
1 

Beam Diagnostics for Ion Sources  

CERN Accelerator School 2012 
Uli Raich CERN BE/BI 
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The LHC and its injectors 
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CERN accelerator chain for Hadrons 

3 

•  Source:   up to 100 KeV 
•  RFQ:   up to some MeV 
•  Linac:   50 Mev – few GeV 

•  Synchrotons: up to some TeV 
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Source and RFQ 
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Source and LEBT  
determine beam  
properties later in 
the accelerator 
chain 
 
Need to measure 
beam parameters 
before entering the 
RFQ 
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LEBT 

•  Transport beam from the source to the RFQ 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire Harps and Wire Scanners  
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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LEBT Commissioning Stages 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Faraday Cup 
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•  Source intensity measured by a retractable Faraday 
Cup 

•  Secondary electron emission is suppressed by 
polarization voltage which also eliminates parasitic 
electrons created in the source  

•  Pneumatic in/out mechanism on PLC is used to 
enter and retract the cup into/from the beam 

•  Oscilloscope is used for signal observation 
•  A ~ 1 MHz sampling ADC may be used to acquire 

the Faraday Cup signal 
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Faraday Cup pieces 
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active electrode 

guard ring 

Faraday Cup body 
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Electro-static Field in Faraday Cup 
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In order to keep secondary 
electrons within the cup a repelling 
voltage is applied to the polarization 
electrode 

Since the electrons have energies of 
less than 20 eV some 100V 
repelling voltage is sufficient 
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Energy of secondary emission electrons 
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•  With increasing repelling voltage 
the electrons do not escape the 
Faraday Cup any more and the 
current measured stays stable. 

•  At 40V and above no decrease in 
the Cup current is observed any 
more  

CAS Slovakia  25.5 - 8.6. 2012 Uli Raich CERN BE/BI 



7 

Faraday Cup with water cooling 
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For higher intensities  
water cooling may be needed 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Current Transformers 

Beam current 
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Fields are very low 
 
Capture magnetic field lines with cores 
of high 
relative permeability 
 
(CoFe based amorphous alloy Vitrvac: 
µr= 105) 
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The ideal transformer 

Beam signal 
Transformer output signal 

dt
dIL beam=U

 
 

Inductance L of the winding 
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Beam signal 
Transformer output signal 

dt
dIL beam=U

 
 

Inductance L of the winding 
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The AC transformer 
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Beam signal 
Transformer output signal 
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The active AC transformer 
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Principle of a fast current transformer 

Image 
Current 

BEAM 

Calibration winding 

•  500MHz Bandwidth 
•  Low droop (< 0.2%/µs) 

Ceramic Gap 

80nm Ti Coating 
⇒ 20Ω to improve 
impedance 
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Current Transformers 

20 

Good magnetic shielding 
avoids interference from 
nearby pulsing magnets 
 
Shielding simulation and  
test measurements  have 
been done  
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Typical Transformer Signal 

21 

Calibration signal before after  
beam pulse 
 
Digitization of 400 µs pulse  
at 10 MHz 
 
Measures 
•  total intensity 
•  intensity per Booster ring 

Background suppression by  
software 
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The DC current transformer 

"   AC current transformer can be extended to very long droop 
times but not to DC 

"   Measuring DC currents is needed in storage rings 
"   Must provide a modulation frequency 
"   Takes advantage of non/linear magnetisation curve 

B 

H 
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Principle of DCCT 

beam 

Compensation 
current Ifeedback=-Ibeam 

modulator 

V=RIbeam 

Power supply 

R 

Synchronous 
detector 

Va-Vb 

Vb 

Va 
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Modulation of a DCCT  without beam 

Modulation current has only 
odd harmonic frequencies 
since the signal is 
symmetric 

dt
dBNAU =

0BNA

Udt
B += ∫

B=f(t) 
B 

H 

1 2 53 4

CAS Slovakia  25.5 - 8.6. 2012 Uli Raich CERN BE/BI 24 



13 

Modulation of a DCCT with beam 

B=f(t) 
B 

H 

1 1 2 53 4

Sum signal becomes non-zero 
Even harmonics appear 
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Modulation current difference signal with 
beam 

•  Difference signal has 2ωm 

•  ωm typically 200 Hz – 10 kHz 

•  Use low pass filter with 
 ωc<< ωm 

•  Provide a 3rd core, normal 
AC transformer to extend to 
higher frequencies 
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Photo of DCCT internals 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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SEMGrids for Profile Meas. 

