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Two Lecture Outline

* Introduction

* Beam Measurement Techniques
 Beam Generated Signals
* Beam Properties
* Lattice Parameters
* Beam Processes

e Beam Instrumentation
e Beam-Sensor Interactions
* Diagnostic Architecture
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Beams are composed of 100’s to 10**8’s of individual particles.
Getting them all from point A to point B can be a challenge

* Tuning, optimization of beam quality

* Targetry, beam collisions

Interaction %
Poirt

* Monitoring, stability, minimizing losses,
machine protection




* Measurements
* Incorporate (incomplete) knowledge of lattice, beam dynamics
* Point vs. Distributed (lattice-dependent) measurements

* Diagnostics are techniques involved in performing a measurement
* Direct vs indirect measurements
e Correlations — use known dependencies

* Instrumentation is the set of particular devices used in the
execution of the measurement

* Set of beam sensors, signal transmission lines, data acquisition and
reporting systems, controls and feedback



Diagnostics vs. Instrumentation examples

Measurement Diagnostic Instrumentation

Beam wall return AC Current Transformer +
Beam current i
current electronics
Beam E-field

Beam position Capacitive pickups + electronics

distribution @ walls

Quadrupole magnet + view

Beam emittance (1DoF) Quad scan
screen + camera

Particular diagnostic/instrumentation methodologies rely on particular types
of beams and beam parameters/lattice functions, available beamline space
and shielding, required measurement accuracy and precision, cost, . ..
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* Only some beam and lattice parameters are directly measurable
* Typically involves an interceptive or destructive measurement

* Many quantities of interest are determined by known correlations

 Lattice parameters and beam parameters are determined iteratively, or through
complementary means
» Space/time and frequency domain measurements are used extensively

* Single pass vs. multi-pass beamlines employ differing measurement modalities for the same
qguantity of interest

* Dedicated diagnostic stations are established with well known positions and
alignment characteristics



Typical beam measurements

Beam quantity LINAC, transfer line Synchrotron
IVI easu re me ntS a nd aSSOCIatEd current [ general || transformer (de, pulsed) transformer (dc)
Faraday cup
. . . . aperial particle detector normalized pick-up signal
diagnostics and instrumentation are (Scint. 1C, SEM)
. o position T general || pick-up pick-up
S pec |f| C to apecial using profile measurement cavity excitation (e
profile Tu;am general || SEM-grid, wire scanner residual gas monitor
° Geomet ry Of bea mhne viewing scroen, OTR-scroen | synch. radiation (e—)
wire scanner
* linac, synchrotron booster, storage ring, : cpecil fendwinampl RT0) L _
) ] . . ) trans. emittance general || slit grid residual gas monitor
analyzing beamline, injector, final focus, quadrupole scan
etC.) aperial pepper-pot transverse Schottky pick-up
wire scanner
° Pa rticle type MOMentum general || pick-up -:'-]'{:I[-'jn pick-up
pand Ap/p MAZN. Spectrometor
* Hadron, lepton, neutron, neutral atom, special Schottky noise pick-up
. bunch width A general || pick-up pick-up
rare isoto pe wall current monitor
apeciol particle detector streak camera (e )
i Bea m ene rgy socondary electrons
. . long. emittance general || magn. spectrometer
® Bea m IntenS|ty Elong buncher scan
apeciol TOF application pick-up + tomography
° Bea m t| me Stru Ctu re tune, chromaticity | general exciter + pick-up (BTF)
Q. £ aperial transverse Schottky pick-up
° beam loss ., general particle detector
vl polarization P general particle detector
aperial Compton scattering with laser
lnminosity £ general particle detector
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SIS-18 Synchrotron at GSI: diagnostic suite

Injection

Physics 862 Accelerator Systems, Fall 2019

Device Furpose

12 BPMs Position, tune

3 Phase pick-up | Longitudinal structure
Quad pick-up Tune, Quadrupole oscilla-

tions

Schottky pick-up

Schottky diagnostics

2 DC-CTs Current

1 FCT Bunch structure
1 ACT Injected current

1 IPM Transverse profile
1 Wire grid Transverse profile

1 Scint. screen

Transverse profile

2 Beam exciters

Excitation

15 BLMs

Beam losses
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Lienard-Wiechert Fields

g n—p lnx((n—ﬁ)xﬁ)
E(x; t) — ATTE, y2(1_ﬁ.n)3R2 C (1—ﬁ-n)3R

/ ret

VelOCity fields Retarded position
Acceleration fields O\
\\H q ﬁ

1
B(x; t) — - [n X E]ret

Apparent position

.--" I\‘—ttl /
—Y  Xo(f) v(t')

Transverse fields ~y

‘ ~ Longitudinal fields ~1/y?

