necessarily with high-
est electron density, is preferable for optimum acceptarfidhe injected continuous ion beam in
the EBIT. However, for fastest charge state breeding a Hegiren density, and thus a small beam
diameter, is required. To fulfill the contradicting requirents extensive injection simulations have
been performedd3, 64] and a hybrid magnet featuring a short 6 T field region for &asd final
charge breeding and an extended field region with varialdbdteength to optimize the acceptance
of the system has been chosen, see figGre

As the bore is at cryogenic temperature the EBIT will openateltra-high vacuum resulting
in very low levels of contamination in the ion beam. The mati potential is changed prior to
the pulsed extraction to deliver the ions with the correg@dtion energy to the LINAC. As an
upgrade option two EBITs in push-pull mode could deliver eyg®-continuous beam; while one
is accumulating and breeding the other is slowly extradimg. Even using closed shell breeding
in order to reach efficiencies above 50%, breeding timesss tkan 20 ms are expected as an
electron density approaching 4.®/cm? should be attainable. With an electron beam current of
about 1.5 A available the NSCL EBIT will be able to hold*d @ositive charges inside the trap
while only partially compensating the charge from the etattbeam. For repetition rates of 10-
100 Hz, beam rate capabilities of the order ot’li@ns/s and possibly above are expected. The
EBIT is presently in the commissioning phase.

The CAlifornium Rare lon Breeder Upgradg] is a radioactive beam facility for the Argonne
Tandem Linac Accelerator System (ATLAS). Fission fragmendm an up to 1 Ci strong*°Cf
source are thermalized and collected by a helium gas catthercooled beam is mass-separated
and presently fed to a 10.5 GHz ECRIS for charge breedingddfeing post-accelerated by AT-
LAS. The setup is in its final phase of commissioning and dlyearecord ECRIS charge breeding
efficiency of >11% for8Rb'"* has been demonstrated. Nonetheless, to further increasieth
livered experimental beam and improve the beam purity aarsion to an EBIS is considered as
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Figure 13. Magnetic field profiles for MSU EBIT created by a combinatairan extended solenoid and a
Helmholtz coil configuration. The field can be varied to optielbeam injection and breeding time.

a higher Cf source intensity has many difficulties assodi&dat. Argonne has initiated a collab-
oration with Brookhaven National Laboratory to test bregdéfficiencies of low-intensity beams
and study shell closure effects using a low-current (0.2 Aj,high-perveance electron gu6d].
The EBIS would be installed after the mass separator systigmaw RFQ cooler in between and
replace the present ECRIS breeder.

3.2 EBIB for high-precision mass measurements

A few setups exist that use EBIT as charge breeder to feed measurement systems, namely
TRIUMF's lon Trap for Atomic and Nuclear science (TITAN) a@SI's Highly-charged lon Trap
(HITRAP), and soon also precise Measurements on very $kied-nuclei using an Advanced
Trapping System for highly-charged ions (MATS) to be insthlat the future FAIR facility. The
nuclear binding energy can be precisely derived from massmements with a precision of 10
or higher. As previously mentioned, the accuracy of massrdéhations in Penning traps is pro-
portional to the charge and although only a few ions are redyser measurement cycle, the effi-
ciency should nonetheless be high, as many of the ions atie @xal produced in small numbers.
The TITAN EBIT was the first EBIT-based charge breedaf.[ The system has been designed
and built in collaboration between TRIUMF and MPIK at Helolelg. The system will charge breed
on-line isotopes, with half-lives considerably shorteartil00 ms and quantities down to around
100 ions per second, provided by the Isotope Separator awelé@tor (ISAC) and send them to
the TITAN ion-trap facility B8g]. In the traditional way the mass is determined from timetght
ion cyclotron resonance of the ion in the homogenous magfietd of the Penning trap. The
TITAN EBIT is based around two Helmholtz coils with a maximumagnetic field of 6 Tesla and
has presently a design electron current of 0.5 A, correspgrid a current density of 30 kA/chin
the trapping region. A few features make this breeder shatieh as the gun being retractable and
replaceable by silicon detectors (far and 3-decay detection) and multi-channel plate detectors.
That is to say, the EBIT can be used for electron captureesughen no electron beam is present
and the ions are trapped as in a Penning trap. In additiorgehteal trapping region kept at cryo-
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Figure 14. First example of trap cleaning from the TITAN EBIT where Mas expelled.

genic temperature has an eight-fold, azimuthally segndeakectrode, facilitating measurement
of induced currents on the electrodes for ion identificathoil, RF excitation for ion expulsion.
The trap cleaning method had already successfully been gnated at the BRIC breede$q]
and was thereafter tested with the TITAN EBIT when s Montamination was removed from the
EBIT using millisecond RF excitation (see figutd). This method is of interest but remains to
be tested also for higher electron currents when the rapatescharge will seriously affect the
excitation. In April 2009, the first radioactive ion®Ka, t/,=59.1 s) were charge bred. The ions
were bunched in the preceding RFQ cooler and with a modestefebeam of 5 mA charge states
2+ and 3+ were obtained after 60 ms breeding time. Argon thdtdeen injected into the system
as gas a couple of weeks before was still visible in the etitnaspectrum. The memory effect for
ion-injected beams is expected to be smaller because oinkesaction with the cold walls. First
on-line results from TITAN EBIT have been published 46] 70Q].

