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Measurement of Beam Current juas

The beam current is the basic quantity of the beam.

U It this the first check of the accelerator functionality

U It has to be determined in an absolute manner

U Important for transmission measurement and to prevent for beam losses.

Different devices are used:

U Transformersa S+ 4 dZNBYSy (i magneticKe®l 0 S Y Q&
They are nordestructive. No dependence on beam energy
They have lower detection threshold.

UFaraday cupsa S| &8 dzZNB Y Sy i &ettrical 6uBentdo S| Y Q&

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

U Particle detectorsa S 4 dzNBYSy U 2 dnergy Sin makteNIi A Of S Q
9EI YL S& I NB AOAYGAfELFIG2NRSES A2YyAT L GA
Used for low currents at high energies e.g. for slow extraction from a synchrotron

Generally:Beam instruments are mounted outsiderbfcavities 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 juas

Pulsed LINACs and cyclotrons used for injection One distinguish between:

to synchrotrons with t;, ¢ 1001s: )
current | macro pulss - macro pulse period _ uMean CurrentlTean A o
- M t2y3a GAYS | @81
. ji_penod

U Pulse current, ..

bunch M RAzNAY3I GGKS YI (

U Bunch currenty ch

M RdAzNAY3I (GKS 6 dz
or [particles/bunch]

bunqh curr. I

mean curr. I ean
/

—» RemarkVande-Graaff(ele-static):
Ume  n v2 o6dzy OK &N
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Magnetic field of the beam and the ideal Transformer uas

U Beam current oN

. charges with velocity

par
N N N
— O part _ = O part magnetic field B
| beam— d€ - qea)C at radius 1
U cylindrical sym¥netry B~ 1/
-only a"2|muthal component B [

O
T A=~ ,
Examplel ﬁ M >rl=0cmY B,o.,= 2PT, earttB, = 500 beam current I

ldea: Beam as primary winding and sense by sec. winding.
Y Loaded current transformer

11/1,= NJ/IN1 Y Igec= 1N “lpeam
U Inductance of a torus of, Torus to guide the magnetic field

EI | Vout >
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U Goal of torus: Large inductante  lbeam — 1
and guiding of field lines. —>—

Definition: U = L dl/dt



Passive Transformer or Fast Current Transformer FCT uas

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

simplified equivalent circuit
beam RL Lg
M
Lc Gg] R U(t)
I—source @
represents
|
: 1 = l(t} v
torus inductance L — N “bean
— ground

A voltages is measured:= R I,,.= R /N 1,oam |
with Ssensitivity [V/A],

equivalent to transfer function or transfer impedange

Equivalent circuit for analysis of sensitivity and bandwidth

(disregarding the loss resistivigy)
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Bandwidth of a Passive Transformer or FCT uas

=

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

simplified equivalent circuit

beam RL Ly \
— Y™ A
— |7 L C . R
. S Ut
‘ Ci——R |:] [-source @ ;é (1)
£” N windings represents
. 1 L (t) ‘ v
torus inductance L — N “beam
. ] — eround
For this parallel shunt: ) ) :
(I) !IQ_l 0 !Y “p“' "Ql"m( _| LZ’Y‘tW !%

U Low frequency L YA WO Q U
l.e. no detransformation

U High frequency | pIYo : @w© pIQo
i.e. current flow througho

Bandwidth

transfer imp. [Z,| [Q]
—

0 Working region'YAu ] prYo @ Ze'Y 0-10_001T0_1 B 10?'0106000
l.e. voltage drop at R and sensitivity “YA0 frequency 1 [MHe]
No oscillations due to ovetamping by low R = 5@ to ground. | ., Py 0 P P
¢‘ 0 QA (o
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Response of the Passive Transformer: Droop Time

[C]

Uuas _

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

Time domain description:

Droop time constant: T

A beam current’'© 0

test
pulse

time

A output volt."Y O

V—)

Result 1:

Constant signal part! ;

simplified equivalent circuit

[—source @

represents

L

C R

I\

U(t)

R for

v measurelU(t)

N hcum( U

IS not transformed

T oxY
/’\ time

beam current
(@]
[¢)]

0.2

| Bunch train beam cufrentl_

Baseline Uyage™ 1 -exXp(-t/ £yio0p)
positive & negativeareas are equal

— ground

Mathematics via convolution integral with the result:

U

9
o
o

T

0.2 . -
0.4f baseline

osk signal |

o 2 4 6 8
time
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Result 2:
Baseline is shifted

transfer imp. |[Z,| [

(3 Lh 43 fm

Bandwidth

01

Moot 10 1080 100000
frequency f [MHz]
Y
o 2Y|[a 22
¢t L ¢ YO
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Response of the Passive Transformer: Rise Time juas

=

Analysis of a simplified electrical circuit of a passively loaded transformer:
Time domain description:

Rise time constantt — beam R b
(ideal without cables) o
A beam current'© 0 beam bunch = — R [| R for
:‘._- Nwmdmgg measureU(t)
test
torus induct L —
pulse t|me time .OI'U‘E | mauc EIHCC. | |
A output volt. YO > Mathematics via convolutlon mtegral with the result:
< <
JL Vi » o DA V\‘E;E;E;E )
pos [ |
Result 3:

_ _ Bandwidth
Signal cannot follow fast input change

but leads to smoothing

sfer imp. [Z2,] Q]
—

Rise time constf — (with cable es), . Y
o looor K o1 10 1040 100000
R: loss resistivityR for measuring. frequency f [MHz]
0 LPYl|lq L~P
On the & of March : Demonstration at companBergoz ¢t 0 ¢t YO
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Example for Fast Current Transformergiiy

CompanyBergoz

For bunch beams e.g. transfer between synchrotr
typical bandwidth of 2 kHzf< 1 GHz
U 1ns<t,.,<200> 3 well suited

