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The beta beam project aims to usefkdecay of radioactive ions to produce neutrino keam
LPSC has proposed to develop a high frequency (88) @ulsed ECR ion source prototype
for beam preparation. In order to have efficientization, the ion source volume has to be
small, and due to the ECR frequency value, the etagrield has to be high (6 T at the
injection, 3 T at the extraction, a closed surfaith |B| = 2.1 T). The generation of the high
magnetic field requires the use of helix technigdegeloped at LNCMI. As a first approach,
a cusp structure has been chosen. 2D and 3D siondatere used to define the geometry of
the helices. Calculus has shown that it is necgssause two concentric radially cooled
helices at the extraction side and two at the tiga¢ using a pitch change for the internal
injection coil. The results are above the initia¢sifications. An aluminum helix prototype of
the internal injection coil has been used to vadida low current density the calculation of
the magnetic structure. The electrical, mecharandl thermal characteristics are presented. A
first version of the CAD mechanical design of thagmetic structure has been performed at
LPSC and is under optimization to decrease thé volame of the source. The first 60 GHz
magnetic structure (helices coils in their tankecteical and water cooling environment) is
currently in fabrication for test measurements alf lof the nominal current value, the
measurement is scheduled for end of September 200fternational collaboration has been
setup and accepted by ISTC, it will permit the ¢arcdion of the 60 GHz Gyrotron which is
expected for the end of 2010.
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1 Context for the 60 GHz study

1.1 The Beta-Beam project
The neutrino physicist community is currently dissing the next generation neutrino

beam factory. Nowadays, several projects are wtitler competition. The Beta-Beam is a
project studied by CERN. The baseline scenarim igenerate, ionize, and then accelerate
Radioactive lon Beams (RIB) ~5x£( ®Ne or®He to high energies (with a Lorentz factor
v>100). These nuclei which under@edecay are stored in a long race track decay ng t
produce intense neutrino beams (see Figure 1 bhogvs). The goal of these beams is to
study the neutrino oscillations properties and giwestraints on the mixing andgs.

Figure 1. Baseline scenario of the beta-beam accelerator.

The radioactive elements are expected to be producthe future EURISOL facility. The
primary beam, delivered by a proton LINAC, induceglear reactions in a set of target
stations. Radioactive gases effuse from the tatgethe ion source through a high
conductance cooled pipe to filter gas and condéasaintaminants. The ion source should
bunch the beam in order to inject ions as effidyeas possible in the three synchrotrons rings
included in the project.

1.2 Specifications for the pulsed ion source

1.2.1 Highion beam current

Consider an ideal source able to ionize the RiBt&rest with 100% efficiency. If the ion
extraction is performed in continuous working (C®peration, the 5x18/s*®Ne flux would
result in a 8 puA extracted CW beam. Such ionierisity is very easy to extract from a
classical Electron Cyclotron Resonance lon SouiseR(|S). The Beta-Beam pulse width at
the source extraction is expected to be <100 b, avirequency repetition rate f=1/T ranging
within the 10 to 25 Hz range. The highest peakeasurrderived from these values is ~ 8 pmA.
Moreover, other gases will be extracted from thrgatand ionized in the source. Thus, an
unknown number of contaminants will be added to ekacted peak currents leading to
higher total extracted currents. In such a situimatgpecial attention should be taken for the
extraction system, for example a multiple electradth accel-decel configuration should be
used, moreover the main high voltage supply shbaldarefully designed in order to avoid a
too high voltage variation during the extractiortloé pulsed beam.
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1.2.2 High radioactivity environment constraints

The ®Ne and®He half-lives () are respectively 1.67s and 0.807s. The time for a
radioactive atom to exit the target and reach ssatal ion source located several meters away
already approximately reduces the initial atomg fhy a factor of 2. A key parameter for the
project is to design an efficient ion source lodads close as possible to the target in order to
minimize the radioactive decay losses. Moreoves, dburce should hold radiation damages
for a long time (-1 month). Consequently, the i@urse mechanical parts can’'t contain
permanent magnets or plastic gaskets; even radiationage on glass fibore may cause
problems. Due to the high radiation level, the rtemance of the ion source will not be
possible and its cost per unit will have to be nmatée since it may be necessary to change it
periodically.

1.3 Discussion on the ECRIS capabilities

1.3.1 Advantages of the ECRIS

ECRIS have shown high ionization efficiencies foble gases (close to 100%).