Although not dedicated to radioactive beams, the HITRARifa¢ 71] has demonstrated that
charge breeding of stable beams can be carried out also wampact commercial EBIT source.
The SPARC EBIT in use is a small SmCo permanent-magnet déaiceDREEBIT [72], which
can provide electron currents up to 50 mA. The off-line devik aimed to feed HITRAP with
highly charged ions. The source has been designed for gadtion) through a needle valve and
to add to the number of beams external ion injection has b@sh tFor the breeding test singly
charged potassium ions were injected during 20 ms. After bBr@eding time the distribution had
reached its equilibrium. A charge state distribution peglkat 17+ was recorded after the source,
but even some fully stripped 19+ potassium ions could bectede The total capture efficiency
was estimated te-2-10~* and the charge breeding efficiencies for the individual ghatates are
listed in table4 for varying breeding times/B, 74]. Even if the efficiencies are modest, the test
shows that also small devices can be used as stable beanetsieed

In the same way the upcoming project MATH] is geared towards physics with trapped
radioactive ions and not post-acceleration. The expetirizeto be installed at the low-energy
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Table 4. SPARC EBIT charge breeding results for potassium for wesrlareeding times. The listed q is the
optimum charge for the given breeding time and Ri{)Kand N(K) denote the number of extracted potassium
ions in g+ charge state and the total number of extracted respectively.

g | Toreeding(ms) | Charge state distribution Efficiency (10°°)
N(K%) / N(K) (%) 1+ — g+
o+ 50 29 6.3+1.6
14+ 300 32 7.24+1.8
17+ 1000 45 15.34+3.8

branch of the future Superconducting Fragment Separa@Saand will make use of the broad

spectrum of short-lived isotopes produced. In the pressmut the in-flight separated isotopes
will be stopped in a gas-catcher and mass separated befssengaa second-generation cooler-
buncher. Thereafter follows an advanced combination of BIT Eor charge breeding, ion traps

for beam preparation, and a high-precision Penning trapfigarel5). It should be noted that the

cooler/buncher is operated at cryogenic temperaturesdier@o achieve minimal emittances and
an effective injection into the EBIT. The EBIT itself will beeesigned for a high electron energy
of up to 350 keV. Thus, fully stripped uranium can theordljche produced and the device can
be complementary to the HITRAP setup. Thanks to the open g&grand visual access of the
trapping center of the EBIT, very different from for examie REXEBIS, the EBIT can serve as
a stand-alone experimental tool. Equipped with a hightmtiem X-ray spectrometer or accessed
by laser, spectroscopic studies of the ions in the trappgn can be performed. Apart from that,
with for instance a VUV spectrometer and a fluorescence tietesystem, the charge breeding
process can be monitored in time.

4 Future RIB projects and upgrades

In order to establish the forthcoming requirements for EEIBhort summary of three future RIB-
facilities where EBIS/T are foreseen to be used is givenvhelthe projects are: HIE-ISOLDE —
an upgrade of the CERN ISOL-facility; FRIB — a fragment separ recoil facility at MSU; and
EURISOL - a future ultimate ISOL-facility in Europe.

Nearest in the future is the upgrade of the ISOLDE radioadiam facility. The first part of
the High Intensity Energy ISOLDE project, the energy upgradas approved by the CERN Re-
search Board in December 2009. Already in 2008 a study ofrsapducting quarter-wave cavities
to boost the REX beam energy was initiated. A preliminarnyigtesf a cryomodule containing 5
cavities and a superconducting solenoid is presented inefithi The superconducting cavities
will be added to the existing room-temperature RFQ and tdestire cavities. Apart from a higher
energy (10 MeV/u for A/q=4.5, higher for lighter ions) of tpest-accelerated beams, more in-
tense radioactive beams from the primary target are exgh@dth increased proton intensity on the
target. Presently, the 1.4 GeV driver beam is limited to agraye current of 2IA by radiation
protection reasons, whereas with improvements of the dbeam (that is LINAC4 76] and PS
Booster) and the target shielding and handling, a maximub3yftA can be expected. This leads
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to exotic beam intensities from the primary target as higl3.440' 127Cs ions/s (one of the
most abundantly produced nuclei at ISOLDE), and consetyudre ion throughput of the REX
low-energy system will become a bottleneck. In additiortess further out towards the driplines
results in isotopes with short life-times. An upgrade of REBAS is therefore considered and the
details are discussed below.

