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Extraction 
system  

“B_minimum” Magnetic Field 
structure 

Solenoids for 
Axial confinement  

Hexapole for 
radial confinement 

ECR Surface 
BECR= ωRFme/e 
 

 Incident microwaves 
 few kW at tens GHz  

 Gas injection 
system 

ECR Plasma 
ne~ 1012 cm-3 

Te~  tens keV 
τion~ ms 

The ECRIS configuration
high intensity of multiply charged ions
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CAESAR, INFN-LNS
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LNS - Ion Source main beams

Beams from SERSE

Major faults especially in the 
SERSE LHe - cryostat 

stopped further 
developments. 

Now restarting operations
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ECRIS STD MODEL 

1.   High Frequency Generators to increase the plasma density; 

2.   High Magnetic Fields to make longer the ions confining time;  

Brute force cannot be anymore used because of technological reasons 
(magnets, hot electrons generations, plasma overheating, cooling, …) 
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RFen ω∝

INTRINSIC 
Density 

limitation  

Alternative heating schemes 

Development of advanced diagnostics tools to 
make a step forward in understanding heating 
and confinement mechanism 

enI ∝

enq ∝
Beam characteristics 

Overcoming the current limits of ECRIS
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Some questions....
Does exist an “ECRIS fine structure” with respect to magnetic 
field and RF frequency tuning?

O. Tarvainen et al. Plasma Sour. Sci. Tech. 2014 

Evidences of plasma 
instabilities when tuning B

6

D. Mascali et al., Rev. Sci. Instrum. 2014

Evidences of strong fluctuations with the RF 
frequency correlated to X-ray emission 
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Does exist an INTERPLAY between the plasma structure and 
the beam shape, brightness, emittance?

Some questions....

D. Nicolosi et al. ICIS-15, New York City L. Celona et al., Rev. Sci. Instrum. 2008

Does the plasma distribute uniformly? 

Are electrons of different energy domains merged each other 
or not?

sim. density

single mode distrib.
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Applying alternative heating schemes

1.  Frequency tuning 

2.  Two Frequency Heating 

3.  Two Closed Frequency Heating 

4.  �Flat B Field� heating 

5.  �Broadband� heating  
 

Efforts on plasma diagnostics methods development, 
studies about the impact of new techniques on the beam 

properties, etc.
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Strategies for improving 
LNS-ECRIS efficiency

Improving beam 
transport/handling 

Implementing new 
plasma heating methods

A Big Jump ---> installing a 
21 GHz machine (AISHa) 
for very-high intensities

6-18 months

0-18 months

18-36 months
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Non-intrusive plasma 
diagnostics methods

Measuring the plasma density in different energy 
regimes: density, temperature and plasma structure 
evaluation under different operative parameters
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X"ray&imaging&can&be&performed&with&a&pin"hole&
camera&technique&
&
The&pin"hole&is&mounted&between&the&plasma&and&
a&X"ray&sensi:ve&CCD&camera&having&1024x1024&
pixels&in&the&0.5"15&keV&energy&domain&

X"ray&sensi:ve&CCD&"&camera&

Advanced techniques of plasma diagnostics 
have been implemented: the X-ray pin-hole 

camera
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X-ray imaging
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From a general inspection of the pictures, it 
is clearly visible the structure of the plasma:

the hole in the near axis region   

the branches due to the electrons escaping 
from the confinement

he hot spots due to lost electrons producing 
bremsstrahlung radiation when impinging on 
the chamber walls. 

12,84 GHz

12,92 GHz
13,24 GHz
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BaF2 tablet

BaF2 deposited layer 
t = 2 µm

Al background 
t = 2 mm

7 mm

5 mm

Mastering beam transport and 
source-to-CS matching

martedì 15 dicembre 15



14

0 10 20 30 40 50 60 70 80 90 100
0,996

0,9965

0,997

0,9975

0,998

0,9985

0,999

0,9995

1

Irradiation time (minutes)

N
or

m
al

iz
ed

 li
gh

t e
ff

ic
ie

nc
y

20 minutes stop 
(source operation)

40Ar8+ ions   Ibeam = 9.5 µA  Vextr = 20 kV   E = 160 keV   Deposited power  

t = 0’ t = 20’ t = 40’

t = 60’ t = 80’ t = 100’

BaF2 screen irradiation Selection of materials

>99.8%

Operations in frequency 
tuning mode

martedì 15 dicembre 15



14

0 10 20 30 40 50 60 70 80 90 100
0,996

0,9965

0,997

0,9975

0,998

0,9985

0,999

0,9995

1

Irradiation time (minutes)

N
or

m
al

iz
ed

 li
gh

t e
ff

ic
ie

nc
y

20 minutes stop 
(source operation)

The BaF2 screen does not 
suffer for beam irradiation 

in a significant way
No remarkable 

degradation observed

40Ar8+ ions   Ibeam = 9.5 µA  Vextr = 20 kV   E = 160 keV   Deposited power  

t = 0’ t = 20’ t = 40’

t = 60’ t = 80’ t = 100’