Moreover, ECRIS can be used in continuous or putgeetation. The pulsed operation,
permitting to generate the well known afterglow mdAFG) [1, 2], has been used daily at
CERN for pulsed heavy ion beams production [3]. Wharying the parameters (confinement
magnetic field, microwave frequency and power, gasssure, gas nature ...), different
plasma regimes can be observed. The preglow moG&V]jF4] takes place at the very
beginning of the discharge when the microwave pawérjected. The generation of 2 x'30
ions of®°He®* or 8 x 16 ions of '®Ne®*, grouped in a 50 to 108s pulse, could possibly be
achieved through the optimization of this procdsssts were undertaken within this design
study for this purpose.

1.3.2 Challenges

1.3.2.1 Charge state distribution and RIB efficiency

However, due to the plasma processes involvederdévice, a charge state distribution is
extracted from the source, depending on the eleictanfiguration of the atoms to be multi-
ionized and on the plasma characteristics. A playdimit of a RIB ion source efficiency
comes from this ‘natural’ charge state distributi@SD) generated by the plasma. In an
ECRIS dedicated to the production of afterglow ps)ghe hot electrons of the plasma along
with a high magnetic confinement will favour high charge state ions extractioneTRIB
of interest will then be extracted into severalrhsaf different charge states. For example, in
the case of neon, we can estimate that about BD% can be reached on one optimized
average charge state (3+ to 6+) when 60 to 80%eaxpected for an optimization on the 1+
charge. Nevertheless, it is still possible to desay special LINAC or a Fixed-field
alternating-gradient accelerator (FFAG) to accééesaveral charge states, i.e. two or three, at
the same time. In this case, one can expect aaaserof the overall maximum efficiency of
the RIB ionization to reach ~30-50%. A second gaesscenario is based on the studies
initiated at IAP Nizhny Novgorod. There, a simplERE magnetic trap (either axial mirror or
axial CUSP) is used. Very powerful RF pulses (>kW) are used to build fast intense ions
pulses. Recent promising results have shown thebiéty to produce very high currents up
to 150 mA, and very short ions pulses (<100 pdpwfto medium charge states. We have
tried to experimentally investigate the ionizatefficiency, but due to a direct pumping in the
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plasma chamber (which is not the case for clasgoatources) it has not been possible to get
an evaluation of this efficiency. Another third pitide scenario is to use a compact source
with a low magnetic field to preferably produce loharge state ions. There, the ion charge
state distribution follows naturally the Poissoatistics and the 1+ beam can be optimized to
reach ~ 90% of the RIB of interest. Of course acgpecare must be taken to insure a high
level of radioactive atoms ionization efficiencytire plasma.

1.3.2.2 Sources of losses for radioactive ions

One defines the residence timeas the duration between the atom injection inpllhema
chamber and its extraction through the plasmareeethole, and. as the confinement time
of the plasma. A necessary condition to insuregigible radioactive decay of the atoms in
the source is to have << Ty, If the plasma density is high, the ionizationdimill be very
low andt, will be of the order of.. Experimental confinement times in ECRIS are rdygh
the ranger. ~ 1-100 ms, sa, << Ty, is satisfied, provided the plasma to be denseulsed
mode, the radioactive atoms of interest can eibigeextracted as an ion beam, or as neutral
gas. This last case will occur in case of too ldasma density. The plasma density of the ion
source should definitely be as high as possibleotier cause of loss occurstf << T
(T=1/f), f being the repetition rate of the HF noaave injection. In this case, the pulsed
plasma disappears totally before the next pulsgnderoom to natural gas diffusion through
the electrode hole. Wheny ~ T, another source of loss comes from the low gihatate
afterglow extraction that will continue until thext RF pulse. These losses can be reduced by
installing a pulsed valve at the gas injectionbypidesigning an iris able to close the electrode
hole on trigger.

The plasma volume is also a critical parameter.na%e seen that the foreseen pulsed RIB
intensity to be extracted is high (>16 pmA). Assognithe use of an innovative 60 GHz
ECRIS with an electronic density near the cut-off<10" /cm’ and gplasma with an average
charge <Z>, the gas density necessary to insurguasi neutrality condition (considering an
ionization efficiency of 100%) will be (4/<zZ>) x YDatomslliter, to be compared with the ~
5x10" /s RIB flux. If the plasma volume is large, thelicactive flux could be not sufficient
to reach the high density plasma condition andféebgas flow will have to be added. The
more the buffer gas flow, the higher the extraqtatbed beam intensity, and the higher the
difficulties for the ion extraction. So the ion so@ should have a volume as small as possible
in order to minimize the total extracted pulseddarurrent. A small volume is a challenging
constraint for a ‘standard model’ complying ECRISnce the use of superconducting
technology requires a large volume to relax supetaotor wire constraints.