Example: GSI Fast Current TransforR@r

Inner / outer radius 70 /90 mm
Permeability K © 10° for f < 100kHz
u,~ 1/f above

Windings 10

Sensitivity 4 V/AforR=50W

Resolution, full BW 30 PA(ms Fast extraction from GSI synchrotron:

Droop time t 4,0, = L/R | 0.2 ms | ' | | ' |

Rise time t,,,=,/0 6 | 300 ps gmo - Beam: |

Bandwidth 2 kHz ... 500 MHz — 3-10° N™

= 100 | 300 MeV,/u ]

Numerous application e.g.: L PRV A0S
U Transmission optimization 5 o
U Bunch shape measurement :
U Input for synchronization 2

2F W6 SIY LKI O T e

1] FCT —B800 —400 —20‘0 C 200 400 600
injection extraction time [ns]

Peter Forck, JUAS Archamps 10 Measurement of Beam Current



Example for Fast Current Transformergiiy
CompanyBergoz

For bunch beams e.g. during accel. in a synchrot
typical bandwidth of 2 kHzf< 1 GHz

U 10 ns<t, .., <1> & well suited
Example: GSI Fast Current TransforR@r

Inner / outer radius 70 /90 mm
Permeability K © 10° for f < 100kHz
u,~ 1/f above
Windings 10
Sensitivity 4 V/AforR=50W
Resolution, full BW | 30 PAms ExamplelJ3from 11 MeV/u = 15 %) to 350 MeV/u
Droop time t 4, = L/R | 0.2 ms within 300ms (displayed every 0.1519)
Rise time t ;.,=/0 6 300 ps é ]
Bandwidth 2 kHz ... 500 MHz % 104
— 0,10 : ] : ! : 2 :
7 _ FCT 7 n
T 008 =
S .
Soup W™ 5 0 05 I 1.
0 30 60 90 finjection efftaction time [ps] S

Revolutions in SIS18 [10]

Measurement of Beam Current

=
[N
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Active Transformer or Alternating Current Transformer ACT:

uses a transmpedance amplifier (I/U converter) 2 0 Wload impedance i.e. a current sil
+ compensation feedback
Y longer droop time. ;o0

Application: measurement of longér 10> &.g. at pulsed LINACs

The input resistor is for an epmp:R/A << R

Ry
beam RL Y _droop — I—/(R/A"'R_) é, L/RL
‘ Droop time constant can be up to 1 s!
4 } —7— The feedback resistor is also used for range
switching.
L

torus inductance L

An additional active feedback loop is used to compensate the droop.

Peter Forck, JUAS Archamps 12 Measurement of Beam Current



W OGADSQ ¢N)Y YATF2NYSNI wSEFE AT Gmgsy

Active transformer for the measurement of long | Inner/outer radius | 30 /45 mm
t > 10> Julses e.qg. at pulsed LINACs Permeability W, © 105 for f <
100kHz
u,~ 1/f above
Windings 2x10 crossed
Max. sensitivity 108 V/A with amplifier
Current resolution 0.2 pA for full BW
Droop 0.5 % per 5 ms
Rise time 200 ns
Bandwidth 2kHz ... 1 MHz
AT

Amlng for
e Frontend Electronic

S

:nt of Beam Current
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Active transformer for the measurement of lohg 10> Pulses e.g. at pulsed LINACs

ExampleTransmission and maciquulse Example Multi-turn injection of a N+
shape for Ni*beam at GSI LINAC beam into GSI Synchrotronyn® per turn
a0 | behind ion source | . 1.2 — T T T T
i ] E 1.0 |- Transfer Line 1
20 |- . = 08 i
i i A
10 | : 0.6 -
N . < 0.4 7
— 0 i — q
< 5 . g02 =
E‘ o | - 0.0 | | | | |
— 3 — I I 1 I \ \
@ o L _ Ew . Synchrotron ',t?ﬁo.rst.i‘ia.l_n}*ix.i@?@-_-__
L:_j. 1 B — . .Y measurement
o | | x °i0 L i
2§ :
50 | behind RFQ-LINA | % | 1
15 — g\ stacking by multi—turn injection
1.0 - N ACCT 0 i R L.
0.5 I — 0 50 100 150 200 250 300
0.0 ‘ N — s : Time [us]
0 200 400 600 synchrotron
time |[us]|

source Transformer are frequently

ACCT )

ACCT I e . used for operation.
Injection extractioq

rRFQ HEH LiNac
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Shielding of a Transformer U&S

Task of the shield:
U The image current of the walls have to be bypassed by a gap and a metal housing.
U This housing usesmetal and acts as a shield of externdidid

(remember:l, ,,= 1> L r=10 cmY B,,,=2pT, earth field,,, = 50 uT)

metal shield | “ signal
Wlthbhigh image magnetic shield & transformer
permeability torus current current bypass torus
mage
current |
—————— .
pipe
beam -

ceramic
gap

ceramic
gap

" ACF200

courtesy CompanyBergoz
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The Artists View of Transformers juas

=

The passive, fast transformer FCT The active transformer ACCT

Cartoons by ComparBergoz SaintGenis

On the 8" of March : Comparison of these types at compaBgrgoz
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Poll viaMentimeter

Goto

www.menti.com

il Mentimeter

Enter the code

1208 6026
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Poll concerning Beam Current Transformers uas

Poll 2.1: Poll 2.2:

What is thesensitivity for a current Which statement is correct concerning the
transformer? It is the ratio between the comparison oFCTversusACT?
YSIFadz2Ny 6f S @2t dGF3S FpARROSKF a | X

1) the beam current 1) lower bandwidth and dower sensitivity

2) the current in the transformer windings  2) higherbandwidth and dower sensitivity

3) the beam induced current flowing in the 3) higherbandwidth and igher sensitivity
vacuum wall

Poll 2.3:

1)t

[

3) The rise time does not depend on the aff frequencies WWWw.menti.com

code:1208 6026

4) For transformers the rise time and the droop time are equal
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The dc Transformer UaS
How to measure the DC current? The current transformer discussed seesfturhcBanges
The DC Current Transformer (DCCTipok at the magnetic saturation of two tori.

