Beam Structure of a pulsed LINAC i
Pulsed LINACs and_ cyclotrons used for injection One distinguish between:
to synchrotrons with - t, )5, *100 ps:
A macro pulse macro pulse period »>Mean current Imean
current - - ‘ -

L — long time average in [A]
rf period
— -

>Pulse current I ;.

bunch curr. I , )
— during the macro pulse in [A]

bunch

»Bunch current Iy, nch
- — during the bunch in [C/bunch]
mean curt. Iean _
2 or [particles/bunch]
Remark: Van-de-Graaff (ele-static):

pulse curr. Iyyjse

time

— no bunch structure

Example:

Pulse and bunch
structure at
GSI LINAC;

SN
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Passive Transformer (or Fast Current Transformer FCT) i

Simplified electrical circuit of a passively loaded transformer:

beam Rp Ls simplified equivalent circuit
2008 A
Le G| R u()
I-source @ -
represenu
t) ]
torus inductance L = N focand
— ground
Avoltagesis measured: U=R I, =R /Nl =S * Lo
with S sensitivity [V/A], equwalent to transfer function or transfer impedance Z.
Equivalent circuit for analysis of sensitivity and bandwidth
(disregarding the loss resistivity R, )
SN
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Response of the Passive Transformer: Rise and Dr'oop Time

B\ W TS Wy S —
T|me domain description:
DI’OOp tlme T, — 1/( 27tf| ) — L/R simplified equivalent circuit
- “droop ow
Rise time: 7, = 1/( 2xfy;y, ) = 1/RCg (ideal without cables) | Le G| Rﬁ u()
=source —_—
Rise time: 7, = 1/(27 fhigh )= \/LSCS (with cables) reprmm@
. - . . |
R, : loss resistivity, R: for measuring. N Thean{V)
“— ground
A beam current beam bunch _
c
ost - Bunch train:
N . "~ beam current
pulse - : . Bandwidth _ ol i
tlm’e time g { % 0,8: :
A output volt. i e[ |
Tdroop = L/R g = ozl
§ 93
time Me i [ o i it s N 0.8
\f) 7" 0.001 4 01 10 10q0 100000 Fose
Tfrequency f [Miz] 20
Tyise = /L C | 302l
rise S 27 fiow | | 2% nigh osl baseline. oA
o} 2 4 6 8 10
=R/L | | =1/RC tme f

Baseline: Up,ge oc 1 - eXp(-t/ zyg0p)
positive & negative areas are equal

SN
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. : / ®
Excurse: Time Domain <> Frequency Domain 9
BN LA TN L R 7 RERsE TN

Time domain: Recording of a voltage as a function of time:

I I I I .
—100me|  INStrument:
Oscilloscope Fourier
— — R, T W 9 ;* "'e

£ .
p N | gessve Transformation:
[ —1 (t) { Vx;mgo 1 ©
ksl 3 f(@)=—— [ f(t)e”“dt
| | | | 2w Papa

00 02 04 06 08 1.0 - -
time [us]

Frequency domain: Displaying of a voltage as a function of frequency:
— T T 1 T T

_ ¢=100 ns | Instrument: Fourier Transformation
g1 \\?o-16 MHz | SpectrumAnalyzer  of time domain data
® . .
=T —I__(f) 1 j !gggga Care: Contains amplitude
YT T i BBaa: e ; and phase
N . (331 = %
0 2 4 6 8 0 we lETslefed 1 =

frequency f [MHz]
SN
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Excurse: Spectrum Analyzer i
The spectrum analyzer determines the frequency spectrum of a signal:
S}f’llC-hl‘OllOllS
Steps for an analog device: lowpass filter mixer bandpass filter  detector
_ ' INPUT [~]  RE ~
> low pass filter, typ. f <3 GHz < & = Y -
> mixing with scanning local oscillator LO DISPIAY
> difference frequency by narrow [ : )
band pass filter, width typ. ~ 1 kHz voltage ramp
» rectification v vert| & \
recti . voltage oY / | J \
» scan duration typ.~ 1s controlled oscillator frequency (time)
vy
| horizontal

Digital analyzer as modern devices:
> low pass filter, typ. f <3 GHz
» down mixing typ. 0 .... 100 MHz

» digitalization with 100 MSa/s high resolution 16 bit ADC

» calculation of FFT and versatile display possibilities

Peter Forck, JUAS Archamps 7
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Exercise #2: Transformers for a pulsed LINAC 1/3 9
Assume a beam with 1 ms macro-pulse length at a LINAC
The current should be measured by a current transformer
The maximum droop should be 3% within 1 ms.
Calculate the requwed droop time constant and the lower cut-off frequency fi,, !

Result: U(t) = U, - e~ /%droor fort=1ms UJO) e~ tms/Taroop = 0.97 = Tgrpep = 32 MS

1

2MTdroop
Core size: r; = 30 mm, ry = 60 mm, length | = 40 mm

Permeability of the core: p, = 10° (Mg = 41077 Vs/Am)
Passive transformer with R = 1 kQ termination, R| = 10 € loss resistivity
Calculate the number of winding for the given droop and the sensitivity [V/A]!