2 Preliminary study of the preglow mode at 18 and 28 GHz with PHOENIX-V2
and A- PHOENIX

2.1 Experiment Description

The experiments have been performed on the PHOBRIECRIS test bench described
in details in [5]. The PHOENIX-V2 source is a maoelf version of the original PHOENIX
one. The radial confinement magnetic field has begmoved and the length of the hexapole
reduced from 320 mm to 240 mm. The plasma chamtdeme is ~ 0.7 liter. The minimum-
|B| structure of the ECRIS is obtained by the sppstion of a radial hexapolar field (Br =
1.3 Tesla at the plasma chamber walls) with anl ax@égnetic field forming a magnetic bottle
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tunable within the following ranges: at the injectiside the maximum magnetic induction is
Bzinj < 1.66 T, in the middle plane 0.45<IBzmia < 0.95 T, and at the extraction sidg.,8 <
1.31 T. The plasma is heated with a 28 GHz frequenicrowave delivered by a Gycom
gyrotron [6] with a 10 Hz repetition rate and a rawgave pulse duration in the range of 5 to
15 ms. The total beam extracted from the ion soiscanalyzed through a 90° magnetic
spectrometer and collected in a Faraday cup. Tasma electrode hole has a diameter of 10
mm and the extraction voltage is ranging from 3@@dV. These values were chosen to get
good beam transmission efficiency (> 80 %) througtbe 90° dipole to the analysis Faraday
cup. The high transmission efficiency permits tasider that the ionic spectra obtained give
a confident picture of the ECRIS plasma boundanyddmns where the ions are extracted
from.
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Figure 2. Example of experimental PGW peaks for argn. The microwave power is 3,1 kW, the extraction
voltage is 30 kV, the pulse duration is 10 ms andié¢ plasma electrode diameter is 10 mm.

The technique used to analyze the experimentat ipuises is described in [7]. A typical
time evolution of the multi-charged argon interesitfor different charge states is presented on
Figure 2, where the PGW peaks for charge states ##6 to 8+ can be seen. The HF pulse
begins att = 0 and ends at t = 10 ms, the spedsuptimized on the Af PGW peak due to
a high gas flow used for the experiment. On théicadrscale the intensity between two sticks
is 500uA, as the signals have been shifted up by thisevidubetter view.

1.8E+11

1.6E+11 é\
1.4E+11 \

-

L 12E11

g 1.0E+11 '\

c - @

@ $.0E+10

Q

E 6.0F

kS 6.0E+10
4.0E+10 \
2.0E+10 v\‘
0.0E+00 ; ; ; ‘ ; ‘ !

1 2 3 4 5 6 7 8 9
Charge (q)

Figure 3. Number of ions in a 10Qs time window centred on the PGW peak maximum fora&ch charge
state.

D9 Bunched efficiency advanced study - 60 GHz 6/22



The PGW peaks, whatever is the charge state, appéae time range from ~ 1 to ~ 1.5
ms, this implies a fast ionization process wittoadnd dense electron population. After 2 ms,
the steady state is reached for every charge stateat the end of the HF pulses (10 ms) the
AFG peak increases for increasing charges. If wacthe number of ions in a time window
of 100 us centered on the PGW peak maximum for each chstaje, we see that the
maximum number is available on the’Aras shown in Figure 3.

2.2 Theoretical plasma model

In order to have a good understanding of the plashasacteristics evolution, a detailed
analysis of the gas discharge ignition is necesséhe following description of PGW
phenomenon is based on calculations which have imegle with the zero-dimension plasma
confinement model in a magnetic trap, which wastlfirproposed in [8]. Significant additions
to this model and calculations for different argdvarge states have been performed and are
presented in details in [9].

A microwave induced plasma ignition of a rarefiesb gn a magnetic trap under the ECR
conditions may be separated into two stages fochwtiie growth rate of the plasma density is
determined by different processes governed by thelugon of the electron energy
distribution function (EEDF). At the first stagéetdensity is low and the electrons undergo a
fast energy increase, the dominating process ingh&al gas ionization due to collisions with
hot electrons. The plasma density at this stagegfast, the gas ionization degree is low and
the power absorbed by the plasma is less thanripeabsorbed at the steady state of the
discharge. At the second stage, the increase addhsity slows down significantly, the step
by step ionization process goes further modifyihg EEDF, the average charge state
increases, and the power absorbed by the plasmppi®ximately equal to the value at the
steady state.