Depictive statement:
I AaAYy3IES ONIYAF2NNSNI ySSRa OFNBAY3I o0SIEY

[A\J 1 kHz modulation ]

_ _ ~ modulation

U Modulation of the primary windings forces

both torii into saturation, twice per cycle Lod Lod
U Sense windingsneasure the modulation torus / L

. —

signal and cancel each other. I ' _\ .
u But with thel,.,,, the saturation is shifted

andl,.Js not zero Laaa aay L comp
y . Isense Isense
i Compensation current

adjustable until,,,.Js zero once agaif{"*""8 v S

1 measured current

compensation 4[compensation current J]

Measurement of Beam Current
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The dc Transformer

B, 1

NSNS

A1 Aty

ANV AC S B

torus 1 beam add to modulating ficld

AL goun
U Modulation without beam:
typically about 1 kHz to saturation
- no net flux
U Modulation with beam:
U saturation is reached at different times, net flux
U Net flux: double frequency than modulation
U FeedbackCurrent fed to compensation winding
for larger sensitivity
U Two magnetic coresviust be very similar.

Peter Forck, JUAS Archamps 21

A ﬂw eyt o

time beam substract from
modulating field

sum of both fields

modulation [AU 1 kHz modulation J

beam S
D —
I
comp
sensin g demodulator
driving dc—voltage /
measured current
compensation

compensation current

Measurement of Beam Current



The dc Transformer Realization

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

<]

uas

dc transformer ac transformers

2 cores mouynted (two types)

Torus radii =135 mm r,=145 mm

Torus thickness d=10 mm

Torus permeability M, =10°

Saturation Bet =0.6T

inductance

Number of windings | 16 for modulation & sensing
12 for feedback

Resolution IMin o = 2 MA

Bandwidth D=dc .... 20 kHz

Rise time constant tice = 10 ps

A

magnetic shield A 200 mm flange

Temperature drift 1.5 pA/eC

Recent commercial product specificatiddefgozNPCT):

Most parameters are comparable the G&bdel
Temperature coefficient: 0.5 p&Z
Resolution: © 10 A (i.e. not optimized)

Peter Forck, JUAS Archamps 22

In-flange.NPCT with 96-mm aperture
Measurement of Beam Current



Measurement with a dc Transformer iuas

ExampleThe DCCT at GSI synchrotron:
Y Observation of beam behavior with 28 time resolutionr most important operation tool.
Example U3*accelerated from

11. 4 MeV/u b= 15.5%) to 750 MeV/(b 84 %) Important parameters:

Elﬁ | ~_upper flat top i U Detection threshold: 1 pA

= (= resolution)

& 10 : .. . ]

g acceleration extraction | U Bandwidth: dc to 20 kHz

v 5 | U Risetime: 20 ps

= - : .

%, Injection U Temperature drift: 1.5 p&RC
S 5 | i Y compensation required.
£ DCCT
0,
© 00 T synchrotron
g
a00 | 1 | 1 ] 1 | 1

a 1 2 3 4 ) 3]
time since injection [s]
injection extractioq
On 6" of March : Demonstration of DCCT at compaBgrgoz
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Design Criteria and Limitations for a dc Transformer juas

Careful shielding against external B A
fields with>-metal.
U High resistivity of the core material
to prevent for eddy current
Y thin, insulated strips of alloy. I
U Barkhausemoise due to changes of Weiss domains
Y unavoidable limit foDCCT
Y determines the resolution 6D pA!l
u Core material with low changes »fdue to temperature and stress
Y low microphonic pickup.

U Thermal noise voltage_ g1 &
Y design foronly required bandwidtll low input resistOFI preferred.
U Preventing for flow of secondary electrons through the core
Y need for well controlled beam centering close to the transformer.
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Poll concerning dc Beam Current Transformers uas

Poll 2.4:

I 5//¢ OFy ©6S dzaSR X

1) atonly electro-static accelerators such as Vae-Graaff, TANDEM or behind an ion source
2) atonly a synchrotron storing aoasting(= unbunched) beam

3) at a synchrotron with coasting and bunched beam

Poll 2.5:
¢CKS LINAYOALIX S 2F | RO OdzNNBY (G GNIyaF2NN¥SNI 5,
1) direct transformation of a dc current

2) modulation of the particle beam in terms of 8n off

3) modulation of two transformer cores with 18@degree phase shift
4) modulation of two transformer cores withP@egree phase shift

www.menti.com
code:1208 6026
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Summary for Transformers for Current Measurement juas

=

Transformer: M6 | & dzZNBYSyYy G 2F GKS 06SIFYQa YI3IySaao
tal3ySGAO FASETtR A& 3IdzZARSR o0é | KAIK > {;
U Types of transformers:

FCT for bunches:  I,° 30 YA, bandwidtt? 10 kHz ... 500 MHz

ACT for macreulses | ;,° 0.2 pA, bandwidtl® 100 Hz ... 3 MHz

DCCT for dc beams [,,° 1 HABW? dc ... 20 kHz, basedb toroids+ modulation
U Non-destructive, used for all beams

Resolution limit

Fast Transformer FCT Active transformer ACT DC transformer DCCT

CompanyBergoz

On 6" of March: Comparison of transformer types at compaBgrgoz
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Measurement of Beam Current iuas

The beam current is the basic quantity of the beam.

