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Measurement of Beam Current

The beam current is the basic quantity of the beam. 
üIt this the first check of the accelerator functionality
üIt has to be determined in an absolute manner 
üImportant for transmission measurement and to prevent for beam losses.

Different devices are used:

üTransformers:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ magnetic field

They are non-destructive. No dependence on beam energy 

They have lower detection threshold.

üFaraday cups:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ electrical current

They are destructive. For low energies only
Low currents can be determined.

üParticle detectors:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩ ǎ energy lossin matter

9ȄŀƳǇƭŜǎ ŀǊŜ ǎŎƛƴǘƛƭƭŀǘƻǊǎΣ ƛƻƴƛȊŀǘƛƻƴ ŎƘŀƳōŜǊǎΣ ǎŜŎƻƴŘŀǊȅ Ŝҍ ŜƳƛǎǎƛƻƴ ƳƻƴƛǘƻǊǎ

Used for low currents at high energies e.g. for slow extraction from a synchrotron.

Generally: Beam instruments are mounted outside of rf cavities to prevent for

electro-magnetic interference from the high field; exception for BPMs in cyclotrons  
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Beam Structure of a pulsed LINAC

Pulsed LINACs and cyclotrons used for injection 
to synchrotrons with tpulseº100 ms:

One distinguish between: 

üMean current Imean

Ҧ ƭƻƴƎ ǘƛƳŜ ŀǾŜǊŀƎŜ ƛƴ ώ!ϐ

üPulse current Ipulse

Ҧ ŘǳǊƛƴƎ ǘƘŜ ƳŀŎǊƻ ǇǳƭǎŜ ƛƴ ώ!ϐ

üBunch current Ibunch

Ҧ ŘǳǊƛƴƎ ǘƘŜ ōǳƴŎƘ ƛƴ ώ/κōǳƴŎƘϐ 

or [particles/bunch]

Remark: Van-de-Graaff(ele-static):

Ҧ ƴƻ ōǳƴŎƘ ǎǘǊǳŎǘǳǊŜ
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Magnetic field of the beam and the ideal Transformer

üBeam current of Npart charges with velocity b

ü cylindrical symmetry
 only azimuthal component 
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Example: I Ґм˃!Σ r =10cm Ý Bbeam= 2pT, earth Bearth= 50mT

Idea: Beam as primary winding and sense by sec. winding.
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Ý Loaded current transformer

I1/I 2= N2/N1Ý Isec= 1/N · Ibeam
üInductance of a torus of ˃r

üGoal of torus: Large inductanceL
and guiding of field lines.

Definition: U = L · dI/ dt
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Passive Transformer or Fast Current Transformer FCT

A voltages is  measured: U = R · Isec= R /N · Ibeam  { ϊ Ibeam

with Ssensitivity [V/A],

equivalent to transfer function or transfer impedance Z

Equivalent circuit for analysis of sensitivity and bandwidth

(disregarding the loss resistivity RL)

beam

Analysis of  a simplified electrical circuit of a passively loaded transformer:
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Bandwidth of a Passive Transformer or FCT

For this parallel shunt: 
ρ

ὤ

ρ

Ὥὒ

ρ

Ὑ
Ὥὅ

Analysis of  a simplified electrical circuit of a passively loaded transformer:

üLow frequency ḺὙȾὒ :  ὤᴼὭὒ

i.e. no dc-transformation

üHigh frequency ḻρȾὙὅ : ὤᴼρȾὭὅ

i.e. current flow through ὅ

üWorking region  ὙȾὒ  ρȾὙὅ :    ZḙὙ

i.e. voltage drop at R and sensitivityὛ ὙȾὔ

No oscillations due to over-damping by low R = 50 ʍ to ground. Ὢ
ρ

ς“

Ὑ

ὒ
Ὢ

ρ

ς“

ρ

Ὑὅ

ᵾ ὤ
Ὥὒ

ρ ὭὒȾὙ ὒȾὙẗὙὅ
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Response of the Passive Transformer: Droop Time

Analysis of  a simplified electrical circuit of a passively loaded transformer:

Ὢ
ρ

ς“

Ὑ

ὒ
Ὢ

ρ

ς“

ρ

Ὑὅ

Time domain description:

Droop time constant:  †

time

time

beam current Ὅ ὸ

output volt.Ὗὸ

test

pulse

† ὒȾὙ

Result 1: 
Constant signal part 
is not transformed

Bunch train beam current

signal

baseline

Baseline: Ubase´1 - exp(-t/tdroop)
positive& negativeareas are equal

Result 2:
Baseline is shifted

R: for 
measure U(t)

Mathematics via convolution integral with the result:  

╤◄ ╩╘╫▄╪□◄ɇ▄
◄◄
Ⱳ▀►▫▫▬
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Response of the Passive Transformer: Rise Time

Analysis of  a simplified electrical circuit of a passively loaded transformer:

Ὢ
ρ

ς“

Ὑ

ὒ
Ὢ

ρ

ς“

ρ

Ὑὅ

Time domain description:
Rise time constant: †

(ideal without cables)

time

time

beam current Ὅ ὸ

output volt. Ὗὸ

test

pulse

† ὒȾὙ

Result 3: 
Signal cannot follow fast input change 
but leads to smoothing

R: for 
measure U(t)

time

time

beam bunch

Rise time const: † (with cables)

RL: loss resistivity, R: for measuring.

