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Beam fields

o Coulomb field is compressed for a relativistic electron
At rest: Relativistic:
\\ // \ | Small E-field
IS\ N\ v=const opening angle.
For SPEARS,
v = 5871

O Electron bunch in a circular vacuum chamber: magnetic field
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\ %—electric field
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Image charge on vacuum chamber

M. Wendt
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Beam diagnostics: Intensity/current G

O Non-destructive intensity measurements usually couple to the E or B fields or the image
current — resistive wall monitors, capacitive pickups, or toroids (most often)

o Toroid is a transformer: The primary is the beam and its image current. The secondary is
windings around the toroid.

CERN toroid: SSRL toroid signal:
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O Gated integral during bunch passage to get charge
o Total integral, including long tail, is zero (transformers do not couple DC)

O Length of tail determined by capacitance and inductance of loop around
toroid.

o If the beam current is DC or want to measure DC component, method
becomes more complicated — DCCTs are used (also in DC power supplies, ...)
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Photon factory DCCT

Image current high

Metal(Rovan) - Alumina frequencies pass through
/ ceramic . .
Yy capacitor; low frequencies
’ ,,;'f/ .
P p—— ta.ke the long way arou_nd
_Ceramic Break / High frequencies confined
) to vacuum chamber.

curren '
#

e- beam
J U
A4
/ ICF203 T Hond ¢ al
. . fionda et al.
Magnetic Shield ’
- 400 .| EPAC98

Basic Measurements Beam-based Diagnostics, USPAS, January 21-25, 2019, J. Safranek



LOW FREQUENCY COMPONENT
ISOLATED BY .010” GAP\

— T s S / INSULATED BY
P : CERAMIC BUSHINGS
°®;’ =

SN ﬁ o r‘]

‘ s
@ —
I — < — M0 GAP——p—— — — | -

BEAM DIRECTIO

image

i N /@ current
AN - ‘ANRS ‘ 7
~ / e \ J—J
| Z g M N

7% 11 /‘é// A \

f 2] SENSOR ISOLATED
CERAMIC BREAK PREVENTS i i ON ONE END

CURRENT FROM FLOWING A 4
THROUGH BELLOWS

In this case, capacitor (electrical break) and ceramic (vacuum) are separate.
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DCCT (or PCT) circuit
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The DC bias current is adjusted to remove

the 2nd harmonic (14 kHz) response of toroid.

The beam current is proportional to the DC
bias current.
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Simplified circuit, K. Unser, 1992
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SPEARS3 lifetime measurement w/ DCCT

Beam Current vs Time: Lifetime=41.17 hours.
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Lifetime vs. tunes o

o Resonant line:

O*= operating tunes
(14.19, 5.23)
o Data gathered

automatically on
owl shift.

1/(z*1) versus tune (raw data)
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Dynamic aperture vs. tune )

O Resonant lines:
L V=V, =9
% 3vg+ vy, =48
% 4vy + vy =62
O Resonances offset

from tune shift with
amplitude.

* .
O = = operating tunes
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shift.
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More DCCT-based measurements

O Energy acceptance —> 60 mIA/10 blunche'; | | * JE
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Beam scrapers; lifetime vs. vertical aperture “
A
s
Scrapers measure beam halo | r -

W.J. Corbett

Peter Stefan et al., NIMA, 1998
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SPEAR3 scraper measurements +

Three contributions to
lifetime:

* Elastic gas scattering
(Coulomb)

* Brehmsstrahlung
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Beam Loss Measurement

s*dc current transformer (DCCT):

v'Direct measurement of the global beam loss;
v'~10% uncertainty for 6 second integration with 500mA stored current

<+*Beam Loss Monitor:
v'Nal Scintillator with PMT tube;
v'High SNR;
v'Fast 1Hz rate;
v'Local beam loss;
v’ Insert scraper to capture most

of the beam loss at one location.
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GA coupling correction w/ beam loss monitor

AN

“*GA = Genetic Algorithm optimizer

“*Adjust 17 skew quadrupoles to ~150" Generation

n
&)

+» Minimizes vertical beam size.
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—
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+» Refill the stored current to
100mA twice;
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o

o
o

*» The optimization was paused r : r r
during the fill and restarted by ° ° Timethr) °

loading the dumped data after the
fill K. Tian
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Beam loss monitor measurement

At BESSY, the beam loss
was measured as a function
of tunes. The additional
losses associated with an
insertion device showed a
problem with nonlinear
fields. (More on Thursday).
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Beam Diagnostics: Position/Closed Orbit =

o BPMs are very important, and very challenging (electronics).
o There are many reasons why good orbit stability is necessary:

o Particle Physics Colliders:
v, Beam-beam overlap at interaction point.