U It this the first check of the accelerator functionality

U It has to be determined in an absolute manner

U Important for transmission measurement and to prevent for beam losses.

Different devices are used:

U Transformersa S| 4 dzZNBY Sy (0 rBagneticKe®l 60 S| Y QA&
They are nordestructive. No dependence on beam energy
They have lower detection threshold.

U Faraday cupsa S| & dzZNBY Sy (I &ettrical &uBentd S| Y Qa

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

U Particle detectorsa S & dzZNB Y Sy (i 2efiergy IKsSn matteNII A Of S Q
OEI YL S& I NB AO0OAYGAfELFG2NRS A2YyATLFGA
Used for low currents at high energies e.g. for slow extraction from a synchrotron
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Excurse: Energy Losslohsin Matter juas

BetheBloch formula: % _ AN AT2mec

: : dx
(simplest formulation) ’
Semiclassical approach:

U Projectiles of mashk! collide beam, charg
with free electrons of mass i&

Material

4, AL

U If M >> mthen the relative energy transfer is low MassM

Y many collisions required many elections participate

proportional to target electron density ;i:z <
Y26 A0GNYIIFEtAYI F2N 0KS KSIF @@ LINRP2SOUGACf
U If projectile velocityb ° 1 low relative energy change of projectilgy is Lorentz factor)
U lis mean ionization potential including kinematic correctivo¥Z, @0 eVfor most metals
U Strong dependence an projectile charg)ms:-fe L
Constants:N, Advogadranumber,r, classical eradius,m, electron massg velocity of light

277?,602[32’72
1+ 2yme /M + (me/M)?

Maximum energy transfer from projectiM to electronm,: Wiz =
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Excurse: Energy Losslohsin Copper UGS

dE

BetheBloch formula;? = 4T Naromec? -
(simplest formulation) !
16000
-1
Range: Erax 0 4= ~
L _adEg 7"
R= n %d—o dE § 100 [
X+ 2 3
O (5\’ g 10 L.
with approx. scalinR” E, 17> & |,
11@%3
Numerical calculation faons "g 100 |
with semiempirical model e.g. SRIM 10 |
& 1|
Main modification®d © @ (O ) E 01 |
Y Cups only for 5 001
=  0.001 §

E., <100 MeV/u due tdR <10 mm "~ ;4001 bz

0.01 0.1 1 10 100 1000 1000C
energy per nucleon [MeV/u]

Approximation e.g.¢) & [p A Q(D(I) T 10 )]
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ExcurseSecondary Electron Emission by lon Impact juas

Energy loss of ions in metals close to a surface:

Closed collision with large energy transferfast e with g;,>> 100 eV

Distant collision with low energy transfer slow ewith E,,¢ 10 eV

- WRATTFAdzZAA2Y Q 9 & cchtieringléhlty,. A1-#0AmK 2 0 KS|
- at surface® 90 % probability for escape

Secondarglectron yieldand energy distribution comparable for all metals!

Y Y =const. dHdx (Sternglassormula)

Different targets:

x Mg 12 Aarset

® A} |3 Aorset

aAL 13 Hi
Curve | 0 Fe 26 Aarset
¢ Ni 28 Aarset
oCu 29 Hill
oMo 42 Hill
A Ay 79 Aarset
vPb 82 Aarset
vPb 82 Hill

N
| oot |

e N
beam L -ray
>

e«

Electrons per ion

L.° 10 nm

1 | I A 1 !
A 2 3 4 5 6 .78.910 20 3.0

From E.JSternglassPhys. Rev. 108, 1 (1957) E- Profon Energy in Mev
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ExcurseSecondary Electron Emission by lon Impact juas

Energy loss of ions in metals close to a surface:

Closed collision with large energy transferfast e with g;,>> 100 eV

Distant collision with low energy transfer slow e with §,,¢ 10 eV

- WRATTFAdzZAA2Y Q 9 & cchtieringléhlty,. A1-#0AmK 2 0 KS|
- at surface® 90 % probability for escape

Secondarglectron yieldand energy distribution comparable for all metals!

Y Y =const. dHdx (Sternglassormula)

0.10

0.07

observatio 0.5 MeV H'—=C (ug/om?)

angle

K
beam
ea

e«

0.09

10.06

Y most electrons _-
Eu, <20 eV

0.08 |-

0.07 | 7/ \
006 [ 1%° 1

0.05 |

e
=]
&

dY, /dE (electron / proton ) eV

L -ray

o
o
5

integrated yield —————= |

e
o
=]

0.04 |

003} i

e
o
(<]

0.02 |

.....

d2Y, /dEd® (electron /proton) eV rad

L.° 10 nm

0.01

0.00

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

5 10 15 20
Energy (eV)
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Faraday Cups for Beam Charge Measurement iuas

The beam particles are collected inside a metal cup The cup is moved in the beam
Y¢KS 0SIHYQa OKIFNBS I NBE NXpgsg Ndstrittivé device T ¢

: ke
negative HV north Yo
aperture J- south 1) ermanent magnet p erm. m ag n et
[ | 1 [/U—converter
~ 50mm ! \
beﬂ’ i B e —trajectory ((
| ¢ U
- L f vacuum
—

T E e —emission cong | —— 2ir

Currents down to 1A with bandwidth of 100 Hz!