On the 6th of March : Demonstration at company Bergoz

Mathematics via convolution integral with the result:  

╤◄ ╩╘╫▄╪□◄ɇ▄
◄◄
Ⱳ▀►▫▫▬ɇ ▄

◄◄
Ⱳ►░▼▄
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For bunch beams e.g. transfer between synchrotrons
typical bandwidth of 2 kHz < f < 1 GHz  

Ú 1 ns < t batch < 200 ˃ ǎis well suited

Example: GSI Fast Current Transformer FCT:

From
Company Bergoz

Inner / outer radius 70 / 90 mm

Permeability µr º105 for f < 100kHz

µr ´1/f above

Windings 10

Sensitivity 4 V/A for R = 50 W

Resolution, full BW 30 µArms

Droop time tdroop = L/R 0.2 ms

Rise time trise= ὒὅ 300 ps

Bandwidth 2 kHz ... 500 MHz

Numerous application e.g.:
ü Transmission optimization
ü Bunch shape measurement
ü Input for synchronization 
ƻŦ ΨōŜŀƳ ǇƘŀǎŜΩ

FCT
injection extraction

synchrotron

Example for Fast Current Transformer

Å200 mm
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For bunch beams e.g. during accel. in  a synchrotron
typical bandwidth of 2 kHz < f < 1 GHz  

Ú 10 ns < tbunch < 1 ˃ ǎis well suited

Example: GSI Fast Current Transformer FCT:

From
Company Bergoz

FCT

injection extraction

synchrotron

Å200 mm

0 1.

5

Example: U73+ from 11 MeV/u (b= 15 %) to 350 MeV/u 
within 300 ms(displayed  every 0.15 ms)

Example for Fast Current Transformer

Inner / outer radius 70 / 90 mm

Permeability µr º105 for f < 100kHz

µr ´1/f above

Windings 10

Sensitivity 4 V/A for R = 50 W

Resolution, full BW 30 µArms

Droop time tdroop = L/R 0.2 ms

Rise time trise= ὒὅ 300 ps

Bandwidth 2 kHz ... 500 MHz
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Ψ!ŎǘƛǾŜΩ ¢ǊŀƴǎŦƻǊƳŜǊ !/¢ ǿƛǘƘ ƭƻƴƎŜǊ 5ǊƻƻǇ ¢ƛƳŜ

Active Transformer or Alternating Current Transformer ACT:
uses a trans-impedance amplifier (I/U converter) to R º0 Wload impedance i.e. a current sink 

+ compensation feedback 
Ý longer droop time ̱droop

Application: measurement of longer t > 10 ˃ ǎe.g. at pulsed LINACs

The input resistor is for an op-amp: Rf/A << RL

Ý ḏroop = L/(Rf /A+RL) ḗL/RL

Droop time constant can be up to 1 s!

The feedback resistor is also used for range 
switching.

An additional active feedback loop is used to compensate the droop.
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Ψ!ŎǘƛǾŜΩ ¢ǊŀƴǎŦƻǊƳŜǊ wŜŀƭƛȊŀǘƛƻƴ

Active transformer for the measurement of long
t > 10 ˃ ǎpulses e.g. at pulsed LINACs

Inner / outer radius 30 / 45 mm

Permeability µr º105 for f < 

100kHz

µr ´1/f above

Windings 2x10 crossed

Max. sensitivity 106 V/A with amplifier

Current resolution 0.2µA for full BW

Droop 0.5 % per 5 ms

Rise time 200 ns

Bandwidth 2 kHz ... 1 MHz
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Ψ!ŎǘƛǾŜΩ ¢ǊŀƴǎŦƻǊƳŜǊ aŜŀǎǳǊŜƳŜƴǘ

Example:Transmission and macro-pulse 
shape for Ni2+ beam at GSI LINAC 

Example: Multi-turn injection of a Ni26+

beam into GSI Synchrotron, 5 ms per turn

Active transformer for the measurement of long t > 10 ˃ ǎpulses e.g. at pulsed LINACs

LINACRFQ

source

ACCT
injection extraction

ACCT

ACCT

synchrotron

 Transformer are frequently 
used for operation.
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Shielding of a Transformer

Task of the shield:
ü The image current of the walls have to be bypassed by a gap and a metal housing.
ü This housing uses µ-metal and acts as a shield of external B-field

(remember: Ibeam = 1 ˃ !, r = 10 cm Ý Bbeam= 2pT, earth field Bearth = 50 µT)

vacuum pipe Å150 mm

ceramic gap

magnetic shield &

current bypass

transformer

torus

courtesy Company  Bergoz

beam

ÅCF200

ceramic 

gap
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The Artists View of Transformers

The active transformer ACCTThe passive, fast transformer FCT

Cartoons by Company Bergoz, Saint Genis

On the 6th of March : Comparison of these types at company Bergoz
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Poll via Mentimeter

1208 6026
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Poll concerning Beam Current Transformers

Poll 2.1: 

What is the sensitivity for a current 
transformer? It is the ratio between the 
ƳŜŀǎǳǊŀōƭŜ ǾƻƭǘŀƎŜ ŀƴŘΧ 

1) the beam current

2) the current in the transformer windings

3) the beam induced current flowing in the 
vacuum wall

Poll 2.3: 

What is the correct relation between the rise time and the cut-off frequencies?

1) †
■▫◌

2) †
▐░▌▐

3) The rise time does not depend on the cut-off frequencies

4) For transformers the rise time and the droop time are equal

Poll 2.2: 

Which statement is correct concerning the 
comparison of FCTversus ACT? 

An FCTƘŀǎ ŀ Χ

1) lower bandwidth and a lower sensitivity

2) higherbandwidth and a lower sensitivity 

3) higherbandwidth and a higher sensitivity 

www.menti.com

code: 1208 6026

http://www.menti.com/
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How to measure the DC current? The current transformer discussed sees only B-flux changes.
The DC Current Transformer (DCCT)  look at the magnetic saturation of two tori.