%, Changes in orbit cause changes in gradient distribution (e.qg.
horizontal offset in sextupoles) or coupling (vertical offset in
sextupoles)

% The dipole errors that cause the orbit changes directly create
spurious dispersion (can lead to emittance increase, synchro-
betatron coupling, deleterious effects from beam-beam interactions,
...) or change the beam energy.

% Photon beams can be mis-steered, resulting in damage.
o Synchrotron Light Users:

¢, Stability of photon source point (flux through apertures, photon
energly afttir monochromator, motion of beam spot on inhomogenous
sample, ...
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Beam position monitors

¥ + +

—electric field

——————— -e-e- ———————

/

+ 4+ +
Image charge on vacuum chamber

Image charge down wire to capacitor as beam arrives
Image charge flows back up wire as beam leaves
Signal proportional to derivative of bunch charge
Capacitive pickups better for short bunches
(large derivatives)

A X pos X int

Interrupt chamber with capacitive pickups:
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Beam position monitors \

A B A /Forcircularchamber
* 'S ) EPEACRTETE
& D B X =
D ¢ M V2 (V, +V, + V. +V,)

Buttons Striplines

Electron BPM buttons sample electric fields; striplines couple to electric
and magnetic fields.

Button capacitive pickups Stripline inductive pickups

M. Wendt, DESY |
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Stripline BPMs

o Stripline to wall is 50 Q parallel plate

waveguide

O At upstream end image charge splits

between 50 Q waveguide and 50 Q
cable.

O At downstream end, charge in
stripline waveguide reflects and
travels back to the upstream port
with opposite charge to initial pulse

—2

upstream
ports

Pair of symmetrical
arranged

upstream strip-lines

ports i

Basic Measurements
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A8 Signal Processing Electronics

Bittner / Biscardi / Galayda / Hinkson/ Unser / Bergoz Narrowband Receiver

Normalization accomplished via multiplexing plus automatic gain control (AGC)*: ¢ More recently: Digital
..... BPMs only frontend is

Freg. K fo

o [ET . analog, followed by ADCs,
g—g > Pt g@% ::f,',:*,:-»;c FPGAs (sometimes DSP)

o

— 1 and digital signal processing

AGC T

Courtesy Kurt Vetter e

. F70, U5 Serantwent of
A\\.1 e C. Steier, Beam-based Diagnostics, USPAS 2015, 2015/6/22-25 ATAP ﬁ}.lg

— Office of Science



BPM
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= Long term stabilization
(I-Tech Patent)
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1) Electronic stabilization

b) Pilot tone for dynamic calibration

13000
12000
11000
10000
9000
8000
7000
6000
5000
4000

Ll

— Raw digitiser |7

0 100 200 300 400 500 600
Sample number

Cavity beam position monitor system for the Accelerator Test Facility 2
Y. l. Kim et al.; Phys. Rev. ST Accel. Beams 13,

An integrated RF synthesizer phase-locked to the ADC clock generates a
programmable CW pilot tone for dynamic calibration. The pilot tone is
combined with the beam signal within the Pilot Tone Combiner Module.

NSLS-Il RF Beam Position Monitor Update

K. Vetter, et al., (BIW12)
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CAVITY BPMs:
>
2
beam g
ﬁL | @ reference:
- “Cavity BPMs", R. Lorentz
oxf (BIW, Stanford, 1998)
\.\
| \—E-field TM010 | -
/ foo frequency

PHOTON BPMs: Copper fluorescence bpm:

Split ion chamber: Tungsten blade By T e

monitor:

V V Current Ampl.
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Longitudinal oscillations, BPMs

SPEARS3 digital receiver BPMs measure not only the
amplitude from each button, but also the phase with
respect to the RF, giving the variation in time of arrival
of the bunches.

Synchrotron phase vs. time FFT of synchrotron motion
R:\Controls\matlab\echotek\data\spearData_21_Jun_2005_22_07_14.mat R:\Controls\matlab\echotek\data\spearData_21_Jun_2005_22_07_14.mat
-38ﬁ L L U L U L L ] T T T T T T
500 mA 10*. [«—360 Hz synchrotron .
7 : 500 mA ;
& -885)- - j tune
[@)]
[0}
S 391 \
% 3
2 395 g 10
a v 2
c =
o €
g 0 <
5
2
€ -405. 10%,
(/)]
<
411
0 2 4 6 8 10 12 5 5 i 5 5 0
msecC kHz
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Beam frequencies

Using a spectrum analyzer with a BPM can yield a wealth of information
on beam optics and stability. A single bunch with charge q in a storage
ring with a revolution time 7, gives the following signal on an

oscilloscope

10) =Y q6(t—nT.,).