Magnetic field:
To prevent for secondary electrons leaving the cup

and/or @
Electric field: HV electrode

Potential barrier at the cup entrance.
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Realization of a Faraday Cup at GSI LINAC

The Cup is moved
into the beam pas:

source

Cup:

beam stopped

RFQ

5Faraday Cup

A60 mm

beam

vacuum chamber —

uas

vacuum flange
here A50 mm

bellow
compression
for movement

pneumatic
drive

LINAC

gip

Peter Forck, JUAS Archamps

-

mn

!
y U
0

ut

electrical
feed—through
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Secondary Electron Suppression: Electric Field i

A ring shaped electrode is used
at the entrance of Faraday Cup:
Typical voltage 100 to 1000 V

negative HV north yoke
ap e1‘uu;e“ J.\\ south permanent magnet
m i [/U—converter
-\§Q_nu'u y
beam B e —trajectory : :_
il
Y vacuum (( i U
| ' W
T z

-1 [
E € —elnission COIlG\'\_T_ ail_

'} Measured Current [pal

S potential on central axis forl kV@electrode
5400 :
T 300 [ .

no
=
=
I
|

0

v emitted Electrons

neg. poten
=
=
l

0 Qb 4b Bb Sb 100
Result: path z [mm]
here: potential at cente? 35 % of applied voltage

Courtesy of Latzkg GSI

e ]
_ Xe 150 KeV/u true Jon Current

200 800 - 800 [Volts]
— Suppressor Voltage
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Secondary Electron Suppression: Magnetic Field ﬂ

CoSm permanent magnets within the yc

and the calculated magnetic field lines.
The central field strength820.1 T.

.....

Pt S

negative HV 110‘!51 \?Oke I
aperture J_ soth Jbermanent magnet BERRNY |
- I/'U—converter =« . -

-50111111 e

beam _ | A

- y [ fvacwomii | TV 0T

T .....

south r
north po

Soft iron yoke—m—— ¥

magnets:
south pole
north pole| ==

Peter Forck, JUAS Archamps 35

,,,,,

0.678

0.433

0.275

0.175

0.11

0.0686

0.0421
0.0252
0.0143
0.00732
0.00286
0

\\\\\

.........

Courtesy of Latzkg GSI
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The Artists View of Faraday Cup iuas

Company Bergoz
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Excurse: Energy Loss of Electrons in Copper UBaS

Collisional loss by BetH&loch formuladEdx | ., ~ f(E,,,) &, is valid for all charged particles.
However, radiation lossiEdx | .4 by Bremsstrahlung (i.g-rays of some Me\Wominates

for energies abov&,,, >10 MeV with the scalinggdx | .4~ E., .2

Moreover, e shows much larger longitudinal and transverse straggling.

T Collisional loss
A . v. E. M’f » B
~ - electrons in copper i i .
T 100 3 — ——- total loss - . J
5 S~~~ collision loss (Bethe<Bloch) electron liberated
g 10 £ N — - radiation loss | { :, \\eleCtron
E : N\ (Bremsstrahlung) ., nuc eus\\ / AN
~ \ ’/ N ’ \\
:> \\ ” __________ Se__-
o 1 - ‘.ﬂgﬂ_
2, 4 Bremsstrahlung _
b / photon:
¢ % Vi, B E,=E -E
\ 0.1 E / f
2 e -source 7 LINAC _ synch. @--ﬁ
0 [ «—> % > € electron '
S v;, E
e} for=f
= 0.001 0.01 0.1 1 10 100 1000 1000C nucleus

electron energy E__ [MeV]

Minimum of BetheBlochdEdx |
roughly atE;,° m,c?>= 511keV (rest mass)

U bH°90 % and ? C
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Faraday Cups for Electrons juas

Collisional loss by BetH&loch formuladEdx | ., ~ f(E,,,) &, is valid for all charged particles.
However, radiation losslHdx | .4 by Bremsstrahlung (i.grays of some Me\fjominates

for energies abové,,, >10 MeV with the scalinggdx | .4~ E., .2

Moreover, eshows much larger Iongltudlnal and transverse straggling.

Bxammple ol o P ld ty nlp for 60 MeV Electrons

Pigele-Pernmuent Maygnetls

) e . :\El: Illfl'l’;n:l ‘; inpp ;:::— “"&\\\\\\\\

\R\

Eimmiting Apechure

-

g [ Imsutalion
f . Dluvabie suppie
' =—— Fixed suppovi

Al stopper:Stopping of egently in lowZ material
Pb-shield:Absorption ofBremsstrahlungs
Faraday Cup at ALBA used as beam dunyp Used as beam dump

From Ulriso(ALBA)
- To guestions on Faraday Ci
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Poll concerning invasive Instrumentation and Faraday Cups

Poll 2.7: Poll 2.8:

What mean invasive beam
Instrumentation?

A Faraday Cup is used to
Y S| & dzNB X

1) Agasisinjectedinthe 1) 4§ KS 06SI YQ&
beam path

2) the beam voltage

2) A detector is moved in the
3) the beam current

beam path
3) The beam is stopped 4) the charge state of an ion
beam
4) A tip is injected at the
beam halo
Poll 2.11: Poll 2.12:

Comparing the energy loss of

protons and heavy ions of same
velocity: What is correct?
¢tKS SySNHe& f
1) arehigherthan of ions

2aa

2) arelower than of ions 1)

Comparing the energy loss of
protons and heavy ions of same
velocity: What is correct for
epemiesaiQEe 10 MEHUR
¢CKS N}y3aS 27

longerthan of ions

juas

Poll 2.10:

9f SOGNRYAO aiz2Ll
i Al)v Qxchange of elegtronvs between
St S Opréyktde ad Aafgét R

2) Coulomb interaction

3) strong interaction

4) weak interaction

LINE § 2 ywavw. a3 . Xom
code:1208 6026

2) shorterthan of ions
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Measurement of Beam Current uas

The beam current is the basic quantity of the beam.

U It this the first check of the accelerator functionality

U It has to be determined in an absolute manner

U Important for transmission measurement and to prevent for beam losses.

Different devices are used:

U Transformersa S| 4 dzZNBY Sy (0 rBagneticKe®l 60 S| Y QA&
They are nordestructive. No dependence on beam energy
They have lower detection threshold.