The initial stage of the plasma ignition, when thensity is sufficiently low, can be
described with the theory for a microwave breakdmira rarefied gas in axi-symmetric
mirror magnetic traps under the electron cyclotesonance conditions [10]. In this work, an
important factor which significantly affects the BE shape is the superadiabaticity effect.
When the plasma density is so low that the electahsion time is much longer than the
interaction time of an electron with the HF wavehe resonance region, the energy transfer
can be described like for a single electron. Th&kE@ergy increase of the lone electron in a
mirror trap is governed by stochasticity, and tteisiains true when the phase change of the
microwave between two electron passes through @R Eone is much more tham 210].
With the electron energy increase, the electroretrame from mirror to mirror decreases and
consequently the phase variation of the heatingewdecreases too, this means that at a
certain electron energy value the stochastic meshmof electron heating is destructed. At
this stage the interaction of hot electrons withmécrowave is called superadiabatic
interaction. The consequence of this interactioranselectron energy limitation which is
called superadiabaticity effect. Hence, while tlesma density is low, the plasma is unable to
absorb more energy than a certain value, becaesentrgy of every electron is limited. An
example of such a superadiabatic EEDF at the vegynbing of an ECR discharge is plotted
in Figure 4.
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Figure 4. Example of a superadiabatic EEDF.

When the plasma density increases further, the rabdoheating power becomes
insufficient to maintain the EEDF. This happens wltlee total energy, absorbed since the
beginning of the discharge, equals to the sum @fetiergy lost in the plasma leaks from the
trap and in the ionization processes.

2.3 Comparison of numerical and experimental results

2.3.1 Direct Comparison of Experimental and Simulated PGW Peaks

The previous described model has been used in twd@mulate experimental argon PGW
peaks shown on Figure 2. The time evolution of ibwic currents has been computed
simultaneously for all argon charge states withredgfined set of free parameters. For each
argon charge state, the corresponding numericalwéis calculated; the experimental
measurements with the corresponding fit are shawigure 5 for Af* and A** and AP".
The best fit has been obtained with the free paten®eset as follows: absorption rate = 25 %
and upper limit for transversal lifetime = 600 pEhere is a good agreement between
numerical simulations and experimental data forgés lower than 4+ where the PGW peak
intensity is well reproduced. However these pe&dnisity values are overestimated for higher
charges, it can be explained by the approximateutaion of the transversal ion lifetime
which strongly depends on the ion charge stateBigare 5b) we have plotted the calculated
electron energy averaged over the EEDF, after abo# due to the transition between the
superadiabatic EEDF and the Maxwellian one, theaaeeelectron energy begins to collapse.
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Figure 5. Experimental Ar pulses and their numericafits for a) Ar **, b) Ar*" and calculated €>, c) Ar®".
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2.3.2 Gaussian Fit of the Experimental PGW and Parameters Simulation

In order to study the PGW peak characteristicsersg\parameters have been introduced
for convenience based on the results of a Gaud#iaof the PGW peaks. The PGW
parameters, presented in

Figures, are as follows: Imax is the peak maximum currell¥HM is the peak full width
at half-maximum,Tiax is the time to reach the maximum intensity (t=ngemicrowave
trigger) andTy is the time to reach 10 % of Imax. The PGW pealoissymmetric, so the fits
were made using mainly the left part of the cuiee,for timet < Tjux.
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Figure 6. Experimental PGW along with a Gaussian fi

The variations of such PGW parameter3 asTimax, FWHM andimax with the ion charge
states are shown Figure 7, in the case of the empetal conditions described in the section
2.1 (microwave power = 3100W). To check the vajidif the simulation of the peak
intensities, the microwave power has been vartegkd results are presented in [9].
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Figure 7. Preglow peaks characteristics for a micneave power of 3100 W (P=16W/cA): comparison

between experimental and numerical fits for a)l 19 b) Timax €) FWHM d) | ax.

It is visible on Figure 7 that the proposed nunamoodel is able to predict the main PGW
parameters dependences for charge stpteg, 3 and 4. A huge deviation appears for higher
charge states, not due to charge exchange prooebsds were included in the simulation.
The evolution of thé, .« values obtained by the simulations for the conbeewcharge states
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presents one or two maxima: they could be due nopetitive effects that have not been yet
identified by the authors. The general agreememivden calculations and experimental
results allows us to propose an explanation offG&V phenomenon based on the results of
the computer modeling. In Figure 5c) the*APGW peak is presented together with the
calculation of the average electron energy in tisehdirge. Aftet <1 ms, the fall away of
<E> is connected with the plasma density overruntinegevel where the EEDF transits from
superadiabatic to Maxwellian. Further plasma dgnsitrease leads to a decrease B <
The longitudinal lifetime is decreasing as a resfilthe <€> dropping which provides a fast
plasma outlet from the ECRIS and the formation BGW peak.