•  SEMGrid resolution: up to 0.5mm, 
up to 36 wires 

•  New analogue electronics for 36 
under design 

•  Needs time resolved 
measurements (200 kHz) 

•  New VME readout card has been 
developed (36 channels), series of 
50 cards have been  produced 

•  In/out mechanism by motor with 
PLC control 
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Wire Scanners 

30 

Slowly drives the wire through the beam 
Measures wire position and collected current on the wire 
Reconstructs the beam profile 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Ionisation Profile Monitor 

keV [1]. The lifetime of the excited states was determined
using a circulating∼ 5 ns long bunch at 25 GeV energy and
observing the decay time using a photo-multiplier. The re-
sult of τ = 58.0(3) ns coincides with the determination
for 100 keV. The absolute photon yield in the optical wave-
length range coincide with the calculated electronic stop-
ping power as a function of kinetic energy (Bethe-Bloch
formula) and is equivalent to the ion’s energy loss of about
3.6 keV in N2. Tests with other gases did not result in a
larger photon yield.
A BIF monitor was successfully installed at the CERN-
SPS [7]. For a pressure bump of N2 in the order of 10−7

mbar profiles within 20 ms integration time, corresponding
to about 900 turns, were recorded with sufficient statistical
accuracy. A comparison with the standard flying wire scan-
ner method is shown in Fig. 4, proving the applicability of
this method also at high energy synchrotrons.

Example for BIF at ion sources
Behind proton sources, where the protons are only ac-
celerated by the ∼ 100 kV potential of the ion source plat-
form these types of measurement are performed in several
labs, e.g. [8]. The light yield is large and a long integration
time enables careful investigations concerning possible sig-
nal broadening processes. A comparison of different gases
shows a good correspondence, as displayed in Fig. 5. Tak-
ing the different excited levels and lifetimes into account,
this result is not evident.
A broadening, in particular at the beam edges was re-
ported [8], therefore the wavelength spectra with vary-
ing angles with respect to the beam axis were measured.
Due to the angle-dependent Doppler-shift, the fluorescence
originating from the residual gas (nearly at rest) and light
emitted by the beam particles can be discriminated. The
Balmer lines, emitted by the beam protons via recombina-
tion p+e− → H∗

→ H0+γ or charge-exchangecollisions
(like p + N2 → H∗ + N+

2 → H0 + γ + N+
2 ) was de-

tected, as well as lines from neutral and charged hydrogen
molecules (H2, H+

2 , H+
3 ). It can be concluded that the ap-

plicability of the BIF method has to be carefully checked to
prevent misinterpretation due to the complex processes and
large residual gas densities close to an ion source. Proba-

Figure 5: The measured beam profile for different gases
determined at the SILHI facility [8].

Figure 6: Schematic sketch of an IPM.

bly, this problem does not appear after acceleration by a
LINAC due to a single composition of beam ions and the
decreasing cross section for electron capture processes at
energies above a few 100 keV [9]. But for all cases the
residual gas density should be low enough to prevent for
second order excitation of the gas molecules via electron
excitation like N2 + e− → N∗

2 + e− → N2 + γ + e− [1].
As a rough criterion the mean free path of electrons should
be much larger than the beam size, which is only valid for
a pressure below p < 10−3 mbar.

IONIZATION PROFILE MONITOR
In most synchrotrons and storage rings the transverse
profile of the circulating beam is monitored by detecting
the ionization products from the collision of the ions with
the residual gas (mainly H2). Inside the vacuum tube bi-
ased electrodes produce an electric field of typically 10 to
50 V/mm to accelerate the secondary electrons or ions to-
ward an MCP, as shown schematically in Fig. 6. In the de-
tection volume below the MCP a large electric field homo-
geneity is required (typically better than 1 %) to guide the
residual gas ions on a straight trajectory toward the MCP
resulting in an undistorted beam image. Most IPMs are
equipped with a double MCP to yield a ∼ 106-fold elec-
tron multiplication for a single particle detection scheme.
As stated in the BIF description the spatial resolution is
about a factor 3 worse compared to a single MCP. Two dif-
ferent anode readout technologies for the amplified signal
are commonly in use:
• Phosphor screen: The electrons create light spots on
a phosphor screen behind the MCP, which are mon-
itored by a CCD camera, as shown schematically in
Fig. 6. A high spatial resolution can be achieved with
this readout method, only limited by the ∼ 50 µm
granularity of the double MCP channel size. There-
fore this method is preferred in cooler rings. A typi-
cal time resolution is in the order of 10 ms, given by
the frame rate of the CCD camera. For a turn-by-turn
readout on a µs time scale the CCD camera is too slow.
A multi-anode photomultiplier [10] or a photo-diode

EU contract number RII3CT-2003-506395 CARE Conf-05-027-HIPPI
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•  An Ionization Profile 
Monitor (IPM) measures 
beam profile by collecting 
rest gas molecules/
electrons ionized by the 
beam.  