The upcoming Facility for Rare Isotope Beams (FRIB) at MSU lng based on a 400 kw 200
MeV heavy ion driver that will provide fast, stopped and oeelerated beam3T]. The projectile
fragmentation method in use gives as such access to exyreshett-lived nuclei, down to the
us region. Furthermore, the method is chemically unseledtias stopper excluded) and can thus
provide elements not available at ISOL facilities. Howewgezharge breeder will only be employed
for the re-accelerated beams, in the same way as for the Re&Baator described above, where a
gas stopper precedes the breeder. Thereby the time cobhgnadlaxed and a few ms breeding time
is acceptable. Beam intensities abové ths/s are foreseen. Optionally an ISOL-target station
will be included to FRIB and thereby extremely high RIB irgéies are expected, in certain cases
they are predicted to exceed'#Gons/s. In order to fully and safely use these intense behms t
technologies for beam manipulation after production havest pushed to maximum performance
and the design of a next-generation EBIT has thereforedlrstarted (see section below).

If one looks further into the future, the proposed EURISOAhrnisultimate ISOL-facility, with
its different aspects described in the EURISOL Design S{u@j; It aims to post-accelerate very
rare and low-intensity radioactive nuclear beams, but @fsy intense beams, up to 100 MeV/u
using a superconducting LINAC suited to CW operation. Thetiexoeams will have intensities
of less than 19 pps and life-times down to some ms. The intense neutronl@ms on the
other hand, for exampl&2Sn from a multi-megawatt uranium carbide target, will bedoed
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Figure 16. A cryomodule for the HIE-REX upgrade containing 5 hifhzavities and a superconducting
solenoid.

with up to 102 ions per second and used for producing even more neutromuickdes by ‘cold
fragmentation’. The large intensity span has called for mmementary approach, using EBIB
for the exotic elements in order to maintain the beam punitgt ECRIS for the high intensity
beams79].

5 Areas of improvement for EBIB

With the wide experience gained at REX-ISOLDE, a number efafional issues have been iden-
tified that should be addressed with an upgraded breeder.infpr@evements should also cover
the implications of the HIE-ISOLDE project. The issues, dhnelir corresponding actions, will
be briefly outlined below. Thereafter, an exceptionallyf@ening EBIT breeder, presently in the
early planning stage, will be discussed. The latter, ermbly the Department of Energy, US, is
a high-current breeder to be developed and constructed btikl8ollaboration with a number of
other institutes§2)].
The subjects to be improved at the REX low-energy stage avsdigr of priority:

Reliability. Of highest priority for REX is the need for a reliable cathoddich is able to
deliver the desired current for a complete running peribd{ ineans normally 8 months. A
vacuum separable gun chamber to allow for swift exchang&efun in case of cathode
failure is mandatory.
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Efficiency.An increased efficiency could be obtained with a higher ed&cheam current as
the transverse acceptance would be larger. Furthermasedkhell breeding could become
a serious option with a larger beam current in combinaticth wihigher current density as
the required breeding time would be kept reasonable andatberl radial holding potential
would reduce ion losses.

CW extraction.ldeally, one would like to have the possibility to deliver 8M®eam, but as
the REX RFQ and IH-structure will be kept, the 10% duty faetdlt remain. Nevertheless,
a more uniform slow extraction is best attained using mapping drift tubes than the 3
existing in REXEBIS.

Breeding time. A shorter breeding time, and thereby higher repetition rete been re-
guested, partly to reduce the instant high number of ionisdérektracted bunches, but also to
avoid excessive half-life losses. Presently, the totadfugl time for the heaviest neutron-rich
isotopes exceeds 600 ms. With continuous ion-injectiom REXEBIS and a higher current
density the time should be curbed to a few 10 ms.

Radiation aptnessREXEBIS is placed in a class C radiation zone. Nonetheléss prob-
lematic to remove contaminated parts from the zone for rehining or maintenance and,
the opening of possibly contaminated beam-lines have taibeeged by the radioprotec-
tion group. The policy has therefore been to not accept mggnsity, long-lived (¢, >30
days) beams for acceleration as the inherent losses maygpotanination issues at the mo-
ment of maintenance. This may change as for example seweaaidna-emitting elements,
originating from high-profile physics, with long-lived dghters in the decay-chains are re-
quested. A future breeder should be more modular and thefusplaceable elements with
a minimum need for human intervention during repair and teaince is mandatory.

