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MIDAS 

•  Goal: 
High Ionization Efficiency 

Problems	  with	  sparks	  	  
and	  grounding	  

a 2.45 GHz, as the source we propose, this limit is 
7.5 X 10” cme3), but it will only be limited by Eq. (2). 

In addition, if we design a confining field without ra- 
dial confinement, we strongly limit the confinement capa- 
bility and hence the electron lifetime in the plasma. Be- 
cause of the ambipolar confinement mechanism, ion 
confinement time 7,. is also smaller, and multiple ionization 
is not possible (only small components of 2+ have been 
detected in the charge state distributions of similar ion 
sources, in the order of a few % of the total extracted 
current4). 

Because of the weak coupling and of the short electron 
lifetime, the typical electron temperatures T, for off- 
resonance microwave plasmas are two or three orders of 
magnitude lower than the T, for ECR plasmas (l-10 eV 
instead of l-10 keV). Therefore the electron density may 
reach values two or three orders of magnitude higher than 
in the ECR sources working at the same frequency for the 
same specific energy n, kT,. Such a high electron density 
guarantees the full ionization of the injected gas. 

Another goal of this source is to also minimize the 
release time (high, confinement time may be detrimental 
for the short lifetime isotopes). 

As an example, for an efficiency ~=95%, a current in 
the order of 0.50-l m A of q=l ions and 1z,~=12~-10’~ 
cmB3 in a volume in the order of V= 10 cm3, from the 
formula 

we expect rl-2-4 ms. 
Moreover, while in an ECRIS ri is mainly dominated 

by the sticking of the atoms on the walls, before recycling, 
in a microwave discharge source the discharge is extended 
over the whole plasma chamber and then the wall attach- 
ment could be minimized. 

The role of the magnetic field on the microwave cou- 
pling to plasma and finally on the discharge mechanism is 
very relevant. The increase of the field value minimizes the 
reflected waves, and with an GH tuner almost 100% of 
the power may be absorbed by the plasma. 

The level of Vextr has to be as high as possible in order 
to work in a safe and reliable condition. If we want to get 
the best efficiency we must work in a plasma limited re- 
gime, without any space-charge effect on the plasma me- 
niscus. In line of principle up to 95% of the recoils may be 
obtained as If ions. 

Another interesting feature of the microwave discharge 
source, which is relevant for our source, is the very good 
emittance (figures in the order of e,zO.Ol mm mrad have 
been measured). This aspect will be worthwhile for the 
mass separator operations, permitting one to better sepa- 
rate the neighbor peaks and to transport and accelerate the 
beams in the Tandem with a very high efficiency. 

Ill. THE SOURCE DESIGN 

In Fig. 1 the project of the source is shown. 
Our project MIDAS is based on a 2.45-GHz-300-W 

magnetron which will be connected to a discharge chamber 
surrounded by a small coil. The off-resonance microwave 

Q 

FIG. 1. A schematic design of MIDAS. (1) plasma chamber; (2) mi- 
crowave input; (3) iron yoke; (4) coil; (5) 20-kV extraction system; (6) 
20-kV insulation; and (7) antenna. 

injection will sustain a high density plasma ( 10’2-10’3 
cmm3) with a few tens of watts in the small discharge 
chamber (‘in* = 20 mm, 2=40 mm). 

Such a plasma chamber is not a multimode cavity, 
because /2>ri,,,l. Then it may be considered like a load 
coupled by an antenna whose final shape is to be studied. 
An E-H tuner is placed before the antenna to better match 
the impedance. A bidirectional coupler is used to read the 
incident and reflected waves, setting the E-H tuner. The 
microwave generator provides five times more than the 
needed power, so that enough power is available for the 
plasma, even in the case of high standing wave ratio 
(SWR) values. 

The magnetron is protected by a circulator against the 
reflected power. The “l\r’ connector will be linked to the 
antenna by means of a vacuum feedthrough. The antenna 
is located in the highest field region, in order to minimize 
the contact with the plasma and to limit any damage. 

A small coil is used to generate this magnetic field, in 
order to allow us to vary the field configuration and to 
experimentally lind the best one. A 2.5~cm-thick iron 
shield surrounds the coils, raising the field. 

The choice to use a coil instead of permanent magnets 
may result in an advantage for the source optimization 
because the plasma meniscus may be varied by means of 
the magnetic field, in order to fit the best extraction system 
configuration. 