'
Uniform motion, <<1
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Fields of beam bunches (constant velocity)

* Lorentz Transformation of ct' =y(ct—pn-r)
coordinates (here n=p/f) r=r+(y—-1@ -n)n-yPfctn

e Lorentz Transformation of fields E\ =E B\ = By

E,'=y(E, +vXB) B,'=y(B.—5vxE)
* Lorentz Transformation of charge cp' =y(cp—pn-J)
and current densities J =]+ —-1D(J -n)n—-yBcpn

il 5= 00 For a point charge on axis,
1 \ the extent of the pulse is
il

fli

approximated by (cf. Shafer)
Effect of metallic boundaries Ot = NE
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Field from 2D Laplace Equation

* In the limit of neglecting longitudinal end
effects (bunch length >> pipe diameter),
we can solve the 2D Laplace equation in
the beam rest frame with Doppler shifted

spectrum

* Include modulation effects (wavelength >>

pipe diameter)

* For long pulses that are nonrelativistic or
only mildly relativistic, the fields are well

approximated by electrostatics

Field Lines and Equipotentials

\ S

[ 3%

Y (cm)
=}

! L/

-2 0 2 4
X (em)

Figure 8. Field lines and equipotential contours found by conformal mapping.

* Intense beams may require self-magnetic

field corrections
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Bunched beam
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Coasting beam with modulation
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Simple beam model

* Assume a beam, carrying current /, of radius a
centered in a pipe of radius b.

117 2 Coulomb field temporal profile :
P=Tazv ~ ma? N
* The radial electric field at the pipe surface is \T/,
_ pa’ _ A /.\
F = e ¢
28019 27'[8019
* The surface charge density induced at r=b is p=d B=0. B=0.9999
o, = &k, = A
- — . € i
S 0= 2Th EL’D(TO”:)= of ' 5 —— 0 T
' P - dmey (5 +y2vE (L — t)?)3/?
* The azimuthal magnetic field at the pipe surface ,
/-LOI Coulomb field of one electron
Q 21th ®High energy , Coulomb field temporal profile is approximately the bunch
. . . . temporal profile ,
* With surface current density (longitudinally) ® Broadening of profile: ¢~
~1
= —=—v0
S 27th S
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Wall currents and charges

* Off center beam in pipe creates azimuthal surface charge density
distribution

—-'!'lb EIE o ﬂﬂ E - P
_ _ 1ab(1) = V- EL yest (1)
79) 2mh [bﬂ + p* — 2bpcos (# — @1] . e

o0) = 1423 (&) cos o {a—@}_ﬁ]
i =1

beam pipe
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Time/Frequency description of beam signals

* RF and beam pulse structure current A

 Compromise between .
e Cavity rf frequency (aperture, transit factor)
* Power generation and handling (CW/pulsed)
* Experimental requirements

macro pulse
|

macro pulse period

—

rf period

i ] "
bunch curt Ibu nch

pulse curr. Lyjee

ﬂ mean cur. Iyean Il

.

| ._ ll;: l *
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tfime

Capacitive probe
Why is the signal
bipolar?
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Beam spectra examples

* Beam signals reveal the bunch
structure and loading or fill pattern

* Multibunch dynamics are revealed in
sidebands and harmonics of
underlying carrier frequencies

Below is some raw spectra of a BPM sum signal from the ALS showing coupled bunch
oscillations. The measurement was made with 328 bunches (all RF buckets) filled as
equally as possible. The number of rotation harmonics from the RF frequency is given in
each graph. The upper graph was measured at 20 mA and the lower at 95 mA.