üModulation of the primary windings forces  
both torii into saturation, twice per cycle

üSense windingsmeasure the modulation      

signal and cancel each other. 

üBut with the Ibeam, the saturation is shifted    

and Isenseis not zero

üCompensation current

adjustable until Isenseis zero once again

The dc Transformer

Depictive statement: 
! ǎƛƴƎƭŜ ǘǊŀƴǎŦƻǊƳŜǊ ƴŜŜŘǎ ǾŀǊȅƛƴƎ ōŜŀƳΦ ¢ƘŜ ǘǊƛŎƪ ƛǎ ǘƻ ΨǎǿƛǘŎƘ ǘǿƻ ǘǊŀƴǎŦƻǊƳŜǊǎΩΗ



Peter Forck, JUAS Archamps Measurement of Beam Current21

üModulation without beam:

typically about 1 kHz to saturation 

 no net flux

üModulation with beam: 

ü saturation is reached at different times,  net flux

üNet flux:double frequency than modulation 

üFeedback:Current fed to compensation winding 

for larger sensitivity

üTwo magnetic cores:Must be very similar. 

The dc Transformer



Peter Forck, JUAS Archamps Measurement of Beam Current22

Example: The DCCT at GSI synchrotron 
(designed 1990 at GSI):

The dc Transformer Realization

Recent commercial product specification (BergozNPCT):

Most parameters are comparable the GSI-model
Temperature coefficient:   0.5 µA/oC
Resolution:  º10 µA (i.e. not optimized)

dc transformer

2 cores mounted

ac transformers

(two types)

magnetic shield Å200 mm flange

ceramic gap

Torus radii ri = 135 mm ro=145 mm

Torus thickness d = 10 mm

Torus permeability µr = 105

Saturation

inductance

Bsat = 0.6 T

Number of windings 16 for modulation & sensing

12 for feedback

Resolution Imin
beam = 2 µA

Bandwidth  Df = dc .... 20 kHz

Rise time constant trise = 10 µs 

Temperature drift 1.5 µA/oC



Peter Forck, JUAS Archamps Measurement of Beam Current23

Example:The DCCT at GSI synchrotron:
ÝObservation of beam behavior with 20 µs time resolution most important operation tool.

Measurement with a dc Transformer

Important parameters:

ü Detection threshold: 1 µA

(= resolution)

ü Bandwidth: dc to 20 kHz

ü Rise-time: 20 µs

ü Temperature drift: 1.5 µA/0C

Ý compensation required.

injection extraction

DCCT

synchrotron

Example: U73+accelerated from 
11. 4 MeV/u (b= 15.5%) to 750 MeV/u (b= 84 %) 

On 6th of March : Demonstration of DCCT at company Bergoz
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Design Criteria and Limitations for a dc Transformer

Careful shielding against external

fields with ˃ -metal.

üHigh resistivity of the core material

to prevent for eddy current

Ý thin, insulated strips of alloy.

üBarkhausennoise due to changes of Weiss domains

Ý unavoidable limit for DCCT

Ý determines the resolution of Ὅ ρА!

üCore material with low changes of ˃r due to temperature and stress

Ý low micro-phonic pick-up.

üThermal noise voltage ╤▄██ ▓║╣ɇ╡ɇ█

Ý design for only required bandwidth █, low input resistor ╡preferred.

üPreventing for flow of secondary electrons through the core

Ý need for well controlled beam centering close to the transformer.
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Poll concerning dc Beam Current Transformers

Poll 2.5: 

¢ƘŜ ǇǊƛƴŎƛǇƭŜ ƻŦ ŀ ŘŎ ŎǳǊǊŜƴǘ ǘǊŀƴǎŦƻǊƳŜǊ 5//¢ ƛǎ ǊŜƭŀǘŜŘ ǘƻ  Χ

1) direct transformation of a dc current

2) modulation of the particle beam in terms of on ª off

3) modulation of two transformer cores with 1800 degree phase shift

4) modulation of two transformer cores with 00 degree phase shift

www.menti.com

code: 1208 6026

Poll 2.4: 

! 5//¢ Ŏŀƴ ōŜ ǳǎŜŘ  Χ 

1) at only electro-staticaccelerators such as Van-de-Graaff, TANDEM or behind an ion source 

2) at only a synchrotron storing a coasting(= un-bunched) beam 

3) at a synchrotron with coasting and bunched beam 

http://www.menti.com/
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Transformer: MŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ

üaŀƎƴŜǘƛŎ ŦƛŜƭŘ ƛǎ ƎǳƛŘŜŘ ōȅ ŀ ƘƛƎƘ ˃ ǘƻǊƻƛŘ

ü Types of transformers:

FCT for bunches: Iminº30 µA, bandwidth º10 kHz ... 500 MHz

ACT for macro-pulses: Iminº0.2 µA, bandwidth º100 Hz ... 3 MHz

DCCT for dc beams:      Iminº1  µA, BW ºdc ... 20 kHz, based two toroids+ modulation

ü Non-destructive, used for all beams

Active transformer ACTFast Transformer FCT DC transformer DCCT

Company Bergoz

Resolution limit

Summary for Transformers for Current Measurement

On 6th of March: Comparison of transformer types at company Bergoz
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Measurement of Beam Current

The beam current is the basic quantity of the beam. 
üIt this the first check of the accelerator functionality
üIt has to be determined in an absolute manner 
üImportant for transmission measurement and to prevent for beam losses.

Different devices are used:

üTransformers:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ magnetic field

They are non-destructive. No dependence on beam energy 

They have lower detection threshold.