The only experimental parameter we could not chadgeng experiments was the
microwave frequency, the PHOENIX-V2 ion source hgvonly one microwave injection
port. The relatively good agreement between expntal results and simulations, in the case
of Ar**, allows us to make a qualitative numerical estiombf the evolution of the PGW
parameters with the microwave frequency. In thmsuation, other parameters of modeling
were chosen to maintain the same charge statebdigdbn along the microwave frequency
scale. It is visible on Figure 8 that the PGW isignis increasing and the time width of the
signal is decreasing for higher microwave frequesiclhe use of frequencies higher than 28
GHz associated with higher microwave power injectall permit to increase the plasma
density and then should permit to increase PGWieffcy for high charge states.
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Figure 8. Microwave frequency influence on PGW pareneters

2.4 Summary and strategy

To produce neutrino beams, the use of intense amskg accelerated radioactive ion
beams is under evaluation for the Beta Beam prajenhected to the EURISOL facility.
When using radioactive ion beams, efficiency igraportant parameter. The work presented
here does not evaluate nor measure the efficidrmyever it shows the possibility to produce
intense pulsed beams about one order of magniteldevlihe expected intensities for the beta
beam project and shows a potential increase ofitkensity when using higher microwave
frequencies. The authors expect that future stufiyhe Preglow phenomenon under
conditions of 60 GHz microwave ECR heating shouféctively show the Preglow peak
FWHM reduction, and an intensity increase leadinthe expected intensity level.

The Beta Beam Pulsed lon Source high plasma deingtifes high current extraction. A
4™ generation ECRIS, with RF > 50GHz, seems to béb#st option. The volume should be
as small as possible in order to limit the totairacted current. In order to investigate the
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topic, the LPSC team decided to start an ambiteussHz R&D program. The goal is to
build several prototypes of 60 GHz innovative mdgnstructures and test them in pulsed
mode.

3 A 60 GHz Electron Cyclotron Resonance lon Source for pulsed Radioactive
lon Beam production

3.1 The 60 GHz Collaboration

The project brings together many partners with atées skills. Thus, three partners
collaborate in order to build a test bench dedat#atethe study of the bunching efficiency at
60 GHz:

- The Laboratoire de Physique Subatomique et demGlogie (LPSC), based at
Grenoble in France, is a specialist in ECRIS amddaergy beam line. It is the main actor of
this project, in charge of the design and fabraratf the ECRIS with its test infrastructure.

- The Laboratoire National des Champs Magnétiquesnses (LNCMI), based in
Grenoble, is a specialist of very high magneticldBe particularly in resistive coils
technology. LPSC has taken profit of LNCMI expedenn high magnetic fields to build an
innovative ion source magnetic structure.

- The Institute of Applied Physics (IAP), in Nijhiovgorod in Russia, is a specialist in
plasma physics, gyrotrons and pulsed ECRIS. Thsk is to improve the theoretical tools to
simulate real experiments, and provide the 60 Gpatgon.

3.2 The 60 GHz ECRIS magnetic structure

3.2.1 The resistive coils technologies

For the construction of the high magnetic field, eadlaborate with LNCMI in Grenoble
who uses two main technologies, the Bitter andpibighelix technique. The elementary part
of a Bitter magnet shown in Figure 9 is a platénighly pure copper in which the electrical
current flows. The plates are stacked and pressgetiter with intermediate thin insulating
layers of polyimide (eg. Kapton). In this mannecteglate (or plates in parallel) forms a turn
of the winding. Preliminary calculations have shatvat it was possible to produce a mirror
field with two maxima of 4 and 7 Teslas distan60 mm with 3 coils. The other technique
is the helices technology: the coil helices are enaficopper alloy cylinders into which a
helical slit is cut by electro erosion. The currdensity can be more important in this latter
technology. Figure 9 shows a polyhelix assembly4€oncentric colls.

Figure 9. (a) Bitter disk and Bitter assembly. Thanner diameter is 400 mm. (b) polyhelix assembly.
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The 60 GHz prototype will take benefits of the awbages of these high field techniques in
term of:

- Compacity: thanks to the high heat transfer coeffit obtained it is possible to
enhance the current density up to 30 000 AfenBitter coils and 60 000 A/chin radially
cooled helices.

- Versatility: contrary to classical impregnatedlgcothe techniques allow a step by step
development as it is possible to adapt locally ¢bé current density by changing the
thickness of the plates in the Bitter case or thkxhpitch along the copper coil in the
polyhelix case.

The first magnetic structure chosen to be develapadcusp with a closed resonance zone,
the technology chosen for this CUSP is the polyhielichnology, however Bitter coils should
be used with or without polyhelix technology fohet magnetic configurations.