Different shapes of the plasma chamber and different 
field configurations will be tried, before the final version of 
the source. 

The field has been calculated by means of the 
POISSON code, in order to have the maximum in the area 
where the antenna is located and B > 2 BECR over the whole 
plasma chamber. Considering that BECR= 875 G, the cho- 
sen configuration fultills our requests (Fig. 2). 

The 2-mm hole allows an effective reduction of the 
microwaves flowing out of the chamber (a/4=30.6 mm), 
avoiding r-f discharges, but at least 5-mm distance is nec- 
essary to avoid electrostatic discharges between the plasma 
electrode, at 20 kV, and the extractor, at ground. 

Unfortunately the extraction system must be working 
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•  Current: 
Less than 0.5 mA from 1 mm hole 

•  Species: 
Any 

Microwave	  Discharge	  Ion	  Source:	  easy	  
opera=on	  of	  the	  plasma	  generator	  at	  
2.45	  GHz,	  fast	  assembly,	  reliability	  not	  
acceptable	  



MIDAS and MIDAS 2 

•  Goal: 
High Ionization Efficiency 

Improved	  magneTc	  field	  
Improved	  grounding	  

Above	  1	  mA	  from	  1	  mm	  hole	  
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Proton  
Source RFQ Medium energy ISCL linac       3 sections high energy SC linac 

80 keV 5 MeV 100 MeV ~200 MeV ~500 MeV >1000 MeV 

The	  TRASCO	  linac	  (1	  GeV,	  30	  mA)	  

Proton	  beam	  current: 	  	  35	  mA	  dc	  
Beam	  Energy:	   	   	  80	  keV	  
Beam	  emiCance:	   	  εRMS	  	  ≤	  0.2	  π	  	  mm	  	  mrad	  
Reliability:	   	   	  close	  to	  100% 

TRIPS	  (TRasco	  Intense	  Proton	  
Sources)	  requirements	  

 Requirement 

Beam energy 80 keV 

Proton current 35 mA 

Proton fraction >70% 

RF power, Frequency 2 kW (max) @2.45 GHz 

Axial magnetic field 875-1000 G 

Duty factor 100% (dc) 

Extraction aperture 8 mm 

Reliability ≈100% 

Beam emittance at RFQ entrance ≤0.2 πmmmrad 
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Proton	  beam	  current:	  
	  35	  mA	  dc	  

Beam	  Energy:	  
	   	  80	  keV	  
Beam	  emiGance:	  	  

	  εRMS	  	  ≤	  0.2	  π	  	  mm	  	  mrad	  
Reliability:	  	  

	  close	  to	  100% 

 
A layout of the whole set-up at INFN-LNS: 	

1- Demineralizer; 2- 120 kV insulating transformer; 3- 19” Rack 
for the power supplies and for the remote control system; 4- 
Magnetron and circulator; 5- Directional coupler; 6 – Automatic 
Tuning Unit; 7- Gas Box; 8- DCCT 1; 9- Solenoid; 10 – Four sector 
ring; 11- Turbomolecular pump; 12- DCCT 2; 13- EMU ; 14- Beam 
stop.	


Based	  on	  CRNL-‐LANL-‐CEA	  design	  
MANY	  INNOVATIONS	  

TRIPS	  (TRasco	  Intense	  Proton	  Source)	  
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OpOmum	  magneOc	  field	  profile	  

 Best operational point:	

Extraction coil:  pos= 22 mm    

curr=128 A	

Injection  coil:      pos=  26  mm    
curr=127 A	


ECR	  zones	  

Improved	  	  
reliability	  
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PARAMETRICAL	  ANALYSIS	  RESULTS-‐TE111	  MODE	  

l	  =101.2	  mm	  
a	  =45	  mm	  

Plasma	  chamber	  opOmizaOon	  

TE111	  ELECTRIC	  FIELD	  DISTIBUTION	  INSIDE	  THE	  CYLINDRICAL	  RESONANCE	  CAVITY	  
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Space	  charge	  compensaOon	  with	  84Kr	  