BaF2 screen irradiation Selection of materials
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Operations in frequency 
tuning mode
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vacuum, the screen cannot easily evacuate the produced
heat, thus the way it distributes onto the screen surface
is an important additional information to deal with. The
thermal simulations have been performed for the KBr
and BaF2 screens using the COMSOLMultiphysics simu-
lation software [16]. It is a finite elements method (FEM)
based simulator which allows to model the 3D geometry
of the screen and to include the “thermal physics” of the
materials. The Heat Transfer in Solids interface has been
used to model conduction and radiation processes. The
temperature equation defined and solved in solid domains
corresponds to the di↵erential form of the Fourier’s law:

⇢C
p

@T

@t
+ ⇢C

p

u ·�T +� · ⇢ = Q (1)

where C
p

is the heat capacity of the material, ⇢ its density
and u is the velocity field. Q represents the heat source
used to simulate the beam impact onto the screen. The
corresponding values, expressed in W/m2, have been cal-
culated considering the instantaneous beam power (1.3
W for the BaF2 irradiation, 8 W for the KBr one) and
an area onto the screen surface close to the real beam
spot. The heat has been considered to be released on
an infinitesimal 2D slab (no penetration of beam parti-
cles into the material). The Di↵use Surface condition
has been used to include the heat radiation processes on
the boundaries. The ambient temperature has been fixed
to 293.15 K, while the surface emissivity has been taken
from the material database. The back side of the holder
shaft - that in the reality is screwed to the motorized
stage - has been modeled as connected to an infinite heat
reservoir, defined in COMSOL as “temperature” bound-
ary condition (i.e. the surface temperature is fixed at any
time to a given value). The simulated geometry is shown
in Fig. 20.

5 cm

2 mm

beam spot screen holder

holder shaft

FIG. 20. The simulated geometry. The screen is a square
plate of 5 cm x 5 cm and a thickness of 2 mm. An additional
layer of 2 µm is added in the case of the BaF2 screen. The
circle onto the screen surface is the simulated beam spot, with
a dimension close to the real beam spot of 4 mm in diameter
(BaF2 case).

The simulations were run for a total irradiation time of
6000 s in the same conditions as the experimental ones.
The results for the BaF2 and KBr screens are reported
in Figs. 21 and 22.

The heat simulations clearly show how the heat di↵u-
sion process is largely di↵erent for the investigated mate-

FIG. 21. The simulated heat distribution onto the BaF2 sur-
face. A maximum temperature of about 60°C is reached.

FIG. 22. The simulated heat distribution onto the KBr sur-
face. A maximum temperature of about 300°C is reached.

rials. This is due to several causes. First of all, the beam
power density is di↵erent for the two screens (1.3 W on a
2 mm radius surface for the BaF2 screen, 8 W on a 9 mm
radius surface for the KBr one). Moreover, the thermal
conductivity of the two materials are di↵erent (4.816 W
m�1 K�1 @ 319 K for KBr, 215 W m�1 K�1 @ 366 K
for Al). Figure 21, in particular, shows that the temper-
ature distribution on the viewer surface in much more
uniform than in the KBr case (Fig. 22). This is due to
the fact that the BaF2 screen, thanks to the Aluminium
background on which it is deposited, is able to better
evacuate the heat produced by the impinging ions. The
Al plate, therefore, allows to uniformly distribute the in-
duced heat on the overall screen surface, thus avoiding
localized hot spots and hence preserving the material in-
tegrity. On the other hand, the KBr plate presents a
higher temperature (up to 300 °C) and a localized hot
spot, which is potentially able to produce a local damage
to the material. This finding, added to the mechanical
stress induced by the target holder, can explain the crack
of the screen observed during the irradiation. A compar-
ison of the temperature time trend for both materials is
reported in Fig. 23.

The screen final temperature is di↵erent for the two
materials. In particular, the KBr screen reaches a final

Thermal Simulations
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FIG. 23. The comparison between the BaF2 and KBr screen
temperatures as a function of the irradiation time.

value of about 225 °C in less than 1000 s, while the heat-
ing process for the BaF2 screen is slower, with the final
temperature of about 60 °C reached after 2000 s.
Since the numerical results appeared to be meaningful,
and they were able to explain the most important thermal
features of both the screens, we tried to extrapolate the
results at larger power densities (i.e. beams of larger cur-
rents), in order to consider a possible employment of such
viewers in last generation ECRIS. The behavior of the
two screens has been then simulated considering a higher
beam power, i.e. 80 W and a circular beam spot of 9 mm
in radius. Considering a 40Ar8+ ion beam, this condition
would correspond to 500 µA of beam current. Since, once
again, the simulations showed a time-saturating trend of
the temperature on both the screens, the simulation time
was reduced to 500 s. After this time-range no further
temperature variations occurred. The temperature time
trend of the two screens is reported in Fig. 24.

KBr

BaF2 + 
Al background
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FIG. 24. The comparison between the BaF2 and KBr screen
temperatures as a function of the irradiation time when the
beam power is increased up to 80 W. A di↵erent heating ra-
pidity of the two scintillating materials is clearly observed.