üFaraday cups:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ electrical current

They are destructive. For low energies only
Low currents can be determined.

üParticle detectors:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ energy lossin matter

9ȄŀƳǇƭŜǎ ŀǊŜ ǎŎƛƴǘƛƭƭŀǘƻǊǎΣ ƛƻƴƛȊŀǘƛƻƴ ŎƘŀƳōŜǊǎΣ ǎŜŎƻƴŘŀǊȅ Ŝҍ ŜƳƛǎǎƛƻƴ ƳƻƴƛǘƻǊǎ

Used for low currents at high energies e.g. for slow extraction from a synchrotron.
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Semi-classical approach:

ü Projectiles of mass M collide 

with free electrons of mass m

ü If M >> m then the relative energy transfer is low

Ý many collisions required many elections participate 

proportional to target electron density ▪▄
╩◄

═◄
ⱬ◄

Ýƭƻǿ ǎǘǊŀƎƎƭƛƴƎ ŦƻǊ ǘƘŜ ƘŜŀǾȅ ǇǊƻƧŜŎǘƛƭŜ ƛΦŜΦ ΨǎǘǊŀƛƎƘǘ ǘǊŀƧŜŎǘƻǊȅΩ

ü If projectile velocity bº1 low relative energy change of projectile (gis Lorentz factor)

ü I is mean ionization potential including kinematic corrections I ºZtÖ10 eV for most metals 

ü Strong dependence an projectile charge Zp as ▀╔
▀●
ᶿ╩▬

Constants:  NA Advogadronumber, re classical e- radius, me electron mass, cvelocity of light

Bethe-Bloch formula: 
(simplest formulation) 

Maximum energy transfer from projectile M to electron me:

Excurse: Energy Loss of Ionsin Matter

e-

e-

ΰɻ-ǊŀȅΩbeam, charge Zp

mass M Material
Zt , At , rt
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Source
LINAC, Cycl.

Synchrotron
dE

dx

dE
R

E 1

0

max
-

ñ ö
÷

õ
æ
ç

å
=

Numerical calculation for ions

with semi-empirical model e.g. SRIM

Main modification ὤ ᴼ ὤ Ὁ

ÝCups only for

Ekin < 100 MeV/u due to R <10 mm

Range: 

with approx. scalingŔ Emax
1.75

Bethe-Bloch formula: 
(simplest formulation) 

Excurse: Energy Loss of Ionsin Copper

Approximation e.g.  ὤ ὤ ρ ÅØÐὤ
Ⱦ
ὧȾὺ



Peter Forck, JUAS Archamps Measurement of Beam Current30

Excurse: Secondary Electron Emission by Ion Impact 

Energy loss of ions in metals close to a surface:

Closed collision with large energy transfer fast e-with Ekin>> 100 eV  

Distant collision with low energy transfer slow e- with Ekin¢10 eV 

ΨŘƛŦŦǳǎƛƻƴΩ ϧ ǎŎŀǘǘŜǊƛƴƎ ǿƛǘƘ ƻǘƘŜǊ Ŝ-: scattering length Ls º1 - 10 nm

 at surface º90 % probability for escape

Secondary electron yieldand  energy distribution comparable for all metals!

Ý Y = const. * dE/dx (Sternglassformula)

E
le

c
tr

o
n

s
 p

e
r 

io
n

Different targets:

From E.J. Sternglass, Phys. Rev. 108, 1 (1957)

beam

Ls º10 nm

e-

e-

-ɻray
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Excurse: Secondary Electron Emission by Ion Impact 

From C.G. Drexler, R.D. DuBois, Phys. Rev. A 53, 1630 (1996)

beam

Ls º10 nm

e-

e-

-ɻray

observation
angle

j= 105o

Ý most electrons 

Ekin < 20 eV

Energy loss of ions in metals close to a surface:

Closed collision with large energy transfer fast e-with Ekin>> 100 eV  

Distant collision with low energy transfer slow e- with Ekin¢10 eV 

ΨŘƛŦŦǳǎƛƻƴΩ ϧ ǎŎŀǘǘŜǊƛƴƎ ǿƛǘƘ ƻǘƘŜǊ Ŝ-: scattering length Ls º1 - 10 nm

 at surface º90 % probability for escape

Secondary electron yieldand  energy distribution comparable for all metals!

Ý Y = const. * dE/dx (Sternglassformula)
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Faraday Cups for Beam Charge Measurement

The beam particles are collected inside a metal cup
Ý¢ƘŜ ōŜŀƳΩǎ ŎƘŀǊƎŜ ŀǊŜ ǊŜŎƻǊŘŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜΦ

The cup is moved in the beam 
pass  destructive device

Currents down  to 10 pA with bandwidth of 100 Hz!

Magnetic field:

To prevent for secondary electrons leaving the cup

and/or

Electric field: 
Potential barrier at the cup entrance.

perm. magnet

HV electrode
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Realization of a Faraday Cup at GSI LINAC

The Cup is moved 
into the beam pass.

LINACRFQ

source
Cup: 
beam stopped

pneumatic 
drive

vacuum flange
here  Å150 mm

Faraday Cup
Å60 mm

bellow
compression
for movement

1 m
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Secondary Electron Suppression: Electric Field

A ring shaped electrode is used 

at the entrance of Faraday Cup:

Typical voltage 100 to 1000 V

Cup
body

HV electrode
on -1 kV

Electrical potential F

potential on central axis for -1 kV@electrode

50 mm

Result: 
here: potential at center º35 % of applied voltage 

Courtesy of J. Latzko, GSI

path z
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Secondary Electron Suppression: Magnetic Field

Co-Sm permanent magnets within the yoke 

and the calculated magnetic field lines.
The central field strength is B º0.1 T.

permanent magnets 

magnets:
south pole
north pole Courtesy of J. Latzko, GSI

B

magnets:
south pole
north pole

Soft iron yoke

Soft iron yoke

south pole 
north pole
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The Artists View of Faraday Cup

Company Bergoz
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Excurse: Energy Loss of Electrons in Copper

Collisional loss by Bethe-Bloch formuladE/dx | col´ f(Ekin) ÖZt is valid for all charged particles. 