U Faraday cupsa SI 4 dzZNBY Sy i dée€trical &uBentdo S Y Qa
They are destructive. For low energies only
Low currents can be determined.

U Particle detectorsa S & dzZNBY Sy (i 2efiergy IKsSn matteNII A Of S Q
OEI YL S& I NB AO0OAYGAffLIG2NRS A2YyAT L GA
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 uas

Slow extraction from synchrotron: lower current compared to LINAC,
but higher energies and larger range> 1 cm.

U Particle counting:

P Particle detector technologies for ions of 1 GeV/u, A =2 ¢
max:r & 10°1/s

_ U=92 T ——
U Energy loss in gas (IC): ; B

Min: lgo° 1 pA “ v Sk
max:lge® 1> ! o Lol
A o A~ A~ A
i{SO0® St SYA .

min:lg.® 1 pA E 10 |

U Max. synch. filling: © - ;

Space Charge Limit (SCL) zi; Vo

z \ N
le 1.| .|8.| .|5.E .|?.|.\.|9.| .|1'.'..|12
10 10 10 10 10 10'10
Scint, IC& SEM Particles per second

injection extractio
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Example of Scintillator Counter uas

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

Here:BC 400 (emissioh,,,, = 420 nmpulse width® 3 ns + cable dispersion, size )
Advantage any mechanical from, cheap, blue wave length, fast decay time
Disadvantagenot radiation hard

Particle countingPhotomultiplier- discriminator- scalar- computer

Shield
Scintillator
Housing / LED i

IO oo =y o
F,_ | e = —— h . " ig hi ‘
Base PMT

N—T ™~ g uide
=1 \

MQQ t K202 YdzZ (A LXK BCR00Scintillator
gain: 16 75 x 75 mnr

rise time 1.9 ns 1 mm thickness
max.averagecount rate 0° 1/s

X
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Low Current Measurement: Particle Detectors iuas

Electronicsolid state amplifierhave finite noise contribution

Theoretical limit: U, =/ 4k, GRAF ¥

Signalto-Noise ratio limits the minimal detectable current

|ldea: Amplification of single particles with photaultiplier, sec. emultiplier or MCPs
and particle counting typically up fo10° 1/s

T voltage divider with resistordR
Scheme of a photmultiplier: HVIl"' o g '_Eynoc:ec ——r
U Photon hits photo cathode = y N | ==
photon readout
U Secondary electrons are jelectro R,
acc. to next dynodel2J° 100 V I @50V

, ~_ photo cathode
U Typ. 10 dynode¥ 10° fold amplification

Advantage:no thermal noise
due to electro static acceleration
Typical 1 V signal output
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Properties of a good Scintillator juas

=

Properties of a good scintillator:  Analog pulses from a plastic sc. with a low
i Light output linear to energy loss ~ current 300 MeV/u Kr beam.
GClauo RSOF& GAYS b KAFK NXGS

23:49:27

U No seltabsorption Hanpl ()
U Wave length of fluorescence Fﬁf}f W :
350 nm << < 500 nm netde 4005
U Index of refractivityn © 1.5
M f Jyddk O , STV P
U Radiation hardness o 30-n
e.g. Ceactivated inorganic x g_f
are much more radiation hard. I S
Pulse hig i%tritwutionl\l(U)

The scaling is 20 ns/div and 100 mV/div.
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Monitoring of Slow Extraction IUBS

Slow extraction from a synchrotron delivers countable currents

Example:Comparison for different detector types:
25 ' T f T : | '

dc—transformer-
stored current ]

DCCT

synchrotron

ec
o]
)
| LA L B B
| I I

] IC&

injection extractiod, Scint

Scintillator -

xtracted beam

0.0 0.5 1.0 1.5 2.0
time [s]

<
h
T T 171

Parameters: de¢ransformer inside the synch., ionization chamber and scintillator
for a 250 MeV/u P% *beam with a total amount of particles.
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lonization Chamber (IC): Electron lon Pairs Uas

Energy loss of charged particles in gaseslectronion pairs- low current meas.

1 .dE .
Isec:W C%X onbeam+HV

|
gas filled volume I |

Example: GSI type:

e 77
5 e S SR =

e 1on] ion e

LengthDx
2X 3.2 mm

beam
i

e 1on] 1one :
\ / 1kV
matalized foil I sec

e )
current measurement —L—

W-value Gas | lonization W-value e
is the average energy Pot S;SI realization. i i
e g 2 2a5ev| a27ev| U Energy calculatiodEdx Wlth SRIM or LISE
for one € -ion pair: U Current measurement via
N, 15.5eV | 36.4eV
currentto-frequency converter IFC
0O, 12.5eV | 32.2eV
Ar 15.7eV | 26.3eV
Co, 13.7eV | 33.0eV
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Secondary Electron Monitor (SEM): Electrons from Surface

For higher intensities SEMs are used.

Due to the energy loss, secondafyage emitted from a metal surface.
The amount of secondary & proportional to the energy loss

juas

.QE . ExampleGSI SEM type
Isec: Y dx C’beam

| Material Pure Al (99.5%)
| # electrodes 3
+HV _L_ :
- — Active surface 80 x 80 mm 2
S>_ |\ - beam Distance between 5 mm
I . = electrodes
metal plates Applied voltage +100 V
I S5€C
-~ : :
current measurement E L Advantage for Algood mechanical properties
DisadvantageSurface effect!
Itis asurfaceeffect: e.g. decrease of yielddue to radiation

- Sensitive to cleaning procedure
- Possible surface modification by radiation

Sometimes they are installed permanently in front of an experiment.

