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* Fast Faraday Cups
- Axial vs. Radial Coupled FFC
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Pick-Ups - General Working Principle

A I image(t) — 1

N l[E L (1)
Q0 0000 O &

beam pipe

[1]

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth



T H M CAMPUS IEM
mus FRIEDBERG | &&iweim et

TECHNISCHE HOCHSCHULE MITTELHESSEN

Pick-Ups - General Working Principle

lim(®) H] I I/ equivalent circuit
R

U0
beam pipe I I — ground ‘ A
__mkw | C Iim(t)@ SN U0
- A IT\ Z Z Ibeam(t)
+ + + 4+ + ‘ v
- y 2
2a \J/ E = —1
e ] — ground
I I
| I ‘ I |
l A: area of plate
| |

=inm . A .deeam(t)
dt 2ral dt

[1]
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Pick-Ups - General Working Principle

derivative intermediate proportional
| | | | | | | | | | | |
_ dQinm A dQpeam(t) ;7>\ 0=100ns ;7>\ o=10ns g=1ns
Iim () = = — : \ I~ N
dt 1 Zﬂ% at = ’/ \\ _/\ \\
' __ 7 ~ s ~ S
= — - — - iwl o Se—— |
fc 2ma beam - | --1__(t) W
—U_(t)
] ] ] ] ] ] ] ] ] ] ] ]
00 02 04 06 08 10 20 40 60 80 100 2 4 6 8 10
time [us] time [ns] time [ns]
U — R = Z.(w,B)-1 JEN I I B B IR BNLEN RN BN L EELEN LN N BELEN B
lm(w) 1 1”"51“)) ia)}t?(Cw '8) beam(w) Y a't=100 ns L 0,=10 ns J o=1ns _
= ,BCEZTCCll T IWRC Iy eqm (@) §- I \\\=> =186 MHz- 1 > 0,=16 MHz o = 0,=160 MHZ
Transfer Impedance e ‘\\ - -Ibem(f) + -- Ib“m(f)-- - Ib“m(f)-
I ) p— 4 —_— 4+ <
N ZA IS
0 2 4 6 8 O 20 40 60 80 0O 200 400 600 800
[1] frequency f [MHz] frequency f [MHz] frequency f [MHz]
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Pick-Ups - General Working Principle

The image current at the wall is monitored

on a high frequency basis i.e. ac-part given
by the bunched beam.

JJJ/
)

UNIVERSITY OF APPLIED SCIENCES

Adaptation of Animation by Rhodri Jones (CERN)

Signal Generation in Phase Probes ( < 1)

L)
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Pick-Ups - Use Cases

* Pick-Ups can be used for many purposes
* For each purpose there are specialized designs
* Some use cases are:

- Beam Position

Beam Velocity (ToF)

Bunch Arrival (BAM)

Bunch Shape

Total Charge

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Pick-Ups - Use Cases: Beam Position [

Vv

The image current density j;,,, at the wall is L N
stronger, if the bunch is closer by. Depending on 1

the distance bunch to pick-up plate the amplitude ‘ ‘ v

of U;;,, changes I

330 oo YOS

Animation by Rhodri Jones (CERN) ﬁ
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Pick-Ups - Use Cases: Beam Velocity (ToF) pickoup 1 distance [ pick-up 2

=

* RF-Frequency f,r < Period T bunched beam

*  Known number of bunches in between N O O OO o o o
L — —
[ ] ﬁc -_——_————
NT+tscope N*T
- -‘=|='- ™1 "“scope
L L L R L L L L L UL L
Example: ToF at proton LINACS: 02 [ pick—upl pick—up2 =

Estimated kinetic energy 1.4MeV/u
tscope = 15.82(5)ns

frr =36.136MHz & T = 27.673ns
L=1.629(1)m

0.0 prow= T VAN o 8
N=3 fvl\/ W
— ﬁ = 005497(7) L= Ekin = 1407(3)M€V/U -0.1

t =15.82|ns sW=1.407(3)MeV Ju |

0.1 -

( ]
voltage [V]