•  The ions/electrons are 
guided by electric field to 
MCP 

•  Gas injection may be 
needed to increase yield 

•  Micro-channel plates age, 
and need to be replaced. 

P. Forck GSI 
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Luminescence Monitor 

BEAM INDUCED FLUORESCENCE (BIF) MONITOR FOR TRANSVERSE
PROFILE DETERMINATION OF 5 TO 750 MeV/u HEAVY ION BEAMs ∗

F. Becker1† , C. Andre1, P. Forck1, D.H.H. Hoffmann1,2

1Gesellschaft für Schwerionenforschung GSI, Darmstadt, Germany
2Technical University Darmstadt, Institut für Kernphysik, Darmstadt, Germany

Abstract
In the frame of the FAIR-project (Facility for Antipro-

ton and Ion Research) at GSI, high intensity beams from
protons to Uranium ions with energies ranging from 100
MeV/u to 30 GeV/u are foreseen [1]. Precise beam align-
ment in transport lines between the synchrotrons and in
front of production targets is mandatory. Since the beam
energy will be increased from todays 100 Joule to about
104 Joule per ion pulse, conventional intercepting beam
diagnostics can not be used. For transverse profile deter-
mination a non-intercepting Beam Induced Fluorescence
(BIF) monitor in residual nitrogen, using an image inten-
sified CCD camera was investigated. The photon yield and
background contribution were determined for different ion
species, beam energies and N2 pressures. The spectral re-
sponse was mapped and associated with the N2 transitions
using narrowband interference filters. Profile distortions
were quantified. Additionally, the appropriate layout for
different diagnostic tasks is discussed.

THE BIF METHOD
As an alternative to the traditional SEM-Grids, the trans-

verse beam profile in transport lines could be determined
by observation of single fluorescence photons emitted by
residual gas molecules. The related device is called Beam
Induced Fluorescence (BIF) Monitor [2] as schematically
shown in Fig. 1. When the beam collides with the resid-
ual gas molecules, some molecules are ionized remaining
with a certain probability in an excited state. In a N2 domi-
nated residual gas composition, a strong fluorescence in the
blue wavelength range 390 nm < λ < 470 nm and a life-
time of about 60 ns is generated by a transition band to the

∗Work supported by EU, project FP6-CARE-HIPPI
† frank.becker@gsi.de
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Figure 1: Scheme of a BIF-Monitor.

vacuum window

beam direction

Figure 2: Image from a 1.5 µs long pulse of 2·109 Xe48+ at
200 MeV/u. The projected horizontal profile is compared
to SEM-Grid data. The BIF data were recorded at 1 · 10−3

mbar and averaged over 20 shots.

N+
2 electronic ground state (B2Σ+

u (v′) → X2Σ+
g (v′′)+γ,

for vibrational levels v) [3]. ’Single-photon counting’ was
performed using a commercial image intensifier (Company
Proxitronic), equipped with a double Micro-Channel Plate
(MCP) for up to 106-fold photo-electron amplification. The
light from the fast P46 phosphor screen with 300 ns decay
time is taper-coupled to a digital CCD camera with a fire
wire interface (Basler A311f). The device is mounted at a
distance of 20 cm from the beam axis. A UV-transmitting
quartz-lens with remote-controlled iris and focus and a fo-
cal length of 25 mm, leads to a resolution of 180 µm/pixel.
In front of the lens a filter wheel equipped with 10 nm nar-
row band interference filters was installed in order to record
spectral resolved beam profiles. The detailed description of
the detection setup can be found in [4, 5].

During the last years the BIF method was applied suc-
cessfully at the GSI heavy ion LINAC for various ion
species and energies between 5 and 11.4 MeV/u [4]. In
this paper its application for higher energies as extracted
from the heavy ion synchrotron SIS18 is described. Beside
the signal amplitude, the background contribution is of in-
terest, due to the rising neutron production [6]. In order to
cover the full range of aimed nitrogen pressures and beam
energies, two different experimental areas were used. One
is a LINAC-beamline for low energy (5 to 11.4 MeV/u) and
low pressure investigation (1 · 10−6 to 1 · 10−3 mbar). The
other location is a high energy beam transport line (HEBT)
behind SIS18. The BIF monitor was installed at a distance
of 2.1 m from the beam dump and the corresponding part
of the vacuum pipe was separated by 50 µm stainless steel
vacuum windows to admit gas-pressures up to 1 mbar. This
setup has been tested for Xe, Ta, U ions having energies be-

•  Gas fluorescence monitor 
measures light emitted by 
atoms/molecules excited by the 
beam. 