Y calibration versus IC required to reach 5%
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GSl Installation for SEM, IC and Scintillator iuas

PForckSGG | f @Y 5Lt

- To conclusions - To questions on detectors
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Poll concerning Particle Detectors uas

Poll 2.13: Poll 2.14:

What is the basis of an ionization chamber? What is scintillation? It is light emitted cause
1) It detects only ions e UKS SYySNHe fz2aa 2%

: : 1) excitation of electronic states
2) It contains always ions

3) Itis based on ionizations of a gas 2) excitation of lattice vibration

3) related mechanical stress

4) emission of thermal photon

Poll 2.15: Poll 2.16:
What is a photomultiplier? The principle of an SEM is ba
1) It amplifies directly photons 1) Emission of electrons fro
2) It only amplifies incoming electrons 2) Emission on electrons fromr. A
metal www.menti.com

3) It converts photon to electrons

- 3) Backscattering of beam ig¢8de: 1208 6026
and amplifiers the electrons

4) It contains active electronics (e.g. transistorsé)l) Emission of fons form an intersecting metal
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Appendix: GSI Heavy lon Research Center

By

arninar e K@bennavn
mark) -

Hamburg
*

. -B"a:ﬁan
4_.Néderla
(Netherlal 5 -
ko, Deutschland
B Q(Germany) : v

3 v ‘;
e .. y Osterreich /&l
i M (Austria)
isses : :

Peter Forck, JUAS Archamps

A i

uas

German national heavy ion accelerator facility in Darmstadt

Accelerators:

Acceleration of all ions

LINACup to 15 MeV/u

Synchrotron:up to 2GeVu

Research area:

U Nuclear physic% 60 %

U Atomic physic8 20 %

U Bio physics (e.g. cell damage
incl. cancer therap9 10 %

U Material researcl® 10 %

Extension by
international FAIR facility

GSl is one of 18 German large scale research centers.

Measurement of Beam Current



Appendix: The GSI Accelerator Facility juas

Synchrotron, B=18 Tm, dBdt upto 10 T/s
EnaxP: 4.7 GeV & U: 0.9 GeV/u
Achieved e.g.Art8* 1.191

u28+ 3.139%¢ U3+ 1.103°

ESR: B=10 Tm
B CRYRING, B14 Tm

UNILAC: all ions gU
Energy: & 12 MeV/u
Pulse operation50 Hz, max. fns
Upto 20 mAcurrent

Radloactlve beams
Nuclear Physics

Atomic & Plasma Physics
Bio Physics
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Appendix: UNILAC at GSI: Current Measurement juas

(Q_) Faraday Cupfor low current measurement and beam stop, total 30

0

Transformer ACCTor current measurement and transmission control
total 52 device

_ _ Transfer to
Transformers are used for alignment and interlock generag%chmtmn

|
i i Tosis 24
All ions, high current, 5 ms@50 Hz, 368108 MHz '© /7——4

MEVVA ﬁ
# " Foil, Stripper
MUC'S 50 m E— Alvarez DTL |74 4
e OGS | -O@ - —e-=}-o
PIG e \ \ |
\ DN
Gas |pper 11.4 MeV/u 3 LI @
2.2keV/u b=.0.16
b =0.0022 Constructed in the 70th, Upgrade 1999,
120keV/u

- further upgrades in preparation
0=0.016 1 4Meviu b=0.054
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Appendix:GSI Heavy lon Synchrotron: Overview

g injec
- tion

Important parameters of SI&8

lon (2)

1Y 92 (ptoU)

Circumference

216 m

Inj. type

Multiturn

Injection energy 11 MeV/u
Max. final energy °© 2GeV/u
Ramp duration 0.1 Y 15s

Acc. RF

0.8 Y 5MHz

Harmonic

4 (= # bunches)

Bunching factor

0.4 Y 0.08

Beam current

10 pA to 100 mA

Peter Forck, JUAS Archamps

commissioning 1991
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Appendix:GSI Heavy lon Synchrotron: Current Measurement iuas

213

Peter Forck, JUAS Archamps

. = 3
acceleration ¢® o /4
Nd
&
o
Important parameters of SI&8
i lon (2) 1Y 92 (ptoU)
- Circumference 216 m
) Inj. type Multiturn
- . Injection energy 11 MeV/u
2 Injec :
. Max. final energy 0 2 GeVlu
‘ tion ) -
12 % Ramp duration 01 Y 15s
/ D
1 Acc. RF 0.8 Y 5MHz
L
Harmonic 4 (= # bunches)
Bunching factor 0.4 Y 0.08
- . Beam current 10 pA to 100 mA
10 4
. ) .
10/ iy’ (Ve

' ACCT injected current

0.01... 1 MHz
2, ¥
05 . :
, N DCCTcirculating current
0... 10 kHz
*FCT bunch structure
%5 0.01... 500 MHz

6

extrac O:) Faraday Cupbeam dump
tion

\1/07

i0m
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Appendix:3'9 Generation Light Sources juas

3d Generation Light Sources: Soleil, Pariskygcon= 2.5 GEVC= 354 m
Synchrotronrbased

with Eelectron0 M X eV
Light fromundulators& wigglers, dipol
with Eg< 10keV (optical to deep UV)
Users in:
U Biology
(e.g. protein crystallography)
U Chemistry
(e.g. observation of reaction dynamics)
(i material science R Y-
(e.g. xray diffraction)
U Basic research in solid state and atomic physics
Unique setting: intense, broabland light emission
(monochromatorfor wavelength selection)
National facilities in many counties,
some international facilities.
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Appendix: The Spanish Synchrotron Light Facility ALBA uas

3'd generation Spanislsynchr light facility in Barcelona Layout:

= ' i 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

AEE

Toulouse
Bilbao *
.