3.2.2 Design of a 60 GHz ion source in cusp configuration

The structure foreseen may be as simple as a diefflegradient to a complex minimum-
|B| structure. The development of several operatisaperconducting technologies at 60 GHz
permitting R&D studies is not realistic since ikeés a lot of time and requires a lot of money.
The collaboration with the LNCMI allows making dgsb0 GHz ECRIS R&D for an
affordable price, a reduced design time and themmation of risk the technology being
classical (copper and water). LNCMI is equippechvatset of 20 MW/35 Tesla resistive coils
available for fundamental physics studies. Theinaigidea consists in developing 60 GHz
prototype magnetic coils using the helix coil reégestechnology [12] invented at LNCMI and
test them on site, with a new dedicated ECRIS liesch. The 60 GHz prototypes will be
dimensioned to comply with the LNCMI electrical pewand water cooling systems.
Moreover, this technology is usable in a highlyioadtive environment, since the magnetic
structure is mainly composed of copper, steel aatr

The 60 GHz prototype will be built in several stegdirst prototype consists in a simple
axial mirror trap when the second one will haveadial confinement. It has been shown
before, that a small volume ion source with ancedfit magnetic confinement was desirable
to reach high efficiencies. Due to the high exedaturrents expected, a specific effort should

be performed on the extraction system.
100 kV insulaticn Gos

Ground V= 100 kV
Vo \
i O kv
+ -5 k'll'lll
NW window 60 k¥ |

60 & ’:\; _';! '-f.f_'i'ia-{t —*

A0 kY insulator

Water cooled
plesma chember

Figure 10. Sketch of the 60 GHz first prototype ECRon source in cusp configuration.
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The Figure 10 represents a sketch of the 60 GHi firototype ECR source in cusp
configuration. The water cooled plasma chamberaatoulder to have a good magnetic
mirror. Two sets of coils are necessary to prodheemagnetic configuration expected. The
plasma chamber may be put at a voltage of 100 lVismsolated from the other parts of the
installation. Microwaves are injected on the in@ctside while the gas is injected by the
shoulder. A multi-electrode system will permit #neraction of the beam.

3.2.3 60 GHz Magnetic CUSP specifications

As a first step, LPSC and LNCMI decided to design axi-symmetric MHD stable
magnetic structure: a cusp. The initial design sjgations include the following magnetic
properties (see Figure 11): a closed 2.1 Teslald® BCR zone, a 4 Tesla radial mirror; a 6
Tesla axial magnetic field at the injection; a Zl&eaxial magnetic field at the extraction, a
100 mm mirror length. Field lines going through tBER zone must be connected to the
magnetic mirrors without intercepting the plasmarober wall.

Injection

1 =,

Peak to peak ~100 mm

ww 09

Figure 11. Magnetic field expected in the plasma ember.

3.2.4 Magnetic simulation
A 2 dimension (2D) simulation was first performesing both RADIA [13] and Getdp
(developed at Liege University) codes, speciallam@dd to the helix technique [14]. A
flexible solution has been found with a set of diailly cooled helices coils, named H1, H2,
H3 and H4, visible on Figure 12:
- H1, the longest helix, mainly generates the magfield at injection. H1 is composed
of three successive pitch areas The shortest stébcated on the inner side of the
source, close to the largest diameter of the plagmaber (shoulder), to concentrate

the closed ECR zone and generate radial mirror.

- H2 is very short and permits to keep the ECR zdose to the centre of the source
and to generate the radial mirror.

- H3 and H4 help to generate the radial mirrohi& $houlder.

- H4 mainly produces the extraction magnetic field.

The concentration of a high magnetic field gradienda 100 mm peak to peak axial cusp
rendered the optimization difficult. When the dista between the injection and extraction
coils is small, the radial magnetic mirror valuehigh (sum of radial magnetic components),
but consequently the axial magnetic peaks at iigje@nd extraction are reduced (subtraction
of the axial magnetic component). A compromise feasid when the smaller inner radius of
the coils was close to the distance between thém.ifher plasma chamber diameter was set
to the minimum value possible (60 mm). The corresioay inner coils diameter was set to 80
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mm. Below this diameter, the condition stating ttheg field lines should not cross the walls
of the plasma chamber could not be fulfilled.

internal rag . !
-of the plasn 7
"I chamber =

Figure 12. 2D simulation with pitch change configuation of H1. Half of the plasma chamber is
represented.
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Figure 13. 3D simulation and projection of the magatic field |B| in the Oy-Oz plane.