Emi]ance	  plot	  (99%)	  without	  	  
injecTng	  gas	  in	  the	  beam	  line:	  	  

p=1.8·∙10-‐5	  T⇒	  εRMS=0.335	  π	  mm	  mrad	  

Emi]ance	  plot	  (99%)	  injecTng	  	  
84Kr	  in	  the	  beam	  line:	  	  

p=3.0·∙10-‐5	  T⇒	  εRMS=0.116	  π	  mm	  mrad	  

R.	  Gobin,	  R.	  Ferdinand,	  L.Celona,	  G.	  Ciavola,	  S.	  Gammino,	  Rev.Sci.Instr.	  70(6),(1999),	  2652	  
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TRIPS	  reliability	  test:	  35mA	  @	  80kV	  

Parameter	   	  
Extraction	   voltage	   	   80 kV	    	  
P	  uller	   	  voltage	   	   42 kV	    	  
Repeller voltage	   	   -2.6 kV	   	  
D	  ischarge 	  power	   	   435 W	   	  
Beam current	   	   35 mA	   	  
Mass flow	    	   ≈0.5 sccm	   	  

Availability	  over	  142h	  25’=	  99.8	  %	  
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TRIPS	  -‐-‐-‐-‐-‐-‐-‐-‐-‐>	  PM	  TRIPS	  
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TRIPS	  -‐-‐-‐-‐-‐-‐-‐-‐-‐>	  PM	  TRIPS	  

In	  TRIPS	  the	  large	  number	  of	  control	  devices	  placed	  at	  high	  poten=al	  
affected	  the	  reliability	  requirement.	  

PM	  TRIPS	  is	  the	  permanent	  magnets	  version	  	  of	  TRIPS,	  designed	  to	  
increase	  the	  reliability	  of	  the	  whole	  source.	  

	  IRON

VACODYM

IRON

VACODYM



PM-‐TRIPS	  extracTon	  system	  

TRIPS	   PM-‐TRIPS	  

	  	  	  	  	  	  	  	  	  	  	  	  	  Five-‐electrode	  topology	  

• 	  on-‐line	  op=misa=on	  of	  the	  extracted	  beam	  
• 	  wide	  range	  of	  opera=ons	  (10-‐80	  mA)	  
	  

Four-‐electrode	  topology	  

• 	  op=mized	  for	  a	  40	  mA	  beam	  	  
(90%	  proton,	  10%	  H2

+)	  
	  

Workshop	  on	  Accelerator	  based	  Neutron	  
Produc=on	  ABNP	  2014	   14	  



Operations were limited to 40 kV because of HV 
discharge at extraction due to poor vacuum 
conductance in presence of stray magnetic field  
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PM	  TRIPS	  -‐-‐-‐-‐-‐-‐-‐-‐-‐>	  VIS	  
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PM	  TRIPS	  -‐-‐-‐-‐-‐-‐-‐-‐-‐>	  VIS	  

A	  new	  magneTc	  system	  has	  been	  designed	  by	  using	  OPERA,	  to	  get	  rid	  of	  the	  
Penning	  discharges	  in	  the	  extrac=on	  region.	  

ARMCO	  
IRON	  

NdFeB	  

ALUMINUM	  

STAINLESS	  
STEEL	  

Bres=875	  Gauss	  

Injec=on	   Extrac=on	  



SOURCE BODY 
 

 
•  It produces above 50 mA 

of proton and helium 
beams, and 20 mA circa of 
H2

+ 
•  Emittance values  below 

0.2 π mm mrad  
•  High reliability 
•  Long time operations with 

low maintenance 

VIS	  descrip=on	  
HIGH VOLTAGE PLATFORM 

PERMANENT 
MAGNET 

 

Generates an off-resonance 
magnetic field (<0.1 T), along the 
plasma chamber axis MICROWAVE 

SOURCE MICROWAVE LINE 

2.45 GHz Microwave operative 
frequency (Magnetron) 

EXTRACTOR 

80 kV Extraction voltage  

The	  Dc	  break	  permits	  to	  maintain	  the	  microwave	  generator	  at	  ground.	  
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Passive	  method	  to	  increase	  and	  to	  improve	  the	  
intensity	  of	  the	  ion	  beam	  

AL2O3 
• Inner diameter: 79 mm. 

• Outer diameter: 89.5 mm. 
• Length: 95 mm. 

BN  
• Inner diameter: 7.8 mm. 