=49 Hz

cut-off frequency: fion =

Hint: 1. Calculate the required inductance L: L = > N?-In :—0
2. The inductance of a core with N windings is: !
Result: Inductance via 7g,0p = 2R & L=33 Hy= N = \/#ﬂolleLri/To =244
Sensitivity S = be”am =~ ~ 4 VIA

SN
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General Noise Sources T
A\ 4 S T MW /O TREET T
Any electronics is accompanied with noise due to: Example: Maxwell-Boltzmann

distribution of a free electron gas

o 2.0 F

» Thermal noise as given by the thermal movement of
electrons described by Maxwell-Boltzmann distribution
Within resistive matter
average movement cancels U, ..,,=<U>=0
but standard deviation remains:
Uer = V< U2 >= \/4'kB .T-R-Af %05 50 V(leg;gcit;éo[kriéos] 250 300
this is white noise i.e. no frequency dependence, no dc part
kg Boltzmann constant, T temperature, R resistivity, Af bandwidth

T =—192°C |

1.5
T = 20°C

1.0

05 -

probability disributio

R
» Shot noise as given by the fluctuations of finite amount of electrons  5¢ T U.

for most electronics not important due to large amount of electrons
> Flicker noise or ‘1/f - noise’ as given by trapping of electrons in matter
pink noise due to a frequency , ‘corner-frequency’ f .~ 3 kHz i.e. 1/f-noise = thermal noise

Disturbance by Electro-Magnetic Interference EMI.:
Not noise but pick-up of electro-magnetic waves from the environment
leads unwanted signal deformation and depends on the surrounding

oo 1 dN _ 4 [ m 32 2 mu?
Maxwell-Boltzmann distribution: N \/—E(%BT) - v - exp (— ZRBT) —_—

Peter Forck, JUAS Archamps 11 Guided Studies
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Signal to Noise Consideration

_—

O

The minimum noise is given thermal noise: U = (4kgT - R - f)12
R is the input Ohmic resistor — low noise amplifier at input stage (realistic 2-3 X U )
f is the bandwidth of the signal chain

6

. signal [units of S/N]
o s e o (% (%]

signal [units of S/N]

3

I
T

o

—— noise only

-100 0
samnle

-200 100

200

| — signal pnly -

| —
| —SNR=4 _|li| filtered]

-100 0 200

sample

100

Peter Forck, JUAS Archamps
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signal [units of S/N]
[ I

()

(53]

%]

signal [units of S/N]

o

M

I

| — si'gnal bnly |

— SNR=2
)

hJL

m |L1|J|| ‘| |

-100 0
sample

=200 100

I

| — signal nIy |

"SNR=4

J |
|||1|‘IIl L
||']|

IIH L

-200

-100 0
sample

100

12

200

Simulation:

» Broadband ‘white’ noise

» For Signal-to-Noise = 2
peak just visible

» For Signal-to-Noise = 4
peak well visible

> Filtering improves SNR

here: n=51 tap moving average
< bandwidth restriction

new _ 1 I=)+n/2
Yi ZY|
I=]—n/2

Guided Studies



Exercise #2: Transformers for a pulsed LINAC 1/3 %

RN ar @ \ W} B

Assume a beam with 1 ms macro-pulse length at a LINAC

The current should be measured by a current transformer

The maximum droop should be 3% within 1ms.

Core size: ry = 30mm, r, = 60 mm, length | = 40 mm

Permeability of the core: p, = 10° (Mg = 41077 Vs/Am)

Passive transformer with R = 1 kQ termination, R| = 10 Q loss resistivity

The upper cut-off frequency is fhigh =100 kHz, the lower f,,, = 100 Hz, R is at T=300 K
Use Upgise = (4kg T-R4NY2 and kg = 1.4-1073 J/K, bandwidth 4 = i - g,

Calculate the thermal noise contribution!
Calculate the threshold concerning the beam current for a signal-to-noise ratio of SNR = 1!

Result: Thermal noise Upoise = +/4ksT(R + R)Af = 1.3 pV

Beam current for S/N=1 : Sensitivity Ipoqm = = Unoise= 0.32 HA

Lk

SN
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'‘Active’ Transformer with longer Droop Time i
Active Transformer or Alternating Current Transformer ACT:
uses a trans-impedance amplifier (1/U converter) to R ~0 Q load impedance i.e. a current sink
+ compensation feedback
— longer droop time z,,,,

Application: measurement of longer t > 10 us e.g. at pulsed LINACs

active transformer R, The input resistor is for an op-amp: R/A << R
= Tgroop = LI(R¢/A+R ) =L/R|
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.

SN
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Operational Amplifier Principle

m
})peraﬁ/onal Amplifier: EHIpS usea as a S|mp|e equwalen! cwcm!

but has complex built-in electronics
&PR%AH

Without feedback: Uy s = 9o * (U, - U.) IESETY
Open loop gain: g, 10

With feedback: compensation of both inputs

Examples of applications:

> Inverting voltage amplifier: U, =9 U, =-R,/ R, - Uy,

» Current-to-voltage converter: U = - R - |,
I.e. feedback leads current sink at inverting input

R, R
Rl Iin
o——1+4- o—— -
U + +
|, o, [ v
¢ | ¢ | 0
EE5=N

Peter Forck, JUAS Archamps 15
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Excurse: Transimpedance Amplifier = I/U Converter i
B\ S T . T S RSN ™