However, radiation loss  dE/dx | rad by Bremsstrahlung (i.e. g-rays of some MeV) dominates 

for energies above Ekin > 10 MeV with the scalingdE/dx | rad´EkinÖZt
2. 

Moreover, e- shows  much larger longitudinal and transverse straggling.

Minimum of  Bethe-Bloch dE/dx | col

roughly at Ekinºm0 c
2 = 511 keV(rest mass)

Úbº90 %  and  ς

LINAC synch.e- -source

+

vi , Ei

vf , Ef

photon:

Eg= Ei - Ef

nucleus

electron

Bremsstrahlung

liberated 

electron+

vi , Ei
vf , Ef

nucleus

electron

Collisional loss
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Faraday Cup at ALBA used as beam dump

From U. Iriso(ALBA)

Collisional loss by Bethe-Bloch formuladE/dx | col´ f(Ekin) ÖZt is valid for all charged particles. 

However, radiation loss  dE/dx | rad by Bremsstrahlung (i.e. g-rays of some MeV) dominates 

for energies above Ekin > 10 MeV with the scalingdE/dx | rad´EkinÖZt
2. 

Moreover, e- shows  much larger longitudinal and transverse straggling.

Faraday Cups for Electrons

Al stopper: Stopping of e- gently in low-Z material

Pb-shield: Absorption of Bremsstrahlungs-g

ÝUsed as beam dump

 To questions on Faraday Cups  
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Poll concerning invasive Instrumentation and Faraday Cups

Poll 2.7: 

What mean invasive beam 
instrumentation?

1) A gas is injected in the 
beam path

2) A detector is moved in the 
beam path

3) The beam is stopped

4) A tip is injected at the 
beam halo

Poll 2.8: 

A Faraday Cup is used to 
ƳŜŀǎǳǊŜΧ

1) ǘƘŜ ōŜŀƳΩǎ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ

2) the beam voltage

3) the beam current

4) the charge state of an ion 
beam

Poll 2.10:

9ƭŜŎǘǊƻƴƛŎ ǎǘƻǇǇƛƴƎ ƛǎ ƳŜŘƛŀǘŜŘ ōȅΧ 

1) exchange of electrons between 
projectile and target

2) Coulomb interaction 

3) strong interaction

4) weak interaction

Poll 2.11:

Comparing the energy loss of 
protons and heavy ions of same 
velocity: What is correct?

¢ƘŜ ŜƴŜǊƎȅ ƭƻǎǎ ƻŦ ǇǊƻǘƻƴǎΧ

1) are higher than of ions

2) are lower than of ions

Poll 2.12:

Comparing the energy loss of 
protons and heavy ions of same 
velocity: What is correct for 
energies above10 MeV/u?

¢ƘŜ ǊŀƴƎŜ ƻŦ ǇǊƻǘƻƴǎ ŀǊŜΧ

1) longer than of ions

2) shorter than of ions

www.menti.com

code: 1208 6026

http://www.menti.com/
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Measurement of Beam Current

The beam current is the basic quantity of the beam. 
üIt this the first check of the accelerator functionality
üIt has to be determined in an absolute manner 
üImportant for transmission measurement and to prevent for beam losses.

Different devices are used:

üTransformers:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ magnetic field

They are non-destructive. No dependence on beam energy 

They have lower detection threshold.

üFaraday cups:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ electrical current

They are destructive. For low energies only
Low currents can be determined.

üParticle detectors:aŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ energy lossin matter

9ȄŀƳǇƭŜǎ ŀǊŜ ǎŎƛƴǘƛƭƭŀǘƻǊǎΣ ƛƻƴƛȊŀǘƛƻƴ ŎƘŀƳōŜǊǎΣ ǎŜŎƻƴŘŀǊȅ Ŝҍ ŜƳƛǎǎƛƻƴ ƳƻƴƛǘƻǊǎ

Used for low currents at high energies e.g. for slow extraction from a synchrotron.
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Low Current Measurement for slow Extraction

Slow extraction from synchrotron: lower current compared to LINAC,

but higher energies and larger range R >> 1 cm.

üParticle counting:

max: rḗ106 1/s

ü Energy loss in gas (IC):

min: Isecº1 pA

max: Isecº1 ˃ !

ü{ŜŎΦ Ŝҍ ŜƳƛǎǎƛƻƴΥ

min: Isecº1 pA

üMax. synch. filling:

Space Charge Limit (SCL).