0 10 20 30 40 50 60 1
time [ns] [1]
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Pick-Ups - Use Cases: Bunch Arrival Monitor (BAM)

= Button pickups

= Transient electric fields — voltage signal

= (Main) laser oscillator
= Pulsed laser reference

Laser Reference

DAQ

Beamline

Pickup

By B. Scheible

UNIVERSITY OF APPLIED SCIENCES

= Electro-optical modulator
= Laser amplitude modulated according to voltage signal

= Data acquisition
= Decoding the timing information

Cut-out Cone

a=2.42 mm ¢=0.70 mm
b=560mm d=1.62mm
¢=40.50mm h=6mm

Pickup-Geometry [10]

Stephan Klaproth Page
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Pick-Ups - Use Cases: Bunch Arrival Monitor (BAM)

laser pulses from fiber link _ reference laser pulse
beam pickup :

=) 1)

A electron bunch arrival time:
- early
- correct

beam pickup
signal

/ /reference time
n laser pulse

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Pick-Ups - Use Cases: Bunch Shape

* B =1 Pick-Ups may be used for bunch shape measurements
* P < 1 E-field is significantly modeled smearing out the actual longitudinal shape

* Transversal E; lab.-frame of a point charge 1.0 { ==-Charge Dist. 2]
E (t) == VR — B =10.05
4mey [R?+(yBct)?]3/2 08 — ﬂ — 015
* Longitudinal E; lab. frame of a point charge ' R = 3 m'l
_ e yBct _
Ell (t) - amey [R2+(yBct)2]3/2 4 0.61 0 =0.5ns
[
~ 0.4
_dqw ° R7Y
I 0.2 -
001 T~ ! N T —
-10.0 -7.5 -5.0 —2.5 00 25 50 7.5 10.0
Time [ns]

For B < 1 — Field distribution is not the same as charge
distribution. Effect visible for shorter bunches < few ns

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Pick-Ups - Use Cases: Total Charge

- Total charge Q,, = [, pdV = é I, (t)

* Mirror current [,(t) = ﬁ_Elb(t) =— iw I, (w)
1+iwChyl|Z +Z u
I(w) = pz[l - r ]Ua

transfer function

* The total charge can be calculated by measuring U,

Qp = J, Ip()dt
1 21+ Zpu
= % (Z—L [, [ Ug(@)dzdt + CpuLZ—L”ft Ua(t)dt)

* Two cases arise for the calculation of @,
- Low impedance Z;
- High impedance Z;

UNIVERSITY OF APPLIED SCIENCES

BEAM

pu

Chamber

Lo,

|
|l
N
—~
C
Q
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Pick-Ups - Use Cases: Total Charge

Simulations performed with CST with 1E6
particles on simplified model

Low Impedance (50())

voltage (mV)

60 80
time (ns) time (ns)

o Ins, Ay = Omm, 5 0.01

40

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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B = [0.01,0.05,0.2]

Pick-Ups - Use Cases: Total Charge

pc

« Raw calculated Q, = ” (ZiL J. ] Ug(x)drdt + Cpy, J, Ua(t)dt)

* Strong dependency on PU length [,,,,, very low dependency on velocity fc,
bunch width ¢ and beam axis offset Ay

ZL

» Low Impedance (5012) » High Impedance (1MQ)

Fit Agz" + C" Fit Agz" + C:
35 - Ap: 16382.0 £ 122.17 35 - Ap: 15723.4 £ 193.20

n: —0.898 £ 0.0013 n: —0.903 £ 0.0022

C: 951095.7 £+ 1070.68 C: 958954.1 £+ 1723.82
3.01 Calculated No. of Particles 3.0 Calculated No. of Particles

e of 55 Simulations varying
o, 3, offset and [,

e of 90 Simulations varying
o, 3, offset and [,

10* No. Particles
[\)
Ot

10° No. Particles
[\)
Ut

2.0 1 2.0 1
1.5 1 1.5 1
1.0 7 1 1 1 1 1 1 1 1'0 T 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Lpy (mm) lpy (mm)

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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B = [0.01,0.05,0.2]

Pick-Ups - Use Cases: Total Charge

* Ignored fringe fields effects of the PU in the derivation.

