Light Source Accelerator Physics, Lecture 2

Storage ring measurements — the basics

O Beam Diagnostics
v, DCCT
v, BPMs
%, Synchrotron light monitors
Y, Scrapers

% Loss monitors

O Measuring lifetime, tunes, 3, n, chromaticity, o
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Beam diagnostics: Intensity/current

O To measure the intensity of a beam one can apply many
methods (capacitive pickups, wall current monitor, toroids,
synchrotron radiation based methods ...)

O Most commonly used to measure current in a calibrated way
are toroidal monitors (ferrite toroid around beam, coil to
pick up induced voltage signal).

%, Complication is always stray fields, shielding of beam field due
to vacuum chamber (image currents), ...

QO If the beam current is DC or nearly DC, methods becomes
more complicated — DCCTs are used (also in DC power
supplies, ...)
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SPEAR3 DCCT
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Photon factory DCCT
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DCCT (or PCT) circuit
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SPEARS3 lifetime measurement w/ DCCT

Beam Current vs Time: Lifetime=41 .17 hours.
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Lifetime vs. tunes %

1/(¢t*1) versus tune (raw data)
R:fControls/matlab/Shifts/safranek/2004-02-14/scantunedata-00-23-36.mat

5.35 s

o Resonant line: , A\
'\ ]
S V=V =9 /N /
* . 5.3 [
Q™ = operating tunes ~
(14.19, 5.23) tS |
o Data gathered S s/ of
automatically on s =
. / L 09
owl shift. +
// 0.85
52
0.8
/ 0.75
/
515 515 U . - 0.7
141 14.15 14.2 14.25 14.3 14.35

Light Source Accelerator Physics, lecture 2 James Safranek, Indore, January 14-18, 2008



Dynamic aperture vs.

tune

O Resonant lines:
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Beam scrapers; lifetime vs. vertical aperture

Scrapers measure beam halo

W.J. Corbett

Peter Stefan et al., NIMA, 1998
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SPEARS3 scraper measurements.
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Physical aperture probe
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Beam loss monitors

Electrons hit vacuum chamber and generate e+/e- shower which can be
detected with beam loss monitors. Advantages over DCCT:

* Large dynamic range — can measure small losses
» Can localize losses for injected and stored beam

* Losses at small vertical gaps (insertion devices) from Coulomb scattering.

* Losses at high dispersion locations (Touschek scattering).

Operating principle

Bergoz PIN diodes
generate pulses
when from ionizing
particles.

A scintillator with a photomultiplier is another commonly used BLM.
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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 Accelerator Physics:

%, 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.
v, Beam-beam overlap at interaction point.

O Synchrotron Light Users:

¢, Stability of photon source point (flux through apertures, photon
energy after monochromator, motion of beam spot on inhomogenous
sample, ...)

¢, Stability of interaction point in colliders.
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Beam position monitors B
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Buttons Striplines
Electron BPM buttons sample electric fields; striplines couple to electric
and magnetic fields.

Striplines

I. Tabiyama, KEK
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Capacitive Pickups, Button BPMs

Charged Particle Beam Pickup Electrodes
Capacitive buttons

A B
- Broadband, up to = 10 GHz
- Most effective when button diameter is comparable
to the bunch length
_|_
- Minimal wakefield interaction with beam

A-B+C-D
X =K
* "A+B+C+D c D
B A+B-C-D Accelerator vacuum chamber
Y =Ky
A+B+C+D

e.q. for round buttons of radius a in round pipe of radius r

a @ R
Z (@) =Vy /1=

2rBc (1 +]joRC)

wheref =v/c,
R = Transmission line impedance,
C = Button capacitance
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CAVITY BPMs:
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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
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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 o
I(t)= Y q6(t—nT,),

n=—00

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

(@)= ) qo. 0(@-nao,,)

n=—0o0

_ - —> ) <
L _>TreV<_ i a)rev
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
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For SPEARS3 o, = 4.5 mm, so c/c,= 67 GHz.
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Betatron tune

Combining BPM signals, V,-Vg-V+V|, gives a dipole signal that scales as
the product of beam current and position. For a closed orbit x., and a
betatron oscillation x, the signal is

d(t)=(x, +x cos(27zv[))2q5(t nT.)

n=—00

The Fourier transform is
d(a)) = qa)rev'xc.o. Z 5(&) na)rev) + q rev'x,B Z 5(0) o (a)/? Thno rev ))

f., fy
«— e

e —

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

hSpectrum from synchrotron oscillations (courtesy J. Byrd)
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More on spectrum

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

* Turn by turn measurements, FFT, NAFF
- Betatron phase measurement (Wednesday)

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

* 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 , | | [
- Hysteresis — " Pl v
- Saturation i e d

-----model from LOCO

« Sometimes cannot vary
individual quadrupoles

B measurement in PEPIl HER IR
indicates optics problem.

(Methods to be described Tuesday
were used to find source of g =
problem and correct it.)