The simulations show how the temperature is greatly
increased for both screens. In particular, the KBr reaches
a final temperature of 1722 °C, higher than the BaF2 one

(663 °C). The di↵erent heating rapidity of the two scin-
tillating materials is evident. The KBr screen quickly
reaches its final temperature (after 130 s), while the BaF2

takes longer times (300 s). As for the previous simula-
tions, this di↵erent behavior is due both to the di↵erent
thermal properties of the materials and to the BaF2 Alu-
minium background (the simulated beam power density
is now the same for both screens). Considering the melt-
ing point of the KBr (730 °C), the simulated scenario sug-
gests not to use such material as beam viewer in order to
avoid thermal issues. The BaF2 screen, having a higher
melting point (1386 °C), is a better candidate. However,
a cooling mechanism is needed in order to maintain the
screen temperature under control.

VI. CONCLUSIONS AND PERSPECTIVES

In the present work the results of a first test cam-
paign devoted to individuate the most suitable scintil-
lating material working as beam viewer along the INFN-
LNS superconducting cyclotron injection line has been
presented. Indeed, a real time beam monitoring is im-
portant during the beam transport operations and for
achieving better matching conditions with the acceler-
ator machine. Among the investigated materials, the
BaF2 has shown good imaging properties for heavy ion
medium current beams. The other investigated materi-
als, CaF2 and KBr, need to be further tested in order
to characterize their light response to di↵erent heavy ion
beams and currents. Moreover, the relevant impact of
the plasma parameters onto the beam shape and the ex-
tracted currents has been proven. The knowledge of the
source configuration is therefore important in order to
achieve better quality beams and transport conditions.
The thermal simulations have shown a remarkable dif-
ference in the final temperature reached by the KBr and
BaF2 screens and also a di↵erent heating rapidity. The
simulated scenario for higher current beams suggests the
use of the BaF2 screen, properly cooled. A new test cam-
paign, to be performed in the next future, will complete
the measurements, and new materials (like CaF2(Eu),
LYSO and Al2O3) will be tested. A new target holder will
be developed in order to allow both the possibility to host
multiple screens and avoid the mechanical stress induced
by the present system. Moreover, the tests will be further
improved by the use of an Allison Scanner, recently de-
livered at INFN-LNS, which will allow to perform beam
emittance measurements. In this way, the interplay be-
tween the plasma parameters and beam properties will
be checked also in terms of emittance variations. Finally,
a system consisting of an Aluminium foil, maintained at
high voltage, coupled to a Micro Channel Plate (MCP)
and a Phosphor screen for imaging the secondary elec-
tron emission by the foil is under development and will
allow to overcome the screen damage in the case of high
current beams. Such beams will be produced by a new
ECR source (AISHa - Advanced Ion Source for Hadron-

Power = 1.3 W 
R_spot = 2 mm

Power = 8 W 
R_spot = 9 mm

Behavior at higher currents
P = 80 W, R_spot = 9 mm for both screens

which means about 500 µA for 40Ar8+

Our BaF2 screens is suitable also for 
high current beams —-> AISHa beams

Steps toward high intensity beams monitoring
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Short/mid/long term strategies

Goal Action

Short
(0-6 months)

Broaden the beams 
availability in the 

perspective of high 
intensity

• R&D on vaporization 
techniques (oven, sputtering, 

innovative methods);
• Fast and reliable tunings of 

the Sources

Short/Mid
(0-12 months)

Improving the primary 
currents and <q>

Implementation of 
Alternative plasma heating 

methods (TCFH)

Short/Mid
(6-18 months)

Improving the IS-CS 
beam matching

Diagnostics and beam 
transport modelling and 

optimization

Mid/Long
(18-36 months)

Boost of primary beam 
currents +  Testbench

The AISHa replace 
CAESAR. CAESAR 

becomes a Testbench.
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AISHa
            Advanced Ion Source for Hadrontherapy

•Reliability
•High flexibility (RF
+B field)
•High Performances
•Compactness
•Easy-to-tune
•Low maintenance 

martedì 15 dicembre 15



18

Low temperature oven for SERSE;

New control system for SERSE (ready for CAESAR);

Motorized stage for extraction optics (repeller+ground 
electrodes) ---> SERSE (already done for CAESAR);

Beam pipes alignement; 

Installation of beam diagnostics tools (Allison Scanner + 
beam viewers, almost ready);

Beam transport simulations;

X-ray and RF passive diagnostics helping sources tuning;

New plasma chamber for SERSE and injection flange;

A partial List of Actions already 
scheduled
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Assets and criticalities

Long time elapsed from last systematics;

Time needed for implementing all the actions;

no test-bench available (very short time available for off-line 
experiments and tests); ---> AISHa will serve as testbench 
during 2016

Motivated technical manpower with valuable skills;

Well-established know-how gained by the RD group 
(recognized international leadership in Ion Sources science 
and technology);

INFN-LNS management supporting new synergies and strategies 
for revamp of LNS machines.

Criticalities

Assets
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