• Outer diameter: 89.5 mm. 
Configuration with 

BN disk and no 
alumina 

Configuration with 
BN disk and 

alumina 

BN disk 

Alumina 

BN disk and wall coating effects 

	  
thick	  BN	  plates	  are	  located	  at	  two	  extremi=es	  of	  the	  plasma	  chamber.	  
Al2O3	  tube	  is	  nested	  within	  the	  plasma	  chamber,	  it	  covers	  the	  enTre	  walls	  from	  one	  side	  to	  other	  
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Set-up 1
Set-up 2
Set-up 3

Set-up 1 
BN 

at injection 

BN 
at both sides 

Set-up 2 

Set-up 3 BN 
at both sides 

BN disk and wall coating effects 

Alumina 
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Not	   only	   the	   Alumina	   cylinder	   improved	   the	  
intensity,	   but	   also	   the	   beam	   ripple	   was	  
decreased	  and	  the	  sparks	  became	  less	  frequent.	  
	  
Soon	  aJer,	   the	   tests	   carried	  out	   to	   improve	   the	  
current	   of	   He+	   beams	   put	   in	   evidence	   that	   the	  
magneOc	  field	  shape	  plays	  a	  major	  role	  in	  EEDF	  
formaUon	   as	   well	   as	   in	   reliability	   of	   the	   source	  
and	  stability	  of	  the	  beam.	  	  
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z=0 mm
z=2 mm
z=4 mm
z=6mm

Generation of High intensity He+ beam  

Pressure:	  6.10-‐5	  mbar	  
Extrac=on	  hole:	  10	  mm	  	  
Alumina	  and	  BN	  nested	  in	  plasma	  chamber	  	  	  
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Δ z=0 mm
Δ z=2 mm
Δ z=4 mm
Δ z=6 mm

ECR

MagneTc	  field	  slight	  modificTon	  

Z=0	  mm	   Z=30	  mm	  

More	  than	  50	  mA	  He+	  have	  been	  
obtained	  at	  z=0	  posiTon	  
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The Plasma Reactor 



Overcoming the current limits 

I ~ ne /τi 

Larger	  density	  is	  required	  

Current ~ 100 mA for protons and other monocharged 
species will be required in the next years. 
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 E.M. Wave propagation in a magnetized plasma 

E.M waves can not produce plasmas, whose density 
overcomes the so-called density cut-off ncutoff 

Normalized 
density 

Normalized 
magnetic field 

X<1	  
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Bernstein waves   

EBWs consist in a phase 
bunching due to both 
cyclotron motion and plasma 
oscillations. Electrons  form 
net charge accumulation- 
rarefaction which propagate 
in a warm plasma.  
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Modal	  conversion	  from	  X	  to	  
Bernstein	  wave	  at	  UHR	  

27	  
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The Plasma Reactor 
The	  Plasma	  Reactor	  	  is	  a	  	  test-‐bench	  for	  studies	  on	  plasma	  

physics	  and	  new	  mechanisms	  of	  plasma	  heaTng	  	  

It	  is	  possible	  to	  have	  larger	  brightness	  and	  stability,	  less	  
ripple	  in	  overdense	  condi=ons?	  
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Flat-B field configuration 
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Magnetic configurations	  

Workshop	  on	  Accelerator	  based	  Neutron	  
Produc=on	  ABNP	  2014	   29	  



10 15 20 25 30
0

0.5

1

1.5

2

2.5

Probe position [cm]

 X
 o

r ω
p2 /ω

2

 

 

10 15 20 25 30
0

200

400

600

800

1000

M
ag

ne
tic

 fi
el

d 
[G

]

3.37 GHz
3.76 GHz
4.253 GHz

The magnetic beach configuration	  
Cyclotron	  harmonics	  

1°	  2°	  n°	  

30	  W	  

Pforward:30 W  
Pressure:1.10-3 mbar 

At 3.37 GHz and 3.76 Ghz an overdense plasma is obtained  
with only 30 W forward power!!!  

30 W << 800-900 W (typical power rate used for MDIS)  

Overdense	  plasma	  
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The Flat- B field configuration	  
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At 70 and 100 W plasma is overdense everywhere along the LP axis!!!! 