The simulation continued with 3D calculations devith another code still based on Getdp
[15]. It includes thermal analysis (helices wateoling) and exact helices geometry (width of
the electro erosion slit) which was not the casdhim 2D calculation. The helices were
designed with CATIA and then meshed by SAMCEF Fi&lte current injected in the coils is
30000 A. The conductivity of the helices is 90 % tbé International Annealed Copper
Standard (IACS). 3D simulation gave results in gagteements with the 2D ones. Figure 13,
represents the magnetic field norm |B| in the Oyfleme as calculated with the 3D
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simulation. The magnetic field intensity reache® B.at the injection on the z axisand 3.4 T
at the extraction. The radial mirror intensity earibetween 4.8 and 4.9 T, due to the
imperfect helices symmetry. The magnetic structtae be seen in 3 dimensions using the
EnSight 8 software. Thus, in Figure 14(a), the congmts of the magnetic field are
represented in the plasma chamber. The Figure Yéfbgsents the norm of the magnetic
field in the plasma chamber and the temperaturthenhelices. Note that the temperature
calculated in this simulation does not take intocamt the insulator areas between the turns
of the coil to maintain the space between the tamsprevent short-circuit (see sec8dhl).
These values of the magnetic field are above dpatins, so more tuning flexibility will be
available for the ion source.

Bx
By Bz
50686400
2.536e+00 510400 47646400
4.500¢-03 2.573e+00 149100
2.527¢+00 4.200¢-02 -1.782¢ 100
-5.059¢-+00 -2489e+00 -5.056e+00
-5.020¢+00 8329¢100
[B (1)
5.119¢+00 833
3.839+00 6.2
2.560¢ 100 419
1280e+00 212
0,000¢+00 005
b) Injection Extraction

coils coils

“1 2.1 T ECR zone

Figure 14. (a) Component of the magnetic field inhe plasma chamber. (b) Norm of the magnetic fielchi
the plasma chamber and temperature in the helices.

3.2.5 Validation with an aluminium prototype

Since the design includes an innovative small piich mm (winding thickness = 1.7 mm,
space between 2 windings = 0.3 mm) never useddedorH1 aluminum helix prototype has
been machined at scale one to experimentallyhesa¢curacy of the calculations (see Figure
15(a)). Figure 15(b) represents a comparison betwee calculated axial magnetic field and
the measured axial magnetic field along the cag aklow current density (144 A injected). z
= 0 mm is the beginning of the helix on the thitcpiside. The difference is only of 3 % at
the maximum peak value and both curves have the saagnetic center. The test validates
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the simulation and allows to start building the metgc structure.
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Figure 15. (a) H1 aluminum prototype, (b) Axial magetic profile of H1.

3.3 Fabrication of the ECRIS prototype

3.3.1 Thermal calculations in helices

To maintain the space between the windings and kagenstant pitch and to prevent
short-circuits, it is mandatory to insert insulagmeas between the windings of the coil.
Typically, 20 to 24 insulator areas are necessaisupport the repel forces generated by the
magnetic field and avoid the contact of 2 windifggween two insulator areas. The total
surface of the insulator represents around 10 %hefsurface of a winding. The Figure 16
represents a part of a winding of the less thig¢khpii.e 2 mm (corresponding to a winding
thickness of 1.7 mm), of the internal injectionlddl. 12 insulators areas are distributed on
the whole winding. The heat transfer is 79000 Wi@?And there is no cooling considered
under the insulators. The cooling flux Q = 24 Liglahe intensity | = 24000 A. Calculus
show that at full current, the mean temperaturaeisheeach 180 °C (I = 30000 A, Q = 29 L/s,
h = 84000 W/m?/°C and a winding thickness of 1.7)mand that the maximum temperature
should not exceed 330 °C.

Position of insulators

L123e+02
8.019e401
4309e401

\k/,.x E 1765e+02
14449et02 H

Figure 16. Thermal calculation in a part of a windhg. Winding thickness = 1.7 mm, intensity | = 24008,
cooling flux Q = 24 L/s, heat transfer h = 79000 Wiz/°C.
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3.3.2 Engineering design

3.3.2.1 Electrical and cooling needs

The current intensity in the cusp has been chosdet30000 A. Calculations have been
performed using a conductivity of 86.5 % IACS. Thile maximum current density reaches
640 A/mnt on the internal radius of H1 and H2, where thetpis only of 2 mm. The
electrical power needed is about 6 MW, dependingthen final coils resistivity, so the
structure is actively cooled by de-ionized watdre Tnlet water pressure is 2.7 MPa (27 bars),
while the outlet one is 0.4 MPa (4 bars). The ayenaater temperature increase is 20°C. The
water flow rate is 24 to 29 I/s in the two set ofl& The water speed in the radial helices slit
ranges within 16 to 35 m/s, providing a convectiogat transfer coefficient h ~ 80 to
160 kW/nf/°C, depending of the coil. The average coils temaipee varies from 80 to 180 °C
while the peak temperature locally reaches 330 °C.