201 20mA | s L R n=1247]
40 - | | 4 —
60 |- I| || A | |1 ) . -]
‘g 80 |- || || N " F‘ A H. || 1 |1 _
"E; 100 l_ 1 1 ""‘“"T_‘""""l“""'L"‘i""“'Jl""‘l“"“Jr ll'l"“"‘"'T"_ _"l' - “|IL““E| —e—T __"““""““""‘"In “‘1““‘Jl‘1‘“““‘“"|""""”““"“|_
Z olosma |1| ool T s T T ] T T nciz
= |
E I
g ol I - 14 + .
60 | !x | n ﬁ ﬂ . ﬁ ﬂ = (h " _
80| I' - (Y l (I T S .
| o AT -
-100 r‘*M b et :L—' ‘~1—~| H—J L*L: ;Jl.lL—-'l L] |‘—~|J —— :'Lu—J \‘1*‘-*’ H—'-Jl L|—J~|:

409.64 499.66 542.30 542.32 644.36 644.38 688.54 688.56
Frequency (MHz)
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1.4 -
80.5MHz 12.4nSec 2-at 80.5MHz
1.2 - 5 o,= 70pSec
o =70pSec or 2
lavg = 1mA o;=2.3GHz
1 c,=28
oo 0.8
&
=06
0.4
0.2
0 ||||||III“““|||IIII|||
10 20 30 40 50 60 70 80
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4 -
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£
3{
€ ]
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Beam Coupling to its Environment

* Beams carry signals, encoded in their
time/frequency structure, transverse position,

energy, etc.

* Time-dependent description (wakefields)
* Frequency-dependent description (impedances)

* Charged particle beams couple electromagnetically

to their environment

* Noninterceptive means — resistive, capacitive,
inductive, resonant, radiative

* Accelerator beams represent ‘nearly perfect current Acc. Cavity

sources’
* Very high source impedance

* Sometimes the environment drives back on the

beam
* Lorenz reciprocity
 Beam loading, instabilities!

Physics 862 Accelerator Systems, Fall 2019

Wake Fields

Calculated and drawn by MAFIA

Cy]lndm.al

Symmetry | ’-\
k 2/

U HOM Absorber (Dlsp(,rblw Electric or Magnetic Material )

Frequency Dependent Complex Dielectricity or Permeability
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Bunched Beam
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Beam parameters [1] — 1st Order Moments

e Current; charge, mass, polarization states

* Beam energy

* Beam position, orbit, tune

~ 192 py 78+
E’) 1957479
:,; 193 By 78+ 194 A[un*
R 196 79+ 191 78
2 Au Pt™ 187 77+
8 188 Ir 77+
5 1850676+
2
[§)
o
[ l J
S s ~ A L
0 20 40 60 80 100
FFT Frequency / kHz
192 by 78+ 187 1, 76+

g (bare) (H like)
RS)
N
=
‘é‘ 192 78+ ‘1.97 Pﬁs?
Q (H like) {_(He like)
L
[}
S 3.4 MeV / ¢ 1870676
a - (bare)
O
2
s}

R R S S S U T SO S S S

39.0 39.5 40.0 40.5 41.0 4.5 42.0

FFT Frequency / kHz

(Schlitt, et al., Nucl. Phys A626 (1997), 315.)
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Schottky spectra of
stored and cooled rare
isotopes from P7Au’?*.
Spectra of 16t
revolution harmonic.

BTV - SPS.USER.LHCFAST2

JEAS]

Eile Toals

1] P © + [ @ Sep 10 10:26:13 SPS - LHCFAST2  CNGSS - 03 =% ¥-1
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Device: LHC.BTVSL.C5L2 81
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Mode: OFF
Control: REMOTE
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Motor Enable:

£
. . <1 IIFE Image

Acquisition Type: ~ [One extraction g s T 06 .
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x' (mrad)

 Profile (transverse, longitudinal),
envelope, energy spread

* Phase space density, emittance
measures

* Beam halo - transverse, longitudinal

80 x-x' phase space projection

60
a0t . 1

20f t g

-20} ’
L ]

40} 1

_60 [

80}

- L L L L L |
10930 =20 -10 0 10 20 30
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Beam halo with wire scanner measurements
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 Single bunch vs. many bunch measurements

* Time domain vs. frequency domain

— LHC Longitudinal Bunch Profile Beam2

LHC Turn-by-turn Bunch Intensity (300 turns)

AE

AE

Bunch

Bucket

At

At

g



Particle Identification

— /
S production
stripping K1200 target
foil image-2
() cameral/viewer

Detector Setup in Focal Plane Box

variable
slits

Ge detector

timing viewer
N stack scintillator

scintillator

2 PPACs

PIN

TOF

AE

AE, Etotal  Etotal, TOF

position x, y, X', y' t alternative 4
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450 [

350

124Xe (140 MeV/u) +
9Be (390 mg/cm?)