' - ‘ Zaragoza
Porto &+ r "°,.‘-~ 3
{ W Madrid .
G
Portugal “Espana \
2 =
Aurc

Andor‘[g,‘
{

Lisboa
o )

. o X

O
Sevilla

* Malaga
Gibraltar

LU How [

Talkby Ubaldolrisa: atDIPAC 2011
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Example- Synchrotron Light Facility ALBA U&S

3d generation Spanlslsynchr Ilght facility in Barcelona Layout:

- | Beam lines: up to 30
Electron energy: 3 GeV
Top-up injection
Storage ring length: 268 m
Max. beam current 04 A

Booster;Ring: Storage Ring:

01- 3GeV.  3GeV
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Appendix:The Synchrotron Light Facility ALBA: Current Meas.  juas

BTS NP ey
e b M S s
Tk et 3, % .
R
' 1 DCC l|=”\'AC \‘

f ﬁlf J?Sa 1 AE 100 I\/IeV \
Z" FCT ﬁ LTB g ‘1
{7 bcct M 1FcT 9@

U 1FCUP 8

r‘ & :,.;lg;

‘ BOOSTER o
%
\ 1FCT s
N\ ., lbpccTt 7
7 1AE
\'1- J’q' {1 e‘“’

----

From U. Iriso, ALBA
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Beam current measurements:
Amount of electrons
accelerated,

transported and stored

U Several in transport lines

U One per ring

Abbreviation:

FCT Fast Current Transformer
DCCTdc transformer
FCUPFaraday Cup

AE Annular Electrode
BCM:Bunch Charge Monitor

Remark:

AE: Annular Electrode
l.e. circular electrode acting
like a high frequency piekp

Measurement of Beam Current



Summary for Current Measurement juas

Current is the basic quantity for accelerators!
Transformer- YSI adzZNBYSyd 2F (0KS oSFYQa YIF3IySi.
UYF3IySGiAO FASEtR A& 3JdzZARSR o0& | KA
U types: passive (large bandwidth), active (low droop)
and dc (twotoroids+ modulation)
U lower threshold by magnetic noise: abayt,,> 1> !
U non-destructive, used for all beams
Faradaycup- YSI adzZNBYSyYy U 2F o6SIFYQa St SOUNROI
U low threshold by I/Uconverter:l g5, > 10pA
U totally destructive, used for low energy beams
Scintillator, - YSI adzZNBYSy (i 2F GKS LJ NI AOf SQa Sy!
IC, SEM: U particle counting (Scintillator)
U secondary currenttCfrom gas ionization c6EMsec. eemission surface
U no lower threshold due to single particle counting
U partly destructive, used for high energy beams
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uas

Backup slides
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Quiz related to Current Transformers juas

What is the numerical value of the earth magnetic field?

What is the sensitivitysof a beam current transformer?

What is the rise time constarf, . and to which cuboff frequencyf,.,.is it connected?
What is the droop time constar,,,, and to which cuoff frequencyf,.,is it connected?
Why a single bunch ofds cannot be measured by a FCT?

What is the principle idea behindda current transformer?

- Back to Faraday Cup
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Quiz related to Faraday Cups juas

What is meant bynvasivebeam instruments?
What is the physics process of the energy logzrofonswith E ., > 10 MeV in matter?
What is the physics process of the energy lossl@ftronswith E;, > 10 MeV in matter?

Why 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 juas

1 What 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 ¢
¢2 GKAOK LIKeaAaAolrf LINPOS&aasSa R2Sa GUKS ¢
1 What is a photemultiplier?

1 What is an ionization chamber?

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

1 What is the physics process of the energy losseftronswith E;, > 10 MeV in matter?

- Back to facility discussion
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Quiz related to Beam Current Measurement juas

What is an appropriate device for beam current measurements for the following paramet
(Further examples are given in Exercise #2)

Proton beam:

U Behind an ion source by electsbatic acceleration to 10ReVand a current o 100 mA?

U Behind a electrestatic TANDEM accelerator delivering 10 MeV/u protons andn230

U Behind a pulsed LINAC for 100 MeV protons with 100 mA current argtiliration?

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

U Extracted proton beam of 1 GeV from a synchrotron with 1 ps resulting in 200 mA cur
U Extracted proton beam of 1 GeV from a synchrotron with 1 s resulting imA@Qrrent?
Electron beam:

U What is the difference for electrons with basically the same parameter (i.e. kin. energy

U Inside a synchrotron with 1 GeV electrons butn®current?
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CIN}RIF& /dzLdJda F2NJ KAIK LYyGSYyaais

The heating of material has to be considered, given by the energy loss.
The cooling is done by radiation due to SteBoltzmannP, =@~ 4¢

Example:Beam current: 11.4 MeV/u Arwith 10 mA and Insbeam delivery
. SEY &A1 SY p YY &GP, 49hHkW total potver duMng 1ms delivery
Foil: 1> YTantalum, emissivitg= 0.49

Temperature increase: so00 b I I 1
T > 2000C during beam delivery =
1500
-
Even for low average power, =
| s 1000
the material should Q9
. s
survive the peak power! g 900
O L | L 1 L 1 L 1 L -
00 .02 04 06 .08 .10

time [s]
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High Power Faraday Cups Uas
Cups designed for 1 MWmsLJdzf &8 S LJ2 6 S NJ [h-cOaRey GopperF ¢

Bismuth for high melting temperature and copper for large head conductivity. ?&2;2"5&21?

Feed

Throughs
Faraday Cup
AGO mm Cover
vacuum flange Dipole
A 150 mm Magnet
System
bellow .
) Stopping
compression [ Electrodes
for movement

. Coolin
pneumatlc Systergwith A60mm
drive Cooling beam
Channels
Tungsten
Surface HV
(1mm) Suppressor

Copper Block
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Appendix:The Spanish Synchrotron Light Facility ALBA: Overviewlyas

3'd 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

Booster Ring:  Storage Ring: Commissioning in 2011

0.1- 3GeV 3GeV

LINAC 100 MeV

From U. Iriso, ALBA
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