At 13 cm (first harmonics) ion density reaches up to 5ncut-off!!!! 
Obtained with only 100 W forward power 

Cyclotron	  harmonics	  

Overdense	  plasma	  
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Possible limits of EBW heating 	  
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Generation of overdense plasmas by EBW heating 
is accompanied by the ancillary generation of ion 
acoustic waves . 

Noise in MHz range 
 due to Ion waves.	  

Ion waves damping can cause an increase of ion 
temperature and then of the emittance. 

Emi]ance:	  0.207	  π	  mm.mrad	  

EBW	  	  	  

Emi]ance:	  0.125	  π	  mm.mrad	  

No	  EBW	  	  	  

Measured	  @	  VIS	  testbench	  

•  The	  brillance	  parameter	   𝐵= 𝐼/𝜀  	  	  
must	  be	  evaluated;	  

	  
A	  new	  code	  to	  characterize	  the	  extracted	  

beam	  from	  plasma	  parameter	  is	  in	  
prepara=on	  
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SimulaTons	  and	  	  
modelling	  

Tests	  and	  	  
measurements	  

Stairway	  to	  heaven	  

Goal	  

Plasma	  parameters	  (ne,	  τe	  )	  
Beam	  parameters	  
parameters	  (Iext.,	  𝜺	  )	  	  )	  

B	  field,	  Prf,	  Pressure	  
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The European Spallation Source (ESS) 
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The European spallation source 

Beam	  parameters	   requirement	  

Average	  beam	  power	  [MW]	   5.0	  

Macro-‐pulse	  length	  [ms]	   2.86	  

Pulse	  repe==on	  rate	  [Hz]	   14	  

Proton	  kine=c	  energy	  [GeV]	   2	  

Beam	  ripple	   Less	  than	  +/-‐2.5%	  

Duty	  factor	   4%	  

Proton	  current	  at	  target	  [mA]	   62.5	  

Ion	  source	  current	  [mA]	   90	  

Total	  linac	  length	  [m]	   418	  

beam	  pulse	  rise	  and	  fall	  =me	   As	  small	  as	  possible	  

3.6	  MeV	   90	  MeV	   188	  MeV	   606	  MeV	   2000	  MeV	  75	  keV	  
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The	  reliability	  requirement	  

The	  reliability	  needs	  concurring	  technologies	  

Vacuum	   SimulaTons	  

HV	   EMI	  protecTon	  

ICS	   RF	  

TheoreTcal	  
development	  
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PS-ESS area at LNS 



PS-ESS 

•  Three	  coils	  magne=c	  system	  to	  
test	  new	  plasma	  hea=ng	  
mechanism	  

•  ARMCO	  magne=c	  shielding	  
•  Copper	  plasma	  chamber	  
• Water	  cooling	  for	  plasma	  
chamber	  

•  Two	  plasma	  chamber	  ends	  with	  
BN	  disks	  

• Microwave	  injec=on	  
•  Gas	  injec=on	  
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•  Peek	  
•  Alumina	  
•  Electrodes	  water	  cooling	  
•  AlN	  electric	  insulator	  with	  high	  
thermal	  conduc=vity	  

•  Four	  electrodes	  extrac=on	  system	  
(75	  ,	  0	  ,	  -‐3	  ,	  0	  	  [kV])	  

•  First	  LEBT	  segment	  with	  two	  
emi]ance	  measurements,	  a	  
Faraday	  cup	  and	  a	  turbo	  molecular	  
pump	  

•  Repeller	  -‐3kV	  connec=on	  
•  Triple	  point	  new	  geometry	  
•  X-‐ray	  protec=on	  

PS-ESS 
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PS-ESS magnetic field 

The	  PS-‐ESS	  magneTc	  field	  has	  been	  developed	  on	  the	  basis	  of	  the	  know-‐how	  acquired	  
with	  the	  TRIPS,	  VIS	  source	  and	  with	  plasma	  reactor	  



PS-ESS injection  

OpTmized	  steps	  parameters	  
with	  plasma	  and	  two	  Boron	  Nitride	  disks	  	  
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ExtracTon	  system	  thermal	  calculaTon	  

All	  the	  electrodes	  are	  cooled,	  also	  the	  repeller	  by	  using	  AlN	  insulator	  



Beam ripple in 2 ms window 

Varia=on	  of	  averaged	  current	  between	  
different	  pulses	  :	  +1.99%	  and	  -‐2.28%	  

Standard	  devia=on	  inside	  a	  single	  pulse:	  
between	  2,38%	  and	  3.62%	  

Maximum	  peak	  devia=on	  from	  avaraged	  
current	  inside	  a	  single	  pulse:	  -‐8,57%	  and	  
+9,06%	  

Chopper	  tests	  in	  March	  2014	  :	  successful.	  