400 |

1 i "1 Taaa 1 L
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time of flight [a.u.]

(Courtesy, A. Stolz)
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Lattice parameters
* Betatron tune Qx, Qy

Stripline Exciter o e ————

Excitation

Zx Amplifiers
(50dB)
0 — 180°
Switch{_| —{ ADC [«

U RF Clock :

Signal | _____________ ) )
Generator

i 1
. Position, Tune E . Concentrator Servers'
v and Orbit = FFT Averaging |
! |
]

X = Xo + Xg+xp = X + f\/%cos(tpx) +D,6

S [B
Y =Yo+Yp+t¥p =yo + y\/% cos(ipy) + Dy8
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 Dispersion function
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Multi-turn Orbit Measurement on PEP-II e

Turn-by-turn BPM readings of 500t bunch in 1760 bunch train

BPAA = (mmn) BPM = {mim)
0.4 L L I 1.5 L i J L L

-0, 52—

At high current, the beam

oscillations are self-excited. I

~3.m ;I '|I‘| ih |' I.I!“fl i*‘"l | I.II;

! iy i
ol i i k
Slow oscillations corresponds to - I Y o
synchrotron motion. L — | e l—
] . . iy w4 tu”ﬁ L 1.% l:l:lfl? A 0. d.a [ tuﬂ'ﬁ- B 1.0 IE\’I“
Fast oscillations are betatron
motion. FFT of BPM readings
] i L L 1 I i i I
FFTs yield betatron and R 3
synchrotron tunes. =

Dispersive region Non-dispersive region
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Lattice parameters

1{] E 1|J
Measurement after Q5 E l-lln.unlmlnt lftlr [=1]

e Loss distributions in SC RF modules — — - Simulaten i -l = — omunen

: e ] 1wk ﬁ
107} .

* Beam envelope matching to lattice

o
+
i
—
e
_|.

accumulsted density
a
+ +
Eﬂ.
M,
e

I / \ :
10 E
: ! | 107 I L i
[ ﬂ 'I
i A N B . S . L
-20 -10 0 10 20 -15 -10 -5 o =1 10 1S
Horizontal position (mm) Hordzontal position (mm)
10’ 3 10 . :
=+ Measurement after @23 |1 -+ Maasuram ant aftar 323 | ]
— — -~ Simulation s — —  Gimulatlon "
1{JD - . 10 F .E
E 3 s :
& [ f’-‘l‘ 1 o ! '
E 107 5 E \ 5
; 'H‘ ; 'I:H_| ]
g :H L 1 D-J r -lj_ JII + E
2| i+ o4 7 ny L% ;
B ] 107 r II| + 7
[ oo i + | | :
6 L
10 ¢ T | ,_E 107} J 3
Cm 1{]-4 L r | r 1 r L r L L L L
cm {] 2[}[] 4[]0 Eﬂn =20 -10 0] 10 20 =15 =10 ] D = 10 15
Horizontal position (mm) Horzontal position {(mm)
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Dynamic parameters

* Emittance growth for mismatched beams
* Instabilities

e Electron cloud effects

Signal

Generator Analyzer

Spectrum

Bandpass
Amplifier Filter
A

|

e Beam losses
*l Isolator
d
_!_I;s Electron Cloud Rx )
Beam --#%iﬁwmﬁ---}

A5-BUMNCH TRAIMN

D

oml.

Direct phase measurement in resonant BPM configuration
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O3

b)

e ©)

(DeSantis, et al, PACO9 TH5RFP071)
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End of Part |
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Two Lecture Outline

e Beam Instrumentation
e Beam-Sensor Interactions
* Diagnostic Architecture

Physics 862 Accelerator Systems, Fall 2019

4-Jaw Collimator
300 W Faraday Cup
Allison Scanner (x,y)
Viewer

L Profile Monitor

Apertures

Pepper Pot
S Profile Viewer
Monitor BCM L Profile
Monitor Flapper
Profile
_ ). Monitor
2-Jaw Collimator  yy Slits An (1
SProfile —— "1 %
Monitor 0l
Viewer ) A
Intensity i
Reducing Screens
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Diagnostic/instrumentation design elements