n=—00

where I’m assuming a zero-length bunch. A spectrum analyzer would
see the Fourier transform of this,

l(@)= ) q0.5@-nao,,)

n=—ao0

—> L roy—

Time Frequency
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Spectrum for finite bunch length

For finite bunch length, the single bunch spectrum rolls off as the
Fourier transform of the longitudinal bunch profile (Gaussian for e-

rings).
Courtesy J. Byrd
T | | | | T]
= ';-._:5 .:.;L‘ Wy wmmweseae gqUAre pulse
T WS e oL EaEe Gaussian pulse

? N !_.-"-’ f i\‘\‘:--. it

: i } ‘. i:l% i ".‘\
L) Pud et b

1 4 5 6

frequency (1/o0y)

For SPEAR3 6, = 4.5 mm, so c/o,= 67 GHz.
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Betatron tune

Combining BPM signals, VA-Vg-Vc+Vp gives a dipole signal that scales as
the product of beam current and position. For a closed orbit x., and a

betatron oscillation x4 the signal is

d(t)=(x,, +x cos(27zvt))2q5(t—n T..)

N=—00

The Fourier transform is
d(w) = qa)revxc.o.z o(w—nw,,)+qo revxﬂz o(w— (a)ﬁ +nw,_,))

f f, Wy =21V
-— rev_> s f—

Frequency

The tune is given by v = fﬁ/freV (with integer/half-integer ambiguity).
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Betatron tune, 2

The integer/half-integer ambiguity in tune measurement arises from
under-sampling of the betatron oscillations.

| S
¢
SRR
. '..' . "s
[ VS s
'\‘ 5 .
T SR
b sy .

soTry
7&2&%&*‘*‘\‘%
- o ¥ ..4'.. il
. R 3
«
Festasmamssts

Turn Number °

It can be resolved by measuring the shift in closed orbit from a
single steering magnet.

Ax, :Bi:Bj
AG.  2sin(zv)

gl

cos(lg. —¢. | —mv)

(8)/v/ Ba(s)
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Synchrotron tune

Synchrotron oscillations cause modulation of the arrival time of the
beam by the synchrotron tune. This also shows up as sidebands

around the revolution harmonics.

= I T P,

R P || D | ] ; l

m=0

L

......
.n[ . wees y]"' Lo

H

:

[ $

PSpectrum from synchrotron oscillations (courtesy J. Byrd)

O

frequency
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Measured
spectra

Typical tune
measurement

Typical

spectra

150 LPF | ' '
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eleotrode G I |t Sun et al. PACO01
e Amp. Track
/ generator
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PC Computer GP-IB
Card
-60 T T o T
measured T ———, a) betatron oscillations and small synchrotron oscillations
-80 <--———fl3 - —
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1120 i
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More on spectrum Y )

Tune measurements play an important role in many
storage ring measurements.

* Turn by turn measurements, FFT, NAFF
» Betatron phase measurement (Tuesday)

* Nonlinear dynamics (tune vs. amplitude; tune maps; tune vs.
closed orbit; Wednesday)

* Impedance measurements
» Beta function measurements

« Chromaticity
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Beta function measurement

Beta functions can be measured by measuring the change in tune with
quadrupole strength:

A(KL
Av=p (KL)
4
Measurement issues
- Keep orbit constant , | l ,
- Hysteresis — i v
- Saturation MNSC R e i

----- model from LOCO

« Sometimes cannot vary
individual quadrupoles

E 200
f measurement in PEPIl HER IR
indicates optics problem. 100
(Methods to be described Tuesday
were used to find source of oL

problem and correct it.)

Distance(m)
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SPEAR pB-function correction

SPEAR Betafunction Measurement 1/9/96

1. B functions measured at quads. 1
q’ ?50
2. MAD model fit to measurements. § £ w
Q| 4
3. MAD quadrupoles adjusted to fix < ¥, i J=
B’s. ML R\M AN
TV S
4. Quadrupole changes applied to ’ " R wo
ring. _
5. B functions re-measured at 7
quads. 60
6. Iterate. = ;;‘ N
8|1
L ARATRAR L
JYVYHTVYYY VIVY TV

0 50 100 150 200
s [m]

Courtesy Heinz-Dieter Nuhn
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Dispersion

Dispersion is the change in closed orbit with a change in electron

energy.
=) 2P
p

The energy can be changed by shifting the rf frequency.

AL/Ap L M 1,

L p p 04 rf

(a = momentum compaction)

o

So the dispersion can be measured by measuring the change in
closed orbit with rf frequency.