•  Cross sections much lower than 
for ionization  

•  Light emittance isotropically. 
•  What is the rest gas pressure? 

F. Becker et al, GSI 

Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Emittance measurements 

•  If for each beam particle we 
plot its position and its 
transverse angle we get a 
particle distribution who’s 
boundary is an usually ellipse.   

•  The projection onto the x axis 
is the beam size 

x’ 

x 

Beam size 
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The slit and grid  method 

•  If we place a slit into the beam we cut 
out a small vertical slice of phase 
space 

•  Converting the angles into position 
through a drift space allows to 
reconstruct the angular distribution at 
the position defined by the slit 

x’ 

x 

slit 
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Transforming angular distribution to profile 

•  When moving through a 
drift space the angles 
don’t change (horizontal 
move in phase space) 

•  When moving through a 
quadrupole the position 
does not change but the 
angle does (vertical 
move in phase space) 

x’ 

x 

slit 

x’ 

x 

slit 

Influence of a drift space 

Influence of a quadrupole 

x’ 

x 
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The Slit Method 
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Emittance Meter 

39 

§  SEM grid read-out 
250kHz 

§  Stepping motors to allow 
coarse  + fine position 
tuning 
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Transverse Emittance Measurement 

40 

Slit and grid phase space scanner 
 
L-shaped 0.1mm slit moves under 
45 degrees 
 
Slit and grids move independently 
Positioning precision: 50 µm 
Movement PLC controlled 
 
Slit and grids mounted in  
2 independent vacuum boxes which 
can be separated 
 
Horizontal and vertical SEMGrid 
•  wire distance .75 mm 
•  30 signal wires 
•  readout with home built 36 channel 
  250 kHz ADC 
•  time resolved profiles 
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Emittance Evaluation 
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Pseudo Scubexx evaluation 

42 

Histogram of signal levels 
 
Background for each slit 
Position 
 
Emittance Plot 
 
Emittance when taking less 
and less channels around 
peak 
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Emittance plot Solenoid 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Allison Scanner 

The whole detector is 
passed through the beam 
Slit defines position 
Deflection plates with ramped electric 
field determine particle angles 
Angle distribution is measured with a 
Faraday Cup 
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M. Stöckli, ORNL  

Allison Scanner results SNS 

Apply 10% threshold to get rid 
of background 
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Emittance results along time axis 

•  First plot: no beam yet 
•  Big changes during the first 2 time 

slices (source plasma not stabilized yet) 
•  Then only small changes 
•  Last time slice: Big change due to 

decaying plasma when RF is switched 
off. 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Pepperpot Emittance Measurement 
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Pepperpot: 15x15 holes on copper plate 
Luminescent screen 
Data acquisition: high resolution CCD 
Example from GSI Darmstadt 

Advantage: Single shot measurement 

P. Forck GSI 

Pepperpot Results 
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Needs calibration of the screen to determine 
Orientation of the emittance ellipse 
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Parameters to be measured 

•  Beam Intensity 
–  Faraday Cup (destructive) 
–  Transformer (non destructive) 

•  Transverse Profile 
–  Wire harps and scanners 
–  Residual Gas Monitors 

•  Transverse Phase space 
–  Slit/Grid device 
–  Allison Scanner 
–  Pepperpot 

•  Energy and Energy Spread 
–  Spectrometer 
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Energy Spread 

•  Slit: reduces space charge 
effects and beam divergence 

•  Slit and wire grid are positioned 
at focal points of the optics 

•  Calibration by modification of 
the source extraction voltage 
(50 eV/mm) 

•  Profile width is determined by  
energy spread  
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Setup for charge state measurement 

•  The spectrometer 
magnet is swept 
and the current 
passing the slit is 
measured 

beam 
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Select Charge States 

54 

Faraday Cup 
Slit 
Spectrometer Magnet 

Charge States measured at the FaradayCup 
when ramping the spectrometer magnet 
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Conclusions 

•  Beam diagnostics tells you how well your ion source 
performs 

•  Needed to understand LEBT optics to adapt source 
beam to RFQ characteristics 

•  Typical measurements: 
–  Beam current and total intensity (no of charges) 
–  Current stability over the beam pulse 
–  Transverse Profile 
–  Longitudinal Profile 
–  Transverse emittance 
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