* Physics of beam-sensor interactions = %
e EM, Nuclear, AMO, Solid State
* Charge and mass interception

o |
. C_aloacitive, inductive, resonant, thermal | - System
field sensing Interface
. . . = = .
Secondary radiation fields Diagram
« Mechanical design ' :

 Thermal, structural, vacuum, actuator

* Electrical design
° Grounding/shielding | Structural/mechanical
* HV bias and insulation T Thermodynamics ., enemeerE

. Fluka, Mars, Geant
e Electronics
* Signal acquisition, conditioning,
processing

* Noise, bandwidth, sensitivity,
response time

Temperature, Density,

Ener
gy Pressure Strains, Stress, Damage
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Faraday cups

* Fully intercepting charge measurement
e Sensitivity to 10 pC. ~100 Hz BW (‘slow’, deep cup)

* Beam charges impinge on Collector, are collected by
electronics

Suppressor negatively biased to repel electrons

Design is to prevent escape of secondary electrons

Negative HV Bias

e I/V

Incoming ions

________>

Suppressor Collector

Physics 862 Accelerator Systems, Fall 2019 Beam Measurements and Instrumentation |-l

Transimpedance
amplifier
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GSl linac, 4 MeV/u, low current, YAG:Ce

* Based on scintillator and camera
* Coated screen (reflection mode)

* Solid, thick (100 um) scintillator
(transmission mode)

Scintillator can be single- or multi- |

[ ]
. . artificial
crystalline, or sintered powder == false-color

* Direct 2D measurement
* Direct digital output
* Video out and frame grabber

Example: Color CCD camera: Images at different particle intensities determined for U at 300 MeV/u

* Resolution depends on scintillator
material (grains), CCD size, optics

* Amplitude response depends on o, o A0t
field flatness, scintillator dose and
aging effects, temperature '
YAG:Ce Herasil Quartz:Ce Zr0,:Mg
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— Camera
—~ ] NS
Window\

\‘ lon Beam
-
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Grey value (a.u.)
& &8 8 8
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* Analyzes intensity J(x or y) at first slit

* Applied voltage across plates + drift
+ exit slit analyzes momentum

* Reconstructs phase space density

FE_LEBT_ASx_D0739 _20180417_151804_Weight
xcen = 6.74 mm

xpcen = 8.89 mrad

xrms = 3.01 mm

xprms = 9.69 mrad

xemitn = 0.0854 mm-mrad

x' [mrad]

x_alpha = -1.41

X_beta = 0.54 m

X_gamma = 5.58 /m

Ground Suppressor

FE_LEBT_ASy_D0739_20180417_153358_None

: £, = 0.0834 mm-mrad
| @y, = 0.36

I By=257m | ypcen = 3.38 mrad
! .

ycen = 5.71 mm

yrms = 6.49 mm

yprms = 2.69 mrad

yemitn = 0.0834 mm-mrad

y' [mrad]

y_alpha = 0.36

~ Entrance Slit Exit Slit

y beta=257m

y_gamma = 0.44 /m




Pepperpots, slits, and pinholes

e Devices scan a 1D or 2D beam distribution
* Analyze intensity J(x,y)

* Analyze transverse velocity over drift

70
| 63 |

80 oz

40 1o

¢ 1=

on Krafzern
1 am—
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-
| | | \
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‘(_ L - :: (} )

\ | | | /
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15 15

o8>

am Measurements and Instrument
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aperture

fon /'E

e \i§
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i
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0

screen

CcCD
camera

IS Macro
zoom
lens

Mirror




Emittance analysis

(xx) (xx')  (xy) (xy")
(xx') (x'x") (x'y) (x'y)
(xy) (x'y)y (yy) (yy)
(xy')y X'y vy O'yY)

24:

[ C
—\Cc" %,

(fg) = 2iPifigi  detT, =3, = Gox)x'x’) — (xx')? = &2

x-x' phase space projection

Zi Pi

I

X 2a

Aperture, 2a

yx? + 2axx' +fx"? = ¢

rh

-~
/ / 2AXy
il X

e e e e e e e e e e ]

x'-y' phase space projection

| / ’
Hole separation, d AX0’=[8/B _ XOZ/BZ]I/Z

(Xq, -(a/B) X,)