Ax
TN = _W[rf

Af rf
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Dispersion measurement

: OX Ray Ring 7 indicates large K, errors

- - - - oo oo ol oo oo oo ol Ao Lol
Dispersion dlsto_rtlon can come from x i oo — design model
quadrupole or dipole errors. 1oy X 3
1 £ 1.0}
" — X
n'+Kn =— S| J
px X )S(X
. X X
il LA VPR
Vertical dispersion gives a measure 0 60 120
of vertical bending errors or skew Distance(m)

gradient errors in a storage ring.

-9 PEPII 77, and 7, measurement
g
K _ 1 n Kskew [~
y Iy = (& =
IOy £ WWW%MW%
3.0 Uli Wienands
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Chromaticity measurement, & = dv/dog

To measure the chromaticity, the beam energy can be changed in one of

tWO Ways: 02880’3 ).2 0.1 A%/pin%—o.l -0.2 -0.3
1. Change the rf frequency. This 1 %\;Corrected £in LEP’
shifts the orbit in sextupoles, rE T
. . - . 0l |
giving the corrected chromat|C|ty. p f:
0.28 1
S
= ngf A I 10
f 0.276 | A I.
Used to diagnose sextupole mis- N
wiring in PEPII-HER. e

&vin SPEAR v [, .

F0.74

2. Change the dipole field. This
keeps orbit constant, measuring
the natural chromaticity. b

1 L, =1375.15 amp
Av o0 ] :
-0.64

§N _ 0.78 AI(amp) i 0.62

AB/B T8 e T8 4 25 -2 <7 6 7 % 3 4 &~
&y can also be measured from n vs. frf with sextupoles turned off.

F0.72
F0.70
-0.68

F0.66
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Natural chromaticity measurement

o Turn-by-turn BPM readings os
during natural chromaticity 03
measurement (sextupoles off)

5 Beam was kicked with g Ll
injection kicker to measure v, <01

o Why do oscillations disappear
and reappear? 04
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Beam size measurements

X-Ray pinhole camera

pinl]ole phosphqA

\mirror

video
camera

Pinhole camera array
il
(Kuske et al., Bessy) ME_
Phosphor screen a— ,?
J | Al filter Pinhole array - _::
: |.-9d t [k
Source -—— E ?—
=l = a0 j—
P il
q N 0 11111
0 10 20 30 40 50 60 70 80
SPez Intensity (grey levels)

Intensity R, R, Figure 2
" Left: image of a portion of the phosphor observed on a BESSY I bending

magnet. Right: integrated intensities of one column of images on the
phosphor.

™
~

See beam size lecture for more details
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Principle of streak camera

bunch Iength measurement S

- .
Y * Y HP7000, UNIX
T VME, Ethemet
-4 2.8ns . 1C-40
RF master steps gating oo
frequency I T pulse ac%lis.
%%1;;)’ - 092 generator =
steps * T 1

t K‘ A synchr
8.3Hz ‘ A
photo-cathode 88Mhz / frame-extr.

=3
/ fast slow :
ggglcal opizontal  NCP

ectlon eflection

CCD

Figure: 1 Synchronisation of the Streak Camera system

- Convert light signal into electron beam (photo cathode)
* Accelerate electrons

- Use fast deflection to translate time delay into position
difference

 In many ways similar to CRT ...
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Streak camera measurements
nominal

Low alpha measurements at SPEAR \ t I , : ( ' I ‘ ) ) | ' ' , , o c
Longitudinal instabilities at ESRF Fu

190409 ‘M

uuuuuuuuu nch current (au)

alpha/21
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Streak camera measurements at BESSY

AN

O Streak camera data

in blue

O Bolometer data in
red

Feikes et al., EPAC2004
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Momentum compaction

Using the model value of o for £ and n» measurements can lead to errors.
a itself can be measured in various ways.

! I 1 1 | I

Indirect measurement from

%‘ §1ope=4.1:t0.3
bunCh |ength fé 110 intercept=1.67.0 _
CG a ? 105 }=- i
S
O, = £ 100} PEPII-HER a |
rev Vs 3 measurement,
95 _ q
g Wienands et al.
i 90 _
11V,

Direct measurement: measure change in energy with rf frequency.

Ay
Ap/lp

o =
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Momentum compaction measurement

» _ 0thcos g, eVip

Vs
27 E
linear fit is 2 = 45.7463°V  + -16.8233
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Further reading

For more on beam measurements, see:

Beam Measurement, Proceedings of the Joint US-CERN-Japan-Russia School
on Particle Accelerators, S-l. Kurokawa, S.Y. Lee, E. Perevedentsev & S. Turner,
editors, World Scientific (1999).

My lecture was in particular derived from lectures in Beam Measurement by
Frank Zimmermann and John Byrd. The lectures by Frank Zimmermann are
given in more detail in:

M.G. Minty and F. Zimmermann, Measurement and control of charged particle
beams, Springer (2003).
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