CW injection.It has been shown that REXTRAP is performing well and can leel ier di-
verse advanced ion manipulation. Nevertheless, the cadliiap-EBIS system is relatively
complicated and the Penning trap poses an upper intensitydf around 18 ions/bunch,
typically translating to 1®ions/s for a medium-Z element. For these reasons contirioous
injection is a preferable solution. An adapted electrombpeofile to increase the transverse
1+ ion acceptance should be considered. The ISOLDE RFQrcopkrated in CW mode
can handle beams of several nA and should be placed in thetyioff the EBIS in order to
avoid emittance growth in the transfer line.

Space-charge capacityin order to be able to accept all HIE-ISOLDE beam intensitie
increase of the space-charge capacity is necessary. A haeentoof 3 A and a compensation
factor of 0.5 would correspond to 11%'! charges. With the increased repetition rate (limited
to 100 Hz by the LINAC), the system is capable of handling acbé10' ions. On the other
hand, the priority of an increased capacity is low as mosiestgd beams are low-intensity
isotopes along the drip-lines. Thus, the high-capacityeRhoECRIS breeder with its higher
A/g-values has not come in question as it would require a naajaption of the REX LINAC,
for example a modified IH-structure.
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At present the electron beam concept to be used for an uphREXEBIS is not decided:
either a semi-immersed high-current gun as employed in tHECREBIS with a current density
limited to some 1000 A/cA) or an high-compressed, electrostatically focused, mledieam as
in a traditional EBIT. An attractive alternative would bethforementioned next-generation EBIT.
After construction and commissioning at MSU, the EBIT isrplad to be installed at ISAC for
on-line performance tests with intense radioactive beamaiew of the high radioactive beam
intensities readily available, ISAC/TRIUMF is an idealttiesation, and with the proposed ARIEL
upgrade 80], even higher intensities could be available. The breewetfiwill be based on the
MSU EBIT for ReA3, but with enhanced electron beam char&ties. An electron beam af10
A has been proven feasiblgg] and is the key to fast breeding and for providing a large ionage
capacity up to BLO* charges. For q=50+ this allows %0ons to be stored simultaneously. With a
repetition rate of 100 Hz an ion throughput of'4@ons per second would be achievable and even
higher numbers for lighter ions. The initial concept is nmakiise of a Helmholtz coil and solenoid
combination with a magnetic field of 9 T. The goal for the ale@stbeam density is P0A/cm?.

6 Conclusions and alternatives

Charge breeding of stable and exotic isotopes offers unimssibilities for nuclear and atomic
physic experiments at both low and high energies. Questdsit the prospects of the REX-
ISOLDE project were raised in the late nineties due to thatikedly complicated bunching-breeder
system employed, and a preference for ECRIS based breeamgd among the laboratories.
Since then a wind of change has blown and the suitability oEBIS/T as charge breeder for
radioactive ions has been proven. Existing devices alrdatyonstrate mass-to-charge-state ratios
of 2 to 4.5 for hold-up times below 1 s (comparable to typidéildion-effusion times of an ISOL
target — ion source). Efficiencies above 5% for any A and Z eaglity available, and intensities
ranging from a few up to fions/s have been transmitted with a maintained good beaiityqua

Nevertheless, the more robust and simple stripping opti@rskveral attractive advantag8k [
the main being the rapidity and the lack of residual gas iom® the breeding process in the beam.
Moreover, a large number of laboratories are still pursuiregdevelopment or commissioning of
ECRIS charge breeders, for example ISAC/TRIUMF, SPES ah&eg SPIRAL2/GANIL and the
CARIBU project at ANL to mention a few. LPSC, Grenoble, is eleping an advanced ultra-
high vacuum and radiation compatible charge breeder, ttaled A-Phoenix§1], based on the
Phoenix breeder used at ISAC and tested at ISOLDE. The mais faf the ECRIS community is to
curb the contaminating background current (as high as afeafter a simple magnetic separator),
increase the maximum charge state (the A/g-value is nowehitjfan 8 for heavier masses) and if
possible lower the hold-up time (presently some 100 ms in Catleih The space-charge capacity
of this type is already superior to any EBIB.

As described above the second generation EBIB has significamproved performances in
terms of capacity, charge breeding time and beam diagsoS§tte vigorous ongoing research and
development program promise that the challenges of theruipcpRIB facilities are adequately
addressed. With HIE-ISOLDE approved and several other Bi8ed facilities under way, the
EBIS/T will continue to play a key-role as breeder in radipacfacilities.
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