Distance(m)
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SPEAR B-function correction

1. B functions measured at quads. “1
q, EEIII
2. MAD model fit to measurements. | i«
Q| g
3. MAD quadrupoles adjusted to fix < | £, i
¥'s ‘ NAPTTILT IR in,
' SRV EUTY VYUY VYN
4. Quadrupole changes applied to 1] a0 100 - 150 200 250
ring. _
5. B functions re-measured at m
quads. 6
6. Iterate. & Em}\ |
s il |
L ARANTRAT T\ R ]
JYVVHUTYYY VWYV VYYY

Courtesy Heinz-Dieter Nuhn
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Other  measurements

1. Fit B and ¢ to measured orbit response matrix (Y. Chung et al.,

PAC’93) 57
Axl. ilFj
i — . COS(| ¢i - ¢j | —7TV)
AG.  2sin(zv)
NBPM*Nsteerer data
2*"Ngp+2* N eerert1 Unknowns

2. Fit quadrupole gradients, K, to
measured orbit response matrix.
From K get 3 (Tuesday lecture).

3. Derive from betatron phase
measurements (Wednesday
lecture).

4. Beam size measurement Measuring p

mismatch; injected| _z=a,
O = gIB beam; SLC 7

damping rings.

Tuma " Tum 12

Minty and Spence, PAC’95
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Dispersion

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

energy.
n=ag/ P
p

The energy can be changed by shifting the rf frequency.

04 AL/Ap = % = —l Af”f (a = momentum compaction)
L/ p p a f,

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

Dispersion distortion can come from

X-Ray Ring 7 indicates large K, errors

quadrupole or dipole errors. L v P vt v P
)( measured — design model
1 1o X .
" .
77)6 +Kx77x _ = 49k ,
= :
px S
< 05 ; X .
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X %1 | B
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of vertical bending errors or skew S é‘o st

gradient errors in a storage ring.

1
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Distance(m)
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Chromaticity

Quadrupoles focus high energy particles less than low energy particles.
This leads to a decrease in tune with energy (natural chromaticity):

Decrease in tune with energy is corrected with sextupoles (position
dependent focusing), N

= = — \_“'_ __q_l
K=mx=mnAp/p j}aﬁ_c

K is the gradient, m is the sextupole strength.

The chromaticity with sextupoles is called the corrected chromaticity,

S
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Chromaticity measurement

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

two ways: T T T
1. Change the rf frequency. This i % Corrected &in LEP]
shifts the orbit in sextupoles, apX i
giving the corrected chromaticity. S 12
A % 028 - ) g
= — _— 0278} 1=
B aﬁf Af ;i
7f 0.276| 1T
Used to diagnose sextupole mis- R T W T
wiring in PEPII-HER. 0.90 - ey ~0.78

&, in SPEAR v,

FO.76

-0.74

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

1 1=1375.15 amp
A | 24 o.80 4 °

5 — ] L0.64
N 0.78 . IA['(arFlp) --i: 0.62

 AB/B B
&y can also be measured from n vs. frf with sextupoles turned off.

F0.72
0.84 - -0.70
-F0.68

-0.66
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Beam size measurements

X-Ray pinhole camera

wirror

video
camera

Pinhole camera array
(Kuske et al., Bessy)
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" 2 o l » magnet, Right: integrated intensities of one column of images on the
phosphaer,
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Beam size measurement, spatial coherence
(Mitsuhashi, PAC97)

Michelson’s method for measuring the size of stars applied to measuring
electron beam size. Spatial cohence increases as beam size decreases.

double slit
/

»

1
-_/ dichromic sheet polarizers gﬁ 12
Interferogram E 1 -
_ g 08
L 0.6
O
= 04
Q
"\Tf lens D=80 mm, f=1000 mm = 02
1 band-pass filter 700 nm +/-5 nm i 0 1 | |
25 T T T 0.00 022 0.44 065 0.87 1.09 1.31

position (mm)

<4+ Vertical beam size can be obtained from
the Fourier transform of the degree of
spatial coherence.

A -0.5 0 0.5 1 | SRS )

beam size (mm)
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Laser wire beam size measurement

A laser wire successfully measured very small beam sizes at KEK ATF,
H. Sakai et al., PRST-AB Volume 5 (2002)

( Expanded view of laser wire region)

Photon derector systeni Laser wire system

Bending Magnet

Scattered © £ :?“J electron

— Optical cavity "'E] |

electron
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e A s ARmE amy o
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1.28 GeV linac
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Movable table
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Principle of streak camera

= -
Y * Y HP7000, UNIX
o ﬂfla}, WVME, Ethemet
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Figore: 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 ...

Light Source Accelerator Physics, lecture 2 James Safranek, Indore, January 14-18, 2008



Streak camera

Longitudinal instabilities at ESRF




Momentum compaction

Using the model value of o for £ and 7 measurements can lead to errors.
« itself can be measured in various ways.

95

Indirect measurement from slope—d 1203
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Direct measurement: measure change in energy with rf frequency.
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Momentum compaction measurement

lingar fit is f‘: =45.7T4B3°V | + -16.8233
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SPEAR3: Longitudinal Dynamics

Sextupoles on | Sextupoles of f
aq = 1.19 E-3
(0.5 ==-2.1E-3 (0. =37.4E-3
[ 158
ol Ll a
- ——=-0.0317
N 4D tracking using AT
S "';;,.!.?HETIH& Nonlinear Beam Dynamics January 9, 2004 SSRL L. Nadolski 63
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o, measurement

O |a,|, sextupoles off >> |a,|, sextupoles on

O Energy aperture much reduced with sexupoles off
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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 a new book:

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

Light Source Accelerator Physics, lecture 2 James Safranek, Indore, January 14-18, 2008