Current-to-voltage converter: U,=-R - |, =72, - |,
I.e. feedback leads current sink at inverting input é
Z,[V/A] 105 107 10| 10v| oLy
Full scale 100uA | 1pA| 10nA| 100pA _1’ 5
Bandwidth f.,, [kHz] 500 400| 50 1.1 o
Risetime £, 101090% | 0.7us| 09us| 7us| 300ps | counteraction between
Equivalent noise 10nA | 450pA | 3.7pA | 0.8pA » Current resolution
Noise/full-scale (rel.) 104 2-1041| 3-10 10-3| > Time resolution
Rel.to thermal noise ~ 1 ~1| =1.6 ~ 10 .1

trise ~ 3 feut

SN
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Exercise #2: Transformers for a pulsed LINAC 2/3 Q
As for the previous example: Assume a beam with 1 ms macro-pulse length at a LINAC
The current should be measured by current transformer
Core size: ry = 30mm, r, =60 mm, length | = 40 mm
Permeability of the core: p, = 10° (Mg = 41077 Vs/Am)
The maximum droop should be 3% within 1 ms
The upper cut-off frequency is 100 kHz, the resistor isat T = 300 K

Active transformer with open-loop ampl. A= 10° and R¢ =1 MQ feedback, R =10 Q
Calculate the inductance for the given droop time!

Calculate the number of winding and the sensitivity!
Calculate the threshold concerning the beam current for a signal-to-noise ratio of SNR = 1!

Result: Inductance via 7g,90p = Ri due to % KR, =L=032Hy&N = \/uu 1217:1Lr = 24
L 0 i/To

Sensitivity S = ~L ~ 4.2 - 10* VIA

; A
Noise: Uppise = /4kgT(Re/A+ R)Af = 0.14 WV & Ipise = e Uppise = 0.14 HA
Minimum beam current: I, ,,m = I”"% = 6 nA — unrealistically low due further noise

SN
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Passive Transformer (or Fast Current Transformer FCT) i

Simplified electrical circuit of a passively loaded transformer:

beam Rp Ls simplified equivalent circuit
2008 A
Le G| R u()
I-source @ -
represenu
t) ]
torus inductance L = N focand
— ground
Avoltagesis measured: U=R I, =R /Nl =S * Lo
with S sensitivity [V/A], equwalent to transfer function or transfer impedance Z.
Equivalent circuit for analysis of sensitivity and bandwidth
(disregarding the loss resistivity R, )
SN
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Exercise #2: Transformers for a pulsed LINAC 3/3 9
Assume a beam with 1 s pulse length behind a synchrotron to be measured by a transformer
Core size: r; = 30mm, ry = 60 mm, length I = 40mm
The maximum droop should be 3% within 1 s
Permeability of the core: gri()?’ due to p oc 1/f for f > 100 kHz (pg = 41077 Vs/Am)
The upper cut-off frequenc_y IS 100 MHz, the resistor is at T=300 K

Fast passive transformer with R = 50 © termination
Calculate the droop time and the lower cut-off frequency!
Calculate the inductance for the given droop time!

Calculate the number of winding and the sensitivity!
Calculate the threshold concerning the beam current for a signal-to-noise ratio of SNR = 1!
Result: U(t) = U, - e~ %droop fort=1ps = % = e L HS/Tdroop = 0.97 = Tgrp0p = 33 US

0
cut-off frequency: fiow = ! = 4.9 kHz
2T droop
: L 27L 10 -
Inductance via Tgy0p _RFRL = L =197Hy &N = \/uuolln e 19~ 20
Sensitivity S = - = 2.5 V/IA
Noise: Unoise = /4kpT(R + R)AF =10 uV = Min. pegm = = Unoise = 4 HA

SN
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Design Criteria for a Current Transformer 9

. \ " WU T C mawy /S TR ™
Criteria:

1. The output voltage is U ac 1/N = low number of windings for large signal.
2. For a low droop, a large inductance L is required due to 7y, = L/R:

L ocN? and L o g, (u, ~10° for amorphous alloy).
3. For a large bandwidth the integrating capacitance C, should be low z;,, = VL.C..
Depending on applications the behavior is influenced by external elements:
»Passive transformer: R =50 Q, 7, = 1 ns for short pulses.

Application: Transfer between synchrotrons : 100 ns < oulse < 10 ps

»Active transformer: Current sink by I/U-converter, 7y, =1 s for long pulses.
Application: macro-pulses at LINACs : 100 ps < ty5c <10 ms

metal shield | “ signal

. ith high -
General: | permeabilly e
» The beam pipe has to be intersected to prevent the image rorus L
flow of the image current through the torus. . J—
» The torus is made of 25 um isolated flat ribbon pipe beam -
spiraled to get a torus of ~15 mm thickness, -
to have large electrical resistivity. ;ggﬁmic @
» Additional winding for calibration with current source.

EESN
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Low Current Measurement for slow Extraction | %
BN a0
Slow extraction from synchrotron: lower current compared to LINAC,
but higher energies and larger range R>>1 cm.

Particle detector technologies for ions of 1 GeV/u, A = 1 cm?;
U=92

» Particle counting:
max: r = 10° 1/s
» Energy loss in gas (1C):
min: lg.. = 1 pA
max: lge. =~ 1 pA
> Sec. e— emission:
min: . = 1 pA
» Max. synch. filling:
Space Charge Limit (SCL).