Particle detector technologies for ions of 1 GeV/u, A = 1 cm2:

Particles per second
injection extraction

synchrotron

Scint., IC& SEM
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Example of Scintillator Counter

Example: Plastic Scintillator i.e. organic fluorescence molecules in a plastic matrix

Here: BC 400 (emission lmax = 420 nm, pulse width º3 ns + cable dispersion, size )

Advantage: any mechanical from, cheap, blue wave length, fast decay time

Disadvantage: not radiation hard

Particle counting: Photomultiplier  discriminator  scalar  computer

мΩΩ tƘƻǘƻƳǳƭǘƛǇƭƛŜǊ
gain: 106

rise time 1.9 ns
max. average count rate 3Ö106 1/s

BC400 Scintillator 
75 x 75 mm2

1 mm thickness
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Low Current Measurement: Particle Detectors

Electronic solid state amplifier have finite noise contribution

Theoretical limit:

Signal-to-Noise ratio limits the minimal detectable current

Idea:Amplification of single particles with photo-multiplier, sec. e- multiplier or MCPs

and particle counting typically up to º106 1/s

TfRkU Beff ÖDÖÖ= 4

Scheme of a photo-multiplier: 

üPhoton hits photo cathode

üSecondary electrons are 

acc. to next dynode  DUº100 V 

üTyp. 10 dynodes Ý 106 fold amplification

Advantage:no thermal noise 

due to electro static acceleration

Typical 1 V signal output

photon

dynodes

electron

voltage divider with resistors R
HV

readout
Uº1 V 
@50W

photo cathode
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Properties of a good Scintillator

Analog pulses from a plastic sc. with a low 
current 300 MeV/u Kr beam.

Properties of a good scintillator:

üLight output linear to energy loss

üCŀǎǘ ŘŜŎŀȅ ǘƛƳŜ Ҧ ƘƛƎƘ ǊŀǘŜ

üNo self-absorption

üWave length of fluorescence

350 nm < ˂  < 500 nm

üIndex of refractivitynº1.5

Ҧ ƭƛƎƘǘ-guide

üRadiation hardness

e.g. Ce-activated inorganic

are much more radiation hard.

The scaling is 20 ns/div and 100 mV/div.

100 mV

30 mV

Ú
Ɑ╤

╤
Ϸ

20 ns

Analog pulses U(t)

Pulse high distribution  N(U)
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Monitoring of Slow Extraction

Slow extraction from a synchrotron delivers countable currents

Example:Comparison for different detector types:

Parameters: dc-transformer inside the synch., ionization chamber and scintillator

for a 250 MeV/u Pb67+beam with a total amount of 106 particles.

injection extraction

DCCT

synchrotron

IC&
Scint.Scintillator

extracted beam

IC
extracted beam
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Ionization Chamber (IC): Electron Ion Pairs

Energy loss of charged particles in gases  electron-ion pairs  low current meas.

Example: GSI type:

W-value 

is the average energy 

for one e- -ion pair:

beamIx
dx

dE

W
I ÖDÖ=

1
sec

Gas Ionization 

Pot.

W-value

He 24.5 eV 42.7 eV

N2 15.5 eV 36.4 eV

O2 12.5 eV 32.2 eV

Ar 15.7 eV 26.3 eV

CO2 13.7 eV 33.0 eV

GSI realization:
ü Energy calculation dE/dx with SRIM or LISE

ü Current measurement via 

current-to-frequency converter IFC

diameter  Å55 mm

Length Dx

2x 3.2 mm

Voltage:

UHV = 1 kV

Gas: 80% Ar + 20% CO2
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Secondary Electron Monitor (SEM): Electrons from Surface

For higher intensities SEMs are used.

Due to the energy loss, secondary eҍare emitted from a metal surface.

The amount of secondary eҍis proportional to the energy loss

Sometimes they are installed permanently in front of an experiment.

beamI
dx

dE
YI ÖÖ=sec

It is a surface effect:

 Sensitive to cleaning procedure
 Possible surface modification by  radiation 

Example: GSI SEM type:

Advantage for Al: good mechanical properties.

Disadvantage:Surface effect!

e.g. decrease of yield Ydue to radiation

Ý calibration versus IC required to reach 5%.

Material Pure Al (99.5%)

# electrodes 3

Active surface 80 x 80 mm 2

Distance between 

electrodes

5 mm

Applied voltage + 100  V
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GSI Installation for SEM, IC and Scintillator

IC in Ar-gas at 1 barSEM in vacuum

Feed-through with Ø 
200 mm flange 

IC

Scintillator

SEM
beam

P. ForckŜǘ ŀƭΦΣ 5Lt!/Ωфт

 To questions on detectors To conclusions
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Poll concerning Particle Detectors

Poll 2.13: 

What is the basis of an ionization chamber? 

1) It detects only ions

2) It contains always ions

3) It is based on ionizations of a gas

Poll 2.14: 

What is scintillation? It is light emitted cause 
ōȅ ǘƘŜ ŜƴŜǊƎȅ ƭƻǎǎ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜǎ ŀƴŘ Χ

1) excitation of electronic states

2) excitation of lattice vibration

3) related mechanical stress

4) emission of thermal photon 

Poll 2.15: 

What is a photomultiplier? 

1) It amplifies directly photons

2) It only amplifies incoming electrons

3) It converts photon to electrons 

and amplifiers the electrons

4)   It contains active electronics (e.g. transistors)

Poll 2.16: 

The principle of an SEM is based on: 

1) Emission of electrons from the beam ions

2) Emission on electrons from an intersecting 
metal 

3) Back-scattering of beam ions

4) Emission of ions form an intersecting metal

www.menti.com

code: 1208 6026

http://www.menti.com/
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Appendix: GSI Heavy Ion Research Center

German national heavy ion accelerator facility in Darmstadt

Accelerators:

Acceleration of all ions

LINAC:up to 15 MeV/u

Synchrotron:up to 2 GeV/u 

Research area:

üNuclear physics º60 %

üAtomic physics º20 %

üBio physics (e.g. cell damage) 

incl. cancer therapy º10 %

üMaterial research º10 %

Extension by 

international FAIR facility

GSI is one of 18 German large scale research centers.
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Appendix: The GSI Accelerator Facility

Fragment 
Separator

Ion sources

SIS: Emax=2 GeV/u 

Úb=95%

Storage rings:
ESR

CRYRING

UNILAC: Emax=12 MeV/u Úb=16%

Fix-
target 
Exp. 

