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Ion Beam

• charge distribution with ni(x,y,z)  
• vx,y << vz

vz

1. Number of particles in Debye sphere 

nλD
3 >> 1

2. Debye length smaller than size of plasma

λD < L

3. Observed time scale longer than

t > 2π/ωp

an ion beam can change into a 
non-neutral plasma (NNP).

nonrelativistic, coasting beam (DC) with cylindrical symmetry
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Luminosity
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Beam emittance  vs. Beam current
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Emittance Growth

F. Sacherer    rms - emittance

• Beam induced
• Space charge compensation induced
• Beam optics
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Beam Transport - Example

pulsed beam operationdc extraction & transport

tpulse = 100 ns

rep. rate = 250 kHz

Wb,max = 120 keV

Ib,max = 200 mA
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Low Energy Beam Transport
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Emittance Growth

Beam transport under consideration of CE dynamics

Emittance Growth by a factor of 3
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Emittance Growth

RFQ

Source

Chopper

phase diagram of the proton beam during the transport through 
LEBT section

Emittance Growth due to Collective Processes
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Longitudinal Density Fluctuations

Current fluctuation due to source noise

Plasma-
elektrode

Screening-
Elektrode

Erd-
elektrode

Plasmarandschicht

IonenstrahlPlasma
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Ion Beam
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Longitudinal Density Fluctuations

Zustand 1

Zustand 2

Current fluctuations due to plasma instabilities
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Emittance Growth due to Thermalisation

∆ε∆ε∆ε∆εrms,x = 8 !

Gaussian start distribution
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Beam Potential
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Beam Potential

expansion and compression of the ion beam
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Beam Optics
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comparison of focusing strengthes

MSQ / ESQ

strong 
focusing/defocusing 

SCL

strong focusing 

Solenoid

weak focusing 
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Chromatic, geometric and spherical aberrations 
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Space Charge Compensation 

Neutralized

Residual Gas Atoms / Molecules

Residual Gas Ion

Electrons
Ion beam

Production of compensation electrons 
(CE)

Confinement of CE within the beam potential
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Space Charge Compensation 

Transport without focusing fields – beam drift

measured space charge compensation 
as a function of the beam radius

© cea saclay, R. Gobin et. al.
beam envelope
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Space Charge Compensation 

Loss channel for the CE

λ / nm
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λ = 820 nm exciting of vacuum window by lost 
compensation electrons

partly compensated
ion beam

loss channel for
compensation electrons

beam focussing leads to global decompensation
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Space Charge Compensation 

Influence of beam optics on CE density distribution

© F.M. Bieniosek 
et. al.  HIF News 

March 2005

Example:  MSQ

K+ beam

5µs / Ipeak = 190 mA / 1 MeV

compensateddecompensated
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Space Charge Compensation 
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particle density distribution outside 
of the solenoid

Solenoid

Ion Beam
Compensation

Electrons

changing of the density distribution of the 
compensation electrons along the beam path 
through a solenoid
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Influence of beam optics on CE density distribution
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Space Charge Compensation 

ne = 3.12·1014 m -3

re = 1 mm

Field distribution of an homogenious 
filled electron columne inserted into the 
solenoid

Measured phase space distribution of an 
intense proton beam Wb = 95 keV  I = 98 mA

0812_002

Leads to „Satelits“

Approximation of CE distribution inside a solenoid 

measured @ cea - Saclay
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Space Charge Lenses

Focussing under fully space charge compensation

Gabor lens for beam energies up to 500 keV 

Parameters of the lens:   ΦA,max = 65 kV     Bz,max = 
0.2T

Ground 
Electrode

Insulator

Helmholtz Coils

Ion Beam

Anode
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Performance of Space Charge Lenses

He+, 440 keV, 1 mA
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Performance of Space Charge Lenses

transverse plane
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ωd

longitudinal 

Instabilities of confined nnp
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Performance of Space Charge Lenses

Emittance growth as a function of the lens 
parameters

Trapping efficiency as a function of the 
lens parameters

Focussing and Mapping capabilities of Gabor Lenses
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Beam Diagnostics

Rotatable Vacuum Chamber 
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Beam Diagnostics

potential distributionoptical profiles

ΦΦΦΦrni

local compensation electron distribution

TeQ‘

Beam Tomography
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Beam Diagnostics

Dynamics of space charge compensation

200 µs 300 µs 600 µs100 µs
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Conclusion
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Thank you for your attention.

NNP Group

http://nnp.physik.uni-frankfurt.de

http://hicforfair.de