—
-

Nuclear Charge Z

g
I
'—k

L |
10'10"

G5
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Example: GSI Installation for SEM and iC T

Feed-through with
@ 200 mm flange.

Peter Forck, JUAS Archamps o)) Guided Studies
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v

Tonization Chamber (IC): Electron Ion Pairs

. T . W /O TRERSSE ™

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

Isec —

current measurement

1 dE Ax. |
dx beam +| v
1
gas filled volume |
e ionf| ion e beam
e ion| ione
A .
matalized foil I gec

W is average energy for one e” -ion pair:

Gas
He

ioni. pot. [eV]

24.5 42.7
12.5 32.2
15.7 26.3
14.5 29.1
13.7 33.0

W-value [eV]

Peter Forck, JUAS Archamps

Example: GSI type

active surface
active length Az
electrode material

64 x 64 mm?
5 mm

1.5 pm Mylar

coating 100 pg/cm? silver
gas (flowing) 80 % Ar + 20 %CO,
pressure 1 bar
voltage 500 ... 2000 V
— o! o
HV  [ee |, 1
INF =
EXE
signal out = 50 mm
ground [
gas 1l J o o o '
support
PP HV | cathode +5 mm
— ] #. A A
[ Fﬂ:b : 7 -
signal out ground 1 anode *
- =S
23 Guided Studies



Exercise #3: Slow Extraction Current Measurement 1/2 i

Assume a beam of N; = 1.25-1012 protons extracted from a synchrotron withint=1s
The current should be measured by an ionization chamber of 0.5cm length filled with Ar
The average energy to create a ion-electron pair is W = 26.3 eV

The energy loss is dE/dx = 2.58 keV/cm
Calculate the ion-electron pairs per proton and the secondary current within the IC!

The energy loss dE/dx of a proton is AE,, = % - Ax = 1290 eV

>

S |§1
Il
N
O

With the average energy for one ion electron pair W, the number of pair is N, =

w|k

For the extraction ions N; per second the amount is Ny, = N; - N,/t = 6.1 -10*°
oracurrentof I, = e - N;yyy = 9.8 YA

The energy loss (described by Bethe-Bloch equation ) scales with dE/dx ocho2

Assume a beam of N; = 1.8-1010 Uranium with Zp:92 extracted within1's
Calculate the ion-electron pair per proton and the secondary current within the IC!

The energy loss per Uranium is AEy = (92)* - AE,, = 8464 - AE, = 10.9 MeV

The same calculation as above leads tol, = 1.2 mA Ii.e. saturation of the IC and a SEMli;ss_t_)e}ter!
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Low Current Measurement for slow Extraction
B 9 N TR

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

Particle detector technologies for ions of 1 GeV/u, A = 1 cm?;
U=92

» Particle counting:
max; r =~ 100 1/s
» Energy loss in gas (1C):
min: lg.. = 1 pA
max: lge. =~ 1 pA
» Sec. e— emission:
min: . = 1 pA
» Max. synch. filling:
Space Charge Limit (SCL).

—
-

Nuclear Charge Z

g
I
'—k

» I
| P I | |

. I o
10" 10° 10'10"
Particles per second

G=N
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Secondar'y Electron Monitor (SEM): Electrons fr'om Surface

For higher intensities SEMs are used.
Due to the energy loss, secondary e~ are emitted from a metal surface.
The amount of secondary e~ is proportional to the energy loss

I Y dE I
sec — '’ dx " Theam Example: GSI SEM type
I . —
J material pure Al (~99.5%)
+ ‘
B 3 HY — # of electrodes 3
€ € Fitra o111 , 2 2 2
~_\ _~ beam a?tne surface %O x 80 mm
S > distance D 1mim
/2 ] voltage 100 V
metal plates -
ISSC
-

Advantage for Al: good mechanical properties.
Disadvantage: Surface effect!
e.g. decrease of yield Y due to radiation

current measurement

It is a surface effect:

— Sensitive to cleaning procedure o _ .
—» Possible surface modification by radiation = Ti foils for a permanent insertion.

Sometimes they are installed permanently in front of an experiment.

G5
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Exercise #3: Slow Extraction Current Measurement 2/2 T

Assume a beam of N; = 1.25-1012 protons extracted from a synchrotron within 1 s
The current should be measured by an SEM

For Aluminium plates the secondary electron yieldis Y =27.4 e'/(MeV/mg/cmZ)
The energy loss (frequently used units!) is dE/pdx = 1.77 keV/(mg/cm?)

Calculate the electrons per proton and the secondary current emitted by the SEM!

The secondary electrons for one proton is aprotonisl, =Y - % = 0..048 e~ /ion

this corresponds for an extraction N; proton withint = 1sto a currentof I, = N; -1, = 9.7 nA

The energy loss (described by Bethe-Bloch equation ) scales with dE/dx och2

Assume a beam of N; = 1.8-10'0 Uranium with Z,=92 extracted within 1 s
Calculate the electron per Uranium and the secondary current by the SEM!
The scaling of the energy loss is AEy; = (92)* - AE,

with the number of Uranium pert=1sitisl, = N;-I, = 1.2 pA

SN
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Summary for Beam Profile O.