= An effective length should replace the PU length. - Low Impedance (50Q))
Qp = ( f f U,(t)dtdt + Cpu ZL+Zpuf Ua(t)dt) ——— mean with Al 9.5mm
lepr \Z Zy, t Fi n :
it Agx™ + C"
2.5- Ayt 16389.1 + 125.51

n: —0.898 =£0.0014

* Asimple model s = L,,, + Al may be used to C: 951018.3 = 1099.72

compensate the fringe field effects up to an error

R
=
)
of +1.7% for Al = 9.5mm = 20 Lot [
@)
- 1.00 A
e Calibration is needed for absolute values, = 1.5 0.99 - J_

otherwise only relative charge 30.0
measurement possible

1.0 - = ® = ) /]

50100 20.0 40.0 0.0
Lpy (mm)

* Alternative calibration: Test bench with known signal

* Applicable also on shoe-boxes and other types of capacitive PUs

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Transition Radiation Monitors
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Transition Radiation (TR)

A charge with velocity v = const. crossing an interface
between two media radiates.

* aninterface (z = 0) separating two half-spaces of
different media

* solving MW-equations subject to interface conditions
exhibit radiation field

* Surface electromagnetic phenomenon - prompt
radiation v

* In GHz regime, coherent transition radiation for ~ns
bunches

| Q=

- > 7,

|
=
]
=
)

A potential method un-affected by pre-field and
secondary emission

2]

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Transition Radiation (TR) — Properties in the GHz Regime

GTR electric field for single charge:

5 ap_ sin08(z-t) 0+ 5 sing PEC
- e,cost + e, sin
2megcR 1 —B% cos? 6 (éx z ) 7 Target
A
* Linear q and 8 dependence
» Parallel polarization for normal incidence 2

* Good signal: 10pC charges in 100 ps (o) with =0.15
- 10 mV peak

2]
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Transition Radiation (TR) — Properties in the GHz Regime

 Diffraction Radiation is very similar to TR but
charge traverses close to the media interface

» Here: Instead of impacting on the target
bunch can go through hole

 Allowable hole size: @ 1for B l
- For~0.15, 0@ < 6mm

* Non-destructive measurements possible!

UNIVERSITY OF APPLIED SCIENCES

6 T T
— — 100ps Gaussian
5 |— (num.) Near-Field TR \
—— CST 5mm hole
(num.) Near-Field 6mm hole
4 +
£
>
L,
LL oL
1 -
0 o e e e e m e e e e -

1

35500 36000 36500 37000

t [ps]

Stephan Klaproth

37500

38000

38500

2]
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Transition Radiation Monitors Basic Concept
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Transition Radiation Monitors Basic Concept
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Transition Radiation Monitors Basic Concept
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Transition Radiation Monitors Basic Concept

Stephan Klaproth
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Transition Radiation (TR) — Measurements at X2 (GSI)

biconical antenna
(800mm dist. to center)

: A Ny (] ‘ il *‘s‘
Tantalum ta] get | e Al f}f f ‘
K ,sétl*‘t S
I

Isotropgewinn

,

53 chamber

@
=
£
& 2f
L2
o
g 3f
=]
2
4
5

*  An RF window to couple out the TR signal - Vacuum tolerance - critical . | | | | |
- Absorbers to avoid reflections WO g
+ Linear phase antenna designs (2]

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth




Bi%6* 11.4MeV/u, ~400puA,

- T H M CAMPUS IEM 100ps pulse length, 36MHz RF
mun FRIEDBERG | st on Antenna angle (8) = 40 deg,
TECHNISCHE HOCHSCHULE MITTELHESSEN Antenna distance to target (R) =1.0m
Transition Radiation (TR) — Measurements at X2 (GSI)
1.0
B o 6l T GTR signal
8 0.6 —— Pick-up signal
§ 0.4 < 4
o 02 E
% Q
g 0.0 E
. -0.2 a
£
<
—-60 —-40 -20 0 20 40 60 —_
Phase [degrees] g
140- 1.00 2
~ Phase Probe| § .. 7
é 120- 050 —6
% 100- '
2 0.25 —8-
G 80- : : . . . . T
£ 0.00 14.01 14.02 14.03 14.04 14.05 14.06 14.07
g ~0.25 Time [u s]
g 40 -5« Good correlation with the pick-up data
(= ] H 1
20 -075 «  Mean beam energy matches with ToF between pick-up and GTR
0