3.3.2.2 CAD Design and Mechanical Calculus

Rings are mandatory to allow the passage of theecufrom internal to external coils.
Nevertheless, in order to minimize the distancevbeh injection and extraction coils (to
favor the magnetic miror field), the rings are grged to internal coils, as shown in Figure
17. The integrated rings possess recesses on ahteoils and keys on external coils to
support the radial forces.

N

Integrated rings with recess
on the internal coils

Injection Keys on the
coils external coils

Q.ﬁ'

S~

)

Extraction
coils

Figure 17. Split view of the coils assembly.

At full current, the maximum hoop stress in thds@c ~ 280 MPa, far below the copper
alloy limit of elasticity (360 MPa), and the twotsef coils repel each other with a force of
300 kN (30 tons). In case of an extraction coilppy failure (H2+H4), a 50 kN force will
arise between H1 and H3 since these two coils haddferent magnetic centre. The CAD
mechanical design of the magnetic structure, takingccount all these data was performed.
Figure 18(a) shows the whole 60 GHz source andr€&id8 (b) represents the intensity and
the water courses. The total weight is approxinedyi600 kg and dimensions are 620 mm in
diameter and 480 mm long.

The mechanical calculus were performed using SAMGHELD, the used norm is
CODAP 2005 and the annex GAS is applied (Europeeective for pressure equipments
97/23/CE). The structure is designed to suppornhtarnal pressure of 43 bars, a repel force
of 30 kN and in order to decrease the displacemheato the repel forces.
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Current leads

Water outlet

Water cooling

b)

Figure 18. (a) CAD design of the 60 GHz lon Sourcéh) details of the source.
Intensity and deionized water courses.

First, all mechanical parts supporting constraifitdoes, ring for support radial forces,

flanges etc), were calculated one by one. Thergxaymmetric model is used as shown in
Figure 19 in order to calculate the total displaeetrand the stress in the whole structure. The
total displacement (i.e. the raising distance betwthe injection and the extraction sets of

coils) is of the order of 0.55 mm at full curremidethe maximum stress is of the order of 170
MPa (exept stress concentration).
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Plasma Spacer Ring for support radial

chamber forces between the both
sides
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Figure 19. (a) axisymmetric model of one side of éhsource, some mechanical parts support a 300 kNrée
and a water pressure of 30 bars; (b) meshing; (cjress, max stress of 170 MPa in red and (d)
displacement, max displacement of -0.27 mm in blue.

3.4 The future test bench

3.4.1 Bending Magnet for the 60 GHz bench

A bending magnet for the future bench (see Figei® available and was developed in
collaboration with GANIL and delivered by SIGMAPKIN2P3 funding).

£

Figure 20. Bending Magnet for the 60 GHz bench.
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The main characteristics of the bending magnetreaéollowings:
- 150 mm GAP
- ®=90°,p=700 mm
- 350 mm horizontal aperture
-2.5Tons
- Mass separation: 100
- BPoMAX=0.23 T.m

3.4.2 The 60 GHz Gyrotron

The 60 GHz gyrotron will be provided by GYCOM (Riggs In 2008, the LPSC received
funds from IN2P3 for a total amount of 250 k€ iderto buy the gyrotron which is expected
for 2010. The technical specifications are a maxmpower available of 100 kW in pulsed
mode and an average power of 10 kW in CW modeultrprovide 50 Hz pulses from 15 to
100 ms length. Figure 21 shows a gyrotron fram&3 &Hz gyrotron and a focusing lens of
the Gycom company.

Figure 21. (a) Gycom Gyrotron frame, (b) Gycom Gyrtron 53 GHz 100 kW, (c) IAP Focusing Lens

3.4.3 On-site installation for the half-magnetic field test

Figure 22 represents a schematic view of the teampam-site setup for the half-magnetic
field test. Electrical connections and pipes fgsrfor cooling are scheduled for the end of
august. The flexible power cables are not represkean the figure. For this test at 15000 A,
only 20 bars and 22 I/s of water are needed. Dzéginwater will be derived in parallel of an
existing magnet. The prototype will be series-catee to this magnet in order to dissipate
the exceeding power of the current supplies. Thegame coils temperature should reach only
50 °C while the peak temperature locally reache¥Z70
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Figure 22. Installation of the source for the halfmagnetic test.
Flexible power cables are not represented.

4 Planning

This first 60 GHz magnetic structure (helices canistheir tanks, electrical and water
cooling environment) should be available in Septendf 2009 and the half-magnetic field
test will follow the same month. The 60 GHz Gyraotie expected in 2010. First experiments
of the prototype at a 28 GHz ECR frequency coulgédormed at the end of 2009. The first
pulsed beam at 60 GHz is expected in 2010.
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