B\ L T . W O TRERSSE ™
Different techniques are suited for different beam parameters:
e -beam: typically @ 0.3 to 3 mm, protons: typically @ 3 to 30 mm

Intercepting <> non-intercepting methods

Direct observation of electrodynamics processes:

» Synchrotron radiation monitor: non-destructive, only for e -beams, complex
» OTR screen: nearly non-destructive, large relativistic y needed, e -beams mainly

Detection of secondary photons, electrons or ions:

» Scintillation screen: destructive, large signal, simple, all beams

» lonization profile monitor: non-destructive, expensive, limited resolution, for protons
» Residual fluorescence monitor: non-destructive, limited signal strength, for protons
Wire based electronic methods:

» SEM-grid: partly destructive, large signal and dynamic range, limited resolution

» Wire scanner: partly destructive, large signal and dynamics, high resolution, slow scan.
» MWPC-grid: internal amplification, for low current proton-beam.

SN
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Exercise #6: Flying Wire for transverse Profile in a Synchrotron ’.
Y ,

Instead of several wires, one wire is scanned though the beam.

Fast pendulum scanner for synchrotrons; sometimes it is called ’flying wire’:
out

GSN
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Usage of Wire Scanners T
BN LR TP . W ]

Material: carbon or SiC — low Z-material for low energy loss and high temperature.

Thickness: down to 10 um — high resolution.
Detection: Either the secondary current (like SEM-grid) or
high energy secondary particles (like beam loss monitor)

flying wire: only sec. particle detection due to induced current by movement.

Proton impact on
scanner at CERN-PS Booster:

beam ST
computer =
secondary o Sy
particles scintillator ) 20000 - g SRS
counter L omo
________________ _ " a
=:'-:----—::‘_.:r:::::::::f:D:—CP 215000 + L oa ™
wire PM z £."
— ) Z 10000 + .
position reading s .
rotation e A
u
u
S d icles: 0o % % % |
econdary particles: 3 56D i £06 S8
Proton beam — hadrons (7, n, p...) from nuclear interactions Kinetic energy (MeV)

Electron beam — Bremsstrahlung photons.

SN
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Exercise #6: Transverse profile by flying wire scanner i

BN\ UL T . maw J TEESSE ™
Assume a beam of 1012 protons at 1GeV stored in a synchrotron.

The beam size 10 x 10 mm? with p,....=const (for simplification), the revolution time is 1.0 ps.
The wire is made of Carbon with 50 x 50 um? and scanned with v =10 m/s.

[Carbon is light material of p=2.2 g/cm?® density therefore low stopping power.]

The energy loss is dE/ dx= 4.29 MeV/cm.

Assumptions: rectangular beam and wire, no betatron oscillations.

_ _ thickness Ax = 50 pm wire scanned with v =10 m/s
Basic question: H ¢ .

Does the wire and the beam survive the scan? ”

t Movement for distance
AX =50 um _
beam | dbean umf Ax =50 um
=10 mm - withint,= AX/v =5 ps

beam: circulates in synchrotron with t.,, = 1 us

SN
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Exercise #6: Transverse profile by flying wire scanner 1/3 i

Assume a beam of 1012 protons at 1GeV stored in a synchrotron.
The beam size 10x10 mm with p,.,,=const (for simplification), the revolution time is 1.0 ps.
The wire is made of Carbon with 50x50 um and scanned with v=10 m/s.
[Carbon is light material of p=2.2 g/cm?® density therefore low stopping power.]
The energy loss is dE/ dx= 4.29 MeV/cm.
Calculate the relative energy loss per passage through the wire!
Calculate the average energy loss during the scan! How many passages an ion does in average?
Is this device nearly ‘non-destructive’ <> Are the particles lost?
Result: Energy loss for one passage: AE, ;55 = Z—i -Ax = 0.021 MeV

time to move by one wire thickness of Ax =50 um: t,, = % = 5.0 us

t - d
average numbers of passages: Npgss = tA" = 5, total time for the scan: t;,; = — = =1ms

rev

Proton’s energy loss: AE = Ny, ;5sAE) 45 = 0.1 MeV
AE

= = 10~*i.e. lower than typical longitudinal acceptance i.e. beam survives

kin

SN
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Exercise #6: Transverse profile by flying wire scanner 2/3 *g
RN G v & ‘
Assume a beam of 1012 protons at 1GeV stored in a synchrotron.
The beam size 10x10 mm with p,.,,=const (for simplification), the revolution time is 1.0 ps.
The wire is made of Carbon with 50x50 um and scanned with v=10 m/s.
[Carbon is light material of p=2.2 g/cm?® density therefore low stopping power.]
The energy loss is dE/ dx= 4.29 MeV/cm.

Role of thumb: The maximum power rate to prevent for destruction is about 1 W/mm.
Is the wire destroyed?

Result: Energy loss for one passage: AE, ;55 = 0.021 MeV

t
average numbers of passages: Npqss = = =5

trev

Total energy W = e - AE 445 * Npgss® Notorea= 0.017 ], total power P = tW =17W
tot
power per mm B,,,,, = winm = 1.7 % I.e. on the border
— more realistic calculations required
SN
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Exercise #6: Transverse profile by flying wire scanner 3/3

~

Assume a beam of 10° Uranium ions at 1GeV/u stored in a synchrotron.