=60 -40 -20 0 20 40 60 [2]
Phase [degrees

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth




Bi%6* 11.4MeV/u, ~400puA,

- T H M CAMPUS IEM 100ps pulse length, 36MHz RF
mun FRIEDBERG | st on Antenna angle (8) = 40 deg,
TECHNISCHE HOCHSCHULE MITTELHESSEN Antenna distance to target (R) =1.0m
[ ] - [ ] [ ] 15_ .
Transition Radiation (TR) — Measurements at X2 (GSI) T Sl
140 , : ] 1.0 w, N e GTR convolved
R S
E
% 120 0:8 % 5
8 100 0.6 = |
% = 4 : - g 0w
c 801 % = - : 0.4 - I N 72l LMYy W ) A N
£ E 2 5
..... 2.5 0-2
o 407 0.0 101
£ 20 - 0.2 0.002 0.004 0.006 0.008 0.010
------------ —u. Time [u s] +5.878el
0 81 —— GTR signal
60 -40 —20 0 20 40 60 ~ Pick-up signal
Phase [degrees] 6y N GTR convolved
E
:
=
-0.50 s ‘ . . ‘ ‘ ‘
14.034 14.036 14.038 14.040 14.042 14.044 14.046
= () wpelir Time [u s] [2]
0 a0 =30 6 20 40 e Convolved GTR has precise agreement with phase probe signal!

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth




Bi%6* 11.4MeV/u, ~400puA,

- T H M CAMPUS IEM 100ps pulse length, 36MHz RF
mun FRIEDBERG | st on Antenna angle (8) = 40 deg,
TECHNISCHE HOCHSCHULE MITTELHESSEN Antenna distance to target (R) =1.0m
Transition Radiation (TR) — Measurements at X2 (GSI)
1.0 1.0
120 &
oy — 0.8 0.8
% 2 100
= 8 0.6 0.6
é § 80
GTR
= 60
S §‘ 0.2 0.2
E g = 00 0.0
T 20
E -0.2 -0.2
%0 -0  —20 0 20 40 60
Phase [degrees]
_ 8 = 0.75 u.rd
3 5 100{ g p— :./ 0.50
é -5; so{i 35 6 0.25
Phase Probe ¢ ol | 200 ‘i‘;’;
2 : g | % -0.25 é |
© - © 40- -0.50
£ = - — ~09:39 , -0.75
i _J_/ i 20 - - e g ~1.00
—éo -40 -20 0 20 40 60 960 -40 -20 0 20 40 60 -40 -20 0 20 40 60
Phase [degrees] Phase [degrees] Phase [degrees]

» Three consecutive macropulses show different charge distributions 6] R, Singh and T. Reicher
* Longitudinal diagnostics need to be prepared for such fast changes Phys. Rev. Accel. Beams 25, 032801

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth Page 29




L= THM CAMPUS IEM
- FRIEDBERG | fiimationstecnte o

TECHNISCHE HOCHSCHULE MITTELHESSEN

Fast Faraday Cups
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Fast Faraday Cups (FFC)
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* FFCs are design to measure fast longitudinal bunch structures

* Challenges:

Matching of the out-coupling should be done very well till high frequencies

1
2TTO¢

l.e. BW > 50'f =5

« Measuring the self-field should be avoided
- Suppress distortion of the signal caused by secondaries
- Cooling of the FFC / avoid melting of the FFC

* Despite being known for decades, FFCs are still under research in many shapes and use cases.

Axial, Radial, Strip-Line, ...