UNILAC: all ions p ςU 

Energy: 3 ς12 MeV/u 

Pulse operation: 50 Hz, max. 5 ms

Upto 20 mA current

Synchrotron, B́=18 Tm, dB/dt up to 10 T/s

Emaxp: 4.7 GeV & U: 0.9 GeV/u

Achieved e.g.: Ar18+: 1·1011

U28+: 3·1010 & U73+: 1·1010

Radioactive beams
Nuclear Physics
Atomic & Plasma Physics
Bio Physics 

ESR: B́=10 Tm

CRYRING, B́=1.4 Tm
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Appendix: UNILAC at GSI: Current Measurement

MEVVA

MUCIS

PIG
RFQ       IH1         IH2

Alvarez DTL

HLI: (ECR,RFQ,IH)

Transfer to

Synchrotron

2.2 keV/u

ɓ= 0.0022
120 keV/u

ɓ= 0.016

11.4 MeV/u

ɓ= 0.16

Gas Stripper

U4+ U28+

All ions, high current, 5 ms@50 Hz, 36&108 MHz

Foil Stripper

To SIS 

Constructed in the 70th, Upgrade 1999,

further upgrades in preparation

Faraday Cup: for low current measurement and beam stop, total 30 

1.4 MeV/u ɓ= 0.054

Transformer  ACCT: for current measurement and transmission control 

total 52 device

Transformers are used for alignment and interlock generation 

50 m
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Appendix: GSI Heavy Ion Synchrotron: Overview

Important parameters of SIS-18

Circumference 216 m

Inj. type Multiturn

Energy range 11 MeV Ÿ 2 GeV

Acc. RF 0.8 Ÿ 5 MHz

Harmonic 4 (= # bunches)

Bunching factor 0.4 Ÿ 0.08

Ramp duration 0.06 Ÿ 1.5 s

Ion range (Z) 1 Ÿ 92 (p to U)

injec-
tion extrac-

tion
Dipole, quadrupoles, 
transfer line

rf cavity, 
quadrupoles, dipoles 

commissioning 1991

54

Ion (Z) 1 Ÿ 92 (p to U)

Circumference 216 m

Inj. type Multiturn

Injection energy 11 MeV/u 

Max. final energy º2 GeV/u 

Ramp duration 0.1 Ÿ 1.5 s

Acc. RF 0.8 Ÿ 5 MHz

Harmonic 4 (= # bunches)

Bunching factor 0.4 Ÿ 0.08

Beam current 10 µA to 100 mA

Important parameters of SIS-18

extrac-
tion

acceleration

injec-
tion
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injec-
tion

acceleration

extrac-
tion

DCCT: circulating current
0... 10 kHz

ACCT:  injected current
0.01... 1 MHz

FCT:  bunch structure
0.01... 500 MHz

Faraday Cup: beam dump

Appendix: GSI Heavy Ion Synchrotron: Current Measurement

55

Ion (Z) 1 Ÿ 92 (p to U)

Circumference 216 m

Inj. type Multiturn

Injection energy 11 MeV/u 

Max. final energy º2 GeV/u 

Ramp duration 0.1 Ÿ 1.5 s

Acc. RF 0.8 Ÿ 5 MHz

Harmonic 4 (= # bunches)

Bunching factor 0.4 Ÿ 0.08

Beam current 10 µA to 100 mA

Important parameters of SIS-18
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Appendix: 3rd Generation Light Sources

Soleil, Paris, Eelectron= 2.5 GeV,C =  354 m3rd Generation Light Sources:

Synchrotron-based 

with EelectronºмΧу GeV

Light from undulators& wigglers, dipoles, 

with Eg< 10 keV(optical to deep UV)

Users in: 

ü Biology 

(e.g. protein crystallography) 

ü Chemistry 

(e.g. observation of reaction dynamics)

ü material science 

(e.g. x-ray diffraction) 

ü Basic research in solid state and atomic physics

Unique setting: intense, broad-band light emission 

(monochromatorfor wavelength selection)    

National facilities in many counties, 

some international facilities. 

Soleil, Paris, E= 2.5 GeV,C= 354 m
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Appendix: The Spanish Synchrotron Light Facility ALBA

3rd generation Spanish synchr. light facility in Barcelona

Talk by Ubaldo Iriso:  at DIPAC 2011

Layout:

Beam lines: up to 30 

Electron energy: 3 GeV 

Top-up injection

Storage ring length: 268 m

Max. beam current: 0.4 A

Commissioning in 2011
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58

Example  Synchrotron Light Facility ALBA

LINAC 100 MeV

Booster 3 GeV

Storage ring C = 268 m LINAC 100 MeV

Storage Ring: 
3 GeV

Booster Ring: 
0.1  3 GeV

Layout:

Beam lines: up to 30 

Electron energy: 3 GeV 

Top-up injection

Storage ring length: 268 m

Max. beam current: 0.4 A

3rd generation Spanish synchr. light facility in Barcelona
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FCT
DCCT
FCUP
AE
BCM

LTB
1 FCT
1 FCUP
3 BCM

BOOSTER
1 FCT
1 DCCT
1 AE

BTS
2 FCT

SR
1 FCT
1 DCCT
1 AE

Beam current measurements:

Amount of electrons 

accelerated, 

transported and stored

üSeveral in transport lines

üOne per ring

Abbreviation:
FCT: Fast Current Transformer
DCCT: dc transformer
FCUP:Faraday Cup
AE:  Annular Electrode
BCM:Bunch Charge Monitor

Remark:

AE: Annular Electrode
i.e. circular electrode acting 
like a high frequency pick-up

From U. Iriso, ALBA 

Appendix: The Synchrotron Light Facility ALBA: Current Meas.