The beam size 10x10 mm with p,.,,=const (for simplification), the revolution time is 1.0 ps.
The wire is made of Carbon with 50x50 um and scanned with v=10 m/s.
The energy loss is dE/ dx= 3.6x10* MeV/cm _(instead of 4.3 MeV/cm for protons).

Why is the energy loss so much larger?

Are the particles loss? Is the wire destroyed? Repeat the same calculation for this case!

Result: Energy loss for one passage:
I.e. for Uranium after one passage

out for longitudinal acceptance

= beam is lost during scan!

Result: Energy deposition in the wire

is significantly higher than destruction level W J]

= the wire is destroyed!

What happens for not fully stripped ions (i.e. ions with some bound electrons)?

What is an appropriate method of profile determination for the Uranium case?

Peter Forck, JUAS Archamps

p U
AEpqss [MeV] 0.021 178
AFEpess/Egin | 2.1-107° 7.0-1074
P U
0.017  0.142
P [W] 17 142
Prm [W/mm] 1.7  14.2
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Ioniza'rion Profile Monitor ;z.
Non-destructive device for proton synchrotron: (IPM with 175 x 175 mm clearance]

» beam ionizes the residual gas by electronic stopping

» gas ions or e” accelerated by E -field =1 kV/cm “--» =
> spatial resolved single particle detection Be—
beam B
HV electrode ., . =

Voltage divider 5
Ok MCP: 100 x 30 m
—] +5 KV i ~J
E  beam : B - :
— 4 kV Realization at ¢ %
— @ +3kV GSI synchrotron: &%
+ |
—] H, 2KV | -J=
| 2 1 } m +1kV
/ —— 0kV A
MCP Anode:  One device per plane. * (
Position readout ' b &

Typical vacuum pressure: ere, 2 mm spacing
Transfer line: 1078 — 107 mbar (N,) T e e
Synchrotron: 1071 — 107 mbar (H.,). LR,

SN
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Technical Realization of a Shoe-Box BPM %

X RV e e N

Technical realization at HIT synchrotron of 46 m length for 7 MeV/u— 440 MeV/u
BPM clearance: 180x70 mm?, standard beam pipe diameter: 200 mm.

/IR 1ght
channel

SN
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Shoe-box BPM for Proton Synchr'o'rr'ons | ‘g

Frequency range: 1 MHz < f+< 10 MHz = bunch-length >> BPM length.

Signal 1s proportional to actual plate length: | beam Size: 200x70 mm?
ligne = (@+X)-tana, | =(a- X) lana horizontal
| -] vertica
— X=2a° right  “left Uright
Iright + e _[>_
In ideal case: linear reading 1.
X:a_Uright_UleftEa AU i i
Urlght + U Ieft ZU - a beam
- i [ ¢ Hortv=20) suard rings on
W Hor.(y=0) sround potential
A Hor (y=+20)

W Ver.

y=
mer?’ 21 Shoe-box BPM:
low=n| - Advantage: Very linear, low frequency dependence

AU/SU

1.e. position sensitivity .S is constant

S S S S S . : :
| RN Disadvantage: Large size, complex mechanics

1 L] T 1 T 1
-80 60 -40 -20 0 20 40 60 80
beam position [mm]

high capacitance

SN
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Example of Transfer Impedance for Proton Synchrotron 9
The high-pass characteristic for typical synchrotron BPM:

Uin(@)=Z(®) - 1,0 (@)

Al 1l  ole, ;
278 C 1+ @* & o'
@ =arctan(w,,, / w) | ﬁ

Parameter for shoe-box BPM:

C=100pF, I=10cm, =50%

foui= 0/27=(27RC)"!

for R=50 Q) = f, .= 32 MHz ]

for R=1 MQ = = 1.6 kiz e TR T HRT N T
frequency f [MHz|

|Zt |:

ut

- —--high impedance 1 M}

transfer imp. (7| [Q]
'_\
-
[

low impedance 50 (2

Large signal strength — high impedance
Smooth signal transmission — 50

SN
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Exercise #8: Signal Estimation for a broad-band BPM 1/2 %

Assume a shoe-box BPM of length 1=20 cm, radius a=10 cm and capacitance C=100 pF
The beam velocity is = 0.5 and the bunch length is ;= 100 ns.

Assume a position linear sensitivity of S=1/ai.e. U ,/Uy = X/a.
Calculate the transfer impedance for half-cylindrical plate and termination of R = 1 MQ!

Calculate the sum voltage Uy for Iy, = 1 A!

Calculate the different voltage for x = 1 mm displacement!

Result: Transfer impedance for R=1 MQ.: Z; = B—iC % = ﬁ—ic = 6.7 Q with A = mal

=133V
=6/ mV

Sumvoltage for I, .., =1A:U;=2Z, -l
Difference voltage for x =1 mm: U, = E Zy  lpeam

What are the corresponding values for a termination with R = 50 Q?
The transfer impedance is not constant, what does it mean? Use Z(502)=Z,(1M£)/20 .