Beam	  pulse	  fall	  =me	  

Ch4:	  Beam	  Stop	  (Rτ	  =	  5,5	  ohm;	  C	  =	  183	  pf	  ;	  Rτ	  *	  C	  =	  1	  ns)	  
Ch2:	  Collimatore	  (Rτ	  =	  5,5	  ohm;	  C	  =	  534	  pf	  ;	  Rτ	  *	  C	  =	  2,9	  ns)	  

Beam	  propaga=on	  delay	  

Beam	  propaga=on	  delay	  

≈	  	  50ns	  fall	  =me	  



Beam pulse rise time 

Slow	  transi=on	  
≈	  250	  ns	  

Fast	  transi=on	  
≈	  50	  ns	  
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Next	  acTons:	  
ISODAR	  and	  DAEδALUS	  



1.5 km 
800 MeV @ 1 MW, 20% duty factor 

800 MeV @ 2 MW, 20% duty factor 

800 MeV @ 5 MW, 20% duty factor 

8 km 

20 km 
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The	  ISODAR	  e	  daealus	  experiments	  
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High	  intensity	  H2
+	  beams	  are	  needed	  

for	  neutrino	  physics	  	  

33
02 βγπε m
qIK =

The	  use	  of	  H2
+	  is	  key	  point	  for	  different	  experiments,	  like	  Daealus	  and	  IsoDAR,	  which	  need	  

high	  intensity	  proton	  beams.	  The	  use	  of	  H2
+	  instead	  of	  protons,	  allows	  to	  decrease	  the	  

generalized	  perveance	  k,	  the	  parameter	  which	  measures	  the	  space	  charge	  effect:	  	  
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Old	  VIS	  chamber	  (100	  mm	  x	  90	  mm)	  

100	  mm	  x	  50	  mm	  	   50	  mm	  x	  50	  mm	  

To	  be	  tested	  in	  next	  summer	  

Decrease	  of	  	  the	  chamber	  dimensions	  is	  	  an	  opTon	  to	  match	  	  ISODAR	  
beam	  current	  requirements	  (50	  mA	  H2

+)	  
	  	  

Two	  new	  VIS	  plasma	  chambers	  are	  to	  be	  built	  for	  BEST	  test-‐bench	  at	  Vancouver	  
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Next	  acTons:	  

PLASMA	  TRAP	  with	  versaTle	  B-‐field	  



Parallel and perpendicular 
launching of EM waves 

Investigation of EBW-heating under different 
magnetic field configurations 

The new plasma trap has been 
designed for EBW-heating at 5-10 
GHz: 
 
Simulations on expected plasma 
density give a factor 103 of X-ray 
flux enhancement 

B-field 
magnets 

and 
structure 

PLASMA	  TRAP	  with	  versaTle	  B-‐field	  
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•  Larger	  current,	  larger	  brightness,	  be_er	  reliability	  seem	  to	  be	  achievable	  
in	  few	  years’	  term	  

•  There	  are	  ‘billion	  $’	  projects	  leading	  the	  run	  (ESS,	  ISODAR,	  Daealus	  IFMIF	  
for	  p,d	  as	  it	  is	  SNS	  for	  H-‐)	  

•  Studies	  on	  plasma	  physics	  may	  help	  to	  increase	  output	  current	  
•  Study	  of	  	  pulsed	  operaTon	  (2	  ms-‐20	  Hz)	  needs	  more	  insights	  
•  Looking	  for	  short	  pulse	  rise	  Tme	  (100	  ns) 	   	  	  
•  Plasma	  chamber	  dimensions	  would	  modify	  proton	  fracTon.	  
•  The	  inserTon	  of	  insulators	  may	  help	  
•  Microwave	  coupling	  may	  improve	  the	  brightness	  
•  Plasma	  physics	  knowledge	  may	  be	  the	  key	  to	  improve	  the	  sources	  

performances	  	  
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Thank	  you	  
for	  your	  a]en=on	  