LINAC 
100 MeV
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Summary for Current Measurement

Current is the basic quantity for accelerators!

Transformer: ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ōŜŀƳΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ

üƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ƛǎ ƎǳƛŘŜŘ ōȅ ŀ ƘƛƎƘ ˃ ǘƻǊƻƛŘ

ütypes: passive (large bandwidth), active (low droop)

and dc (two toroids+ modulation)

ülower threshold by magnetic noise: about Ibeam > 1 ˃ !

ünon-destructive, used for all beams

Faraday cup:ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ōŜŀƳΩǎ ŜƭŜŎǘǊƛŎŀƭ ŎǳǊǊŜƴǘ

ülow threshold by I/U-converter: Ibeam> 10 pA

ütotally destructive, used for low energy beams

Scintillator, ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƴŜǊƎȅ ƭƻǎǎ

IC, SEM: üparticle counting (Scintillator)

üsecondary current: ICfrom gas ionization or SEMsec. e- emission  surface

üno lower threshold due to single particle counting

üpartly destructive, used for high energy beams
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Backup slides
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Quiz related to Current Transformers 

üWhat is the numerical value of the earth magnetic field?

üWhat is the sensitivity Sof a beam current transformer?

üWhat is the rise time constant trise and to which cut-off frequency f???is it connected? 

üWhat is the droop time constant tdroop and to which cut-off frequency f???is it connected?

üWhy a single bunch of 1 ps cannot be measured by a FCT?

üWhat is the principle idea behind a dccurrent transformer?

 Back to Faraday Cup
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Quiz related to Faraday Cups

üWhat is meant byinvasive beam instruments?

üWhat is the physics process of the energy loss of protonswith Ekin > 10 MeV in matter?

üWhat is the physics process of the energy loss of electrons with Ekin > 10 MeV in matter?

üWhy are secondary electrons emitted from a surface due to charge particle impact?

 Back to particle detector
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Quiz related to Particle Detectors for Beam Current

üWhat happens if a particle in a transfer line loses 10 % of is kinetic energy 

e.g. by passing through a ionization chamber?  What happens if the energy loss is 1 %?

ü¢ƻ ǿƘƛŎƘ ǇƘȅǎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ŘƻŜǎ ǘƘŜ ǿƻǊŘ ΨǎŎƛƴǘƛƭƭŀǘƛƻƴΩ ǊŜŦŜǊǎΚ

üWhat is a photo-multiplier?

üWhat is an ionization chamber? 

ü Can ICs be used for other purposes as beam current measurement as well?

üWhat is the physics process of the energy loss of electrons with Ekin > 10 MeV in matter?

 Back to facility discussion 
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Quiz related to Beam Current Measurement

What is an appropriate device for beam current measurements for the following parameter?

(Further examples are given in Exercise #2)

Proton beam:

ü Behind an ion source by electro-static acceleration to 100 keVand a current o 100 mA?

ü Behind a electro-static TANDEM accelerator delivering 10 MeV/u protons and 100 nA?

ü Behind a pulsed LINAC for 100 MeV protons with 100 mA current and 1 msduration?

ü Inside a synchrotron with protons of 100 MeV and 100 mA current?

ü Extracted proton beam of 1 GeV from a synchrotron with 1 µs resulting in 100 mA current?

ü Extracted proton beam of 1 GeV from a synchrotron with 1 s resulting in 100 nAcurrent?

Electron beam:

üWhat is the difference for electrons with basically the same parameter (i.e. kin. energy)? 

ü Inside a synchrotron with 1 GeV electrons but 10 nAcurrent?
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CŀǊŀŘŀȅ /ǳǇǎ ŦƻǊ ƘƛƎƘ LƴǘŜƴǎƛǘȅ Lƻƴ .ŜŀƳ Ҧ {ǳǊŦŀŎŜ IŜŀǘƛƴƎ

The heating of material has to be considered, given by the energy loss.

The cooling is done by radiation due to Stefan-Boltzmann: Pr = è  ¢ 4

Example:Beam current: 11.4 MeV/u Ar10+with 10 mA and 1 msbeam delivery

.ŜŀƳ ǎƛȊŜΥ р ƳƳ C²Ia Ҧ но ƪ²κƳƳ2 ,  Ppeak = 450 kW total power during 1ms delivery

Foil: 1 ˃ ƳTantalum, emissivity e= 0.49

Temperature increase: 

T > 2000 0C during beam delivery 

Even for low average power, 

the material should 

survive the peak power!
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High Power Faraday Cups

Cups designed for 1 MW, 1 msǇǳƭǎŜ ǇƻǿŜǊ Ҧ ŎƻƴŜ ƻŦ ¢ǳƴƎǎǘŜƴ-coated Copper

Bismuth for high melting temperature and copper for large head conductivity.

beam
Å60mmpneumatic 

drive

vacuum flange

Å150 mm

Faraday Cup

Å60 mm

bellow

compression

for movement
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From U. Iriso, ALBA 

Appendix: The Spanish Synchrotron Light Facility ALBA: Overview

3rd generation Spanish national synchrotron light facility in Barcelona

Layout:

Beam lines: up to 30 

Electron energy: 3 GeV 

Top-up injection

Storage ring length: 268 m

Max. beam current: 0.4 A

Commissioning in 2011

LINAC 100 MeV

Storage Ring: 
3 GeV

Booster Ring: 
0.1  3 GeV