Result: Sum voltage for I, =1A: U;=2Z,(50-Q) - l,,,,, = 670 mV

Difference voltage for x =1 mm: U, = E Z,(50-Q) -l = 3.3MV

SN
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Signal Shape for capacitive BPMs: differentiated < proportional 9
Depending on the frequency range and termination the signal looks different:
» High frequency range o >> w:

ZtOC Ia.)/a)cm _)1:>Uim(t): = ) = ) A 'Ibeam(t)
1+iw/ @, C pc 2ra

= direct image of the bunch. Signal strength Z, o A/C i.e. nearly independent on length
> Low frequency range o <<,
o/ : A : A dl
Zoo 2 % i Y oy (t)=R-———ial,, (t)=R- - beam
1+iw/ o, @, pc-2na pc-2ra  dt
= derivative of bunch, single strength Z, «c A, i.e. (nearly) independent on C

Example from synchrotron BPM with 50 Q termination (reality at p-synchrotron : 6>>1 ns):
proportional
I I I I

og=In=
W

w2 4 3] 3] 10
time [ns]

SN
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Calculation of Signal Shape (here single bunch)

BN\

The transfer impedance is used in frequency domain! The following is performed:

1. Start: Time domain Gaussian function I.,,(t) having a width of a;

derivative intermediate proportional
| | | | | | | | | | | |
2 \\ g=100ns r’\\ g=10nsz /\illns
) £ \
’ \ ’/\ \
A‘/ \h. - \'h-..
--I \_.--"““”H
beam =10
—U
| 1M I | I I | I I | I I
00 02 04 06 08 10 20 40 80 80 100 2 4 B B 10
time [u=] time [ns] time [ns]
-1
2.FFTof I,,,, (0 lealdsltc|) ﬂ.le] frleqllleflcry ]dolmlalln ]GeTluslsw[mII b eam(f) Wlth os=(2noy)
- g —100 ns o,=10 ns 1 o= 1 ns
% RN of=1.6 MHz N2 crf=16 MHz > O'f=160 MHz
L . 1 1 _
= \ :
= | \\\ —-Ibaam(f) T __Ibeam(f)“ _-Ibeam(f)_
[ . - —_
P S Ull) | U) -
T T L . P IR B !

0

200 40 60 80 O
frequency f [MHz]

2 4 6 8 0
frequency f [MHz]

200 400 600 800
frequency f [MHz]

3. Multiplication with Z,f) with f. =32 MHz leads to U;,,(f) =Z ()L}, ()
4. Inverse FFT leads to U;, (1)

Peter Forck, JUAS Archamps
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Exercise #8: Signal Estimation for a broad-band BPM 2/2 g

BN\ .S T . WO /RS ™
Assume a shoe-box BPM of length 1=20 cm, radius a=10 cm and capacitance C=100 pF

The beam velocity is #= 0.5 and the bunch length is ¢;= 100 ns.

Assume a position linear sensitivity of S=1/ai.e. U ,/Uy = X/a.
Compare the signal strength to the thermal noise (using the theoretical minimum):

The thermal noise voltage at T=300 K is given by

Upoise = (4Kg T-R-4f)Y2 and kg=1.4-10"23 J/K within the bandwidth Af = 100 MHz !

Calculate Uy for R=1 MQ and R=50 Q termination !
Result: Thermal noise for R =1 MQ: U, e = \/4kBTRAf = 1.3 mV

Thermal noise for R =50 Q: Uyppise = /4kgTRAf = 9.2 pV
A displacement of x =1 mm should be detected.

What is the minimum beam current 1, t0 achieve a Signal-to-Noise Ratio S/N=2 !

Result: For R =1MQ & U, =2 U, (IMQ): Iyeqm = = - m U, i = 40 mA
t

1
ForR=50Q & U,=2 U, .(50Q): Ippam = % * 7 Gom Unoise = 5.5 mA

(not realistic because BPM from a low pass filter f cut (1MQ)=1.6 kHz: realistic 1., = SmA)

How can the position resolution be improved significantly? What is the physical reason?
-IEEESN
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Voltage Spectrum for the BPM and Train of Bunches, R=50 2 ?

What 1s the voltage spectrum for the case of a bunch train with ¢,=100 ns and f,..=1 MHz ?

How is the spectrum modified if only part of the buckets are filled?

1-2 T T T 04 T T T T T T T
14 + - .

7 10l 1% ol -~ single bunen | 1D€ SPeCtrum consists of
sl | =5 °®r I bunch train | ]ine separated by f,...
2 5 " -
- =} sl ' . .
% oe | 1 g oo RO N 1 The envelope is given by
b = & .06 - :
Il I : , \ the. voltage signal of
g 3 -02 1 moer) . 1 asingle bunch.
g 0.2 12 o2 H \ |
* LU ol "

0.0 ' ' ' -0.4 ' ' ! .00 Tk

0 2 4 6 8 0 2 4 6 8 0 2 4 8 8 10
time [us] time [us] frequency [MHz]
1-2 T T T 04 T T T T T T T
14 .

7 1o} = ol o nge bunen Side bands appear
—_ —_ 0.2 + _ b h t s .
§os| {3 g | unch train | — the power at f,. 1S
L B E reduced.
5 06 4 ¢ oo 8,
: 2 5
o 04 | 4 8 B
G s 02 4 A&
5 ozt l 15

00 J L J \ L J l L J 1 l J L _04 1 1 1

0 2 4 6 8 0 2 4 6 8 0 2 4 8 8 10
time [us] time [us] frequency [MHz]
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Voltage Spectrum for the BPM and Train of Bunches R=1 M.Q
What is the spectrum and the 51gna1 shape for a termination with R=1 MQ

Sketch and discuss the signal voltage for the case of a bunch train with ¢,=100 ns !