[7] J. M. Bogaty et al. (1990): A very wide bandwidth Faraday cup suitable
for measuring GHz structure on ion beams with velocities to beta < 0.01 [2]

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Fast Faraday Cups (FFC) — Comparing Axially Coupled and Radially Coupled FFC

ACFFC RCFFC

14,65

0,80

[0/ E’///////

b,

>
RS

6,00
9,20
4,06

BEAM Port

@t 30
[
@187
=
25,40

Port S

@3,00
]

Port L

@10,04

12,90 1,09‘/

23,710 W

24,10 3,00

25,40

[8,11,12]

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Fast Faraday Cups (FFC) — Comparing Axially Coupled and Radially Coupled FFC

BIAS Ion-PDF - Import
= Simulation Settings: § § §
= T, =10eV
= 50 SE/lon
= No SE through electrons
= SE emitted only from
central conductor
= Suppression of SEE:
= BIAS reattracts SE to
central conductor
= RCFFC recollects SE
within drill hole. These
SE will not contribute to
signal.

— Import

lon-PDF

0 10 20 30 40 50 60 70 80 a0 100
Secondary Electron Energy @ Incident Angle 0° / eV

UNIVERSITY OF APPLIED SCIENCES Stephan Klaproth
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Fast Faraday Cups (FFC) — Comparing Axially Coupled and Radially Coupled FFC

Beam

BW = 4 GHz l
Bias T |[<—>{ FFC [<—> Bias T

Digitizer 50 Q
4 GHz, 40 GSa/s

Voltage
source

8]

UNIVERSITY OF APPLIED SCIENCES
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Fast Faraday Cups (FFC) — Comparing Axially Coupled and Radially Coupled FFC

THM | frieosere

Informationstechnik-
Elektrotechnik-Mechatronik

-=-- beam
15.0 -

12.51

10.0 1

Amplitude [mV]
&

0.0

—2.5-

-500.00
-250.00

0.00
250.00
500.00

UNIVERSITY OF APPLIED SCIENCES

Time [ns]
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o
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N
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Fast Faraday Cups (FFC) — Comparing Axially Coupled and Radially Coupled FFC

= E-Fieldof AN NN m
I biased collector *~I
=y——— > > = A 00—
—>—>->-7L>~>~L 200 —
R GRan s an an AU AR — 100?.
= . ' \*‘}-P-b—b-:-b% B A N 703
Secondary -»-»:»:»:»;»»:»-» R Beam :g
Electrons s—-—v—vq-»-»-»-»»» s e .
N’ "'»\_""-»:}% N R
= = =P =P =h W W N v v R

>IN

e =P YV A A A A
= = =P P N Y T NN F

E-Field

Cross section A P udp = =P =P P Y Y N N P ‘-H
Cutplane at X 0.000 mm .
Maximum on Plane (Plot)948.775 V/mPprulp sy sl sl = =P =P - P =P =P

Maximum (Solver) 1358.82 V/m

UNIVERSITY OF APPLIED SCIENCES
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Comparing Axially Coupled and Radially Coupled FFC

ACFFC RCFFC
0.5
—s— Bias =-50V 0.0041 —— Bias =-20V
0.4 —— Bias =-25V —— Bias=0V
] ine — —— Bias =20V
—— Bias=0V 0.0031
. —— Bias=25V S q K
2. 0.3 Bias = 50 V S Secondary =€condpea
9 0.002 Electrons
= 2
= 0.2 el .
£ £ 0.001 Reflection
0.1 l
0.000{
0.0 - \
-40 -20 0 20 40 60 80 -80  —60  —-40  -20 0 20 40 60
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Comparing Phase Probe and Radially Coupled FFC
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Conclusions

* Fast and robust longitudinal diagnostics is important for various alignments.

* Pick-Up field distribution is not equal to the charge distribution for f < 1
» Total charge measurements are possible and insensitive to other beam parameters
* Combined purpose possible: e.g., TOF, BAM, Total Charge with just two Pick-Ups

 GTR a promising non-invasive option for high currents but not a compact installation.
Further investigation under BMBF project ongoing

 FFC is a promising compact option but requires careful placement and biasing is essential
depending on the energy regimes. New designs being tested, comparison with calculated phase
space needed

2]
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Room for Questions!
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