The cut-off frequency is Signal strength for long bunches 18 Uy, =Zi(f>f i) Lpeam=7 MV
Jo=1/(27RC)=1.6 kHz

—> the proportional shape is recorded

A baseline shift occur 1.e. no dc-transmission

Reason for this choice: larger signal independent on bunch length
However: larger thermal noise due to U,;=(4kp T-Af'R 12

1-2 T T T T T T 30 T T T T
< 1.0 + — B 5T 1 25 r - — — &
g . g . single bunch
—'5 '_; g bunch train
3 08 . 94 = - 22.0 m s .
g 0.6 . o 215 .
= S 2 _ \
5 3 s LD
° 04 - 4 8 1.0 | .
K= — 81 ! \
g g0 ! \
| 00000000 =1 ||} -

1]
|
0.0 l J 1 l IJl JllJl Jl -2 | | 1 0.0 I\\I“.- |

(=]
o
o

4 6 2 4 6 2 4 6 8 10
time [us] time [us] frequency [MHz]
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Numerical Value of U, (1) for Shoe-box BPM
BN o LA T . W RS ™

2.2.4 What is the voltage for the case of a single bunch with ¢,=1, 10 and 100 ns and

a current of max. value [, =1mA? (start with ¢,=Ins, other case only estimation)
Assume a value of the transfer impedance | Z,>f.,) |=7 Q2 above f, =32 MHz.

» For short bunches o,=1 ns — 0,~1/2705,= 160 MHz
1.e. main component above f,,, = proportional shape

= Usignar=2 (17 eud) Ipeam= 7 mV for the o,=1 ns case

» For long bunches with 6,=100 ns — 0,~1/270,= 1.6 MHz
1.e. all frequencies below f,,, = derivative shape
= Ugignar= 0.3 mV for the 6,=100 ns case (1.e. a factor 23 lower!)

» For the 0,=10 ns the signal must be calculated:

= U,,.,~3 mV for the 6,=10 ns case

signal ™

SN
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9

\

R !
proton source on U = 100 kV v
I max=90mA, 1,;,=0.1pA E.i,= 3 MeV, kin \
RFQ-LINAC TLLINAG
touse=1 Ms, repetitions 1s Fac:=300 MHz

experiment: experiment:
fast extraction  slow extraction

4 bunches within 1s extraction
0.7 pus [— L]

15t synchrotron
| =200 m

E.,= 100 MeV, E, = 1 Ge
0.76 ps < t,,<1.6 us

| . = 10%2 protons

2.6 MHz < f,..<5.3 MHz
I.e four bunches

transfer from 15t synchrotron:
10 x 4 bunches within 0.7 p

2nd synchrotron

| =2200 m HEBT
E.,=1GeV, E;, =100 GeV length 300 m
1.3US< L <84 pS Tune: Q, =4.28, Q, = 3.28
— 1013 PSR
| max = 107 protons Bunch length: o, = 20° Of rf
53MHz< f, . <6.1 MHz Tune: Q, =20.28, Q. = 18.28 EEes 0
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.
proton source on U = 100 kV
T._..=50mA, I_. =0.1pA

|
RFQ-LINAC

=1 ms, repetitions 1s
experiment:

max

facc

t

pulse

fast extraction
4 bunches within 1s extraction

0.7 pus [—

transfer from 15t synchrotron:
10 x 4 bunches within 0.7 p

2nd synchrotron
| =2200 m
E.,=1GeV, Ef,,,= 100 GeV
3PS < t,, <8.4ps
l..x = 1012 protons
53 MHz < f,. <6.1 MHz

E,..= 3 MeV,

=300 MHz

9

\

experiment
E,i,= 100 MeV \

DTL-LINAC

experiment:
slow extraction

15t synchrotron
| =200 m

E,,=100 MeV, E =1 Ge
0.76 pus< t.,,<1.6 us
| . = 10%2 protons
2.6 MHz < f,..<5.3 MHz
I.e four bunches

HEBT

length 300 m

Tune: Q, =4.28,Q, = 3.28
Bunch length: o, = 20° of rf
GSN

Peteq el FYAS 4i5hsBry = 18.28
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Exercise #6: Transverse profile by flying wire scanner i

BN\ . T . moaw S
Assume a beam of 1012 protons at 1GeV stored in a synchrotron.

The beam size 10x10 mm with p,.,,=const (for simplification), the revolution time is 1.0 ps.

The wire is made of Carbon with 50x50 um and scanned with v=10 m/s.
[Carbon is light material of p=2.2 g/cm?® density therefore low stopping power.]

The energy loss is dE/ dx= 4.29 MeV/cm.

Calculate the relative energy loss per passage through the wire!

Calculate the average energy loss during the scan! How many passages an ion does in average?
Is this device nearly ‘non-destructive’ << Are the particles lost?

The maximum power rate to prevent for destruction is 1 W/mm.

Is the wire destroyed?
Repeat the same calculation assuming 10 stored Uranium ions!

The energy loss is now dE/ dx=35640 MeV/cm.

Why is the energy loss so much larger?
Are the particles loss? Is the wire destroyed?

What happens for not fully stripped ions (i.e. ions with some bound electrons)?
What is an appropriate method of profile determination for the Uranium case?
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