Drift, L
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Envelope radius [mm]

Slice envelope properties from slit/slit-cup diagnostic

133 kV, 2.2 Tesla

slit & Faradéy cup 125

T T T P
slit Current H —— ’é‘
1L Current V. —x<— _| 4 =
to — EmitH —x— =)
= ] *  amplifier 3 Emit V =
- S 075 - 4 43 X
- - - =
- . scnpa s =
B | digitizer 5 0s| 12 =
- = SN
beam pulse = &) =
025 |- 41 g
R
. =
0 0o Z
*radius* *angle” 1 125 15 175 2 225 25 275
50 mA Li+ | - Time [us]
133 kV, 2.2 Tesla 133 kV, 2.2 Tesla
40
|1 = 3t -
g
1 @ 20 —
B Y
=
4l & 10L _
8 2
: g o :
1 =
4 1 & a0} .
2 _
0 | | | | | | -20 ! ! ! ! ! !
1 1.25 15 175 2 2.25 2.5 275 1 125 L5 175 2 2.25 2.5 2.75
Time [us] Time [us] .
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Profile monitors N\

* Interceptive diagnostic onto W, C, Cu-Be wires

R Linear actuated

, (3 wires)
* Wide range of wire based geometries |

 Biased wire to discourage (or encourage) secondary e’’s

e Slit + Faraday cup

‘ I slit & Faraday cup

o amplifier

scope
digitizer
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Reconstruct beam parameters from profile data

* We observe day-to-day variation of transverse beam parameters
* Two most significant factors are: ECR setting and beam center matching to the RFQ

Typica

,1;—2 le—3
—  u-wire 2r
B 1 — xwirel] -
— af - — Yy-wire or
gl -
w2 —2
| -200, -150 -100 -50 [
o Vv “~ 2f '
L 1
~200 -150 ~100 —50 [
ale—2 Wire position [mm] of M ‘m
-1} |
|
6p-- -2 ir‘ X .
-2005 —150 ~100 -50 0
= 4 3f T T
% 2k
® ol 1
ol
0 =y
2l
S T v 0 5 10 15 20 Iderors =50 =y = 3
Beam position [mm)]
"2 2.05, 1.529) [mm] FE_MEBT_PM_D1092_20180808_155920.dat
48, 1.13).Imm]...... U-wire X-wire y-wire
1.45, 1.08): ,0.068 Time 15:58:38 | 15:58:38
) [mm] Sum 0.117 0.18 017
i ; Center 0.413 0.685 1.6
RMS 1.32 2.05 1.529
T S X Y u %
£ o NG Pos 0.485 1.131 0.413| -0.272
= i A RMS 1.449 1.082 1.32 1.236
> ! Xy 0.068
-5 R90% 2.296 1.734 2.084 1.984
cxy90%/[ 0.051
1ol R99% 4,282 3.002 3.778 3.616
: cxy99%| 0.047
-15
_2oli | i
-20 -10 0 10 20
X [mm]
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Signal

Y [mm]

Large emittance

le—-1
T

—  u-wire
—  x-wire

—  y-wire

=200
le-1

-150

-100
Wire position [mm]

1 L L
=5 [} 5 10 15 2
Beam position [mm]

,B.112, 2.029) [mnf

le-3
2
1
0 TP ST
-1
-2
~2005 ~150 ~100
o
1}
oF
-1
-2 200 150 100
1200, = =
2.0 . '
15
104
05}
ool ST R
-0.5
1ol
-15

—150

—100

—50 0

FE_MEBT_PM_D1092_20180810_103606.dat

5 »1.17) [mm] u-wire X-Wire y-wire
5 1.43) [mm], -0.17p Time 10:30:22 | 10:30:22
; : sum 0.436 0.638 0.601
: ' ' : Center 0.514 1.533 1.656
‘ RMS 1.702 3.112 2.029
: : X Y u v
I N Pos 1.084 | I.I71| 0514 -102
; : - RMS 2.201 1.434 1.702 2.001
: ‘ cxy -0.176
il ; R90% 3.742 2.28 2.706 3.447
; cxy90%]| -0.267
ol i R99% 6.512| 4.176] 5024| 5.882
: : cxy99%]| -0.172
—15p L
_20bi ;
—20 -10

0 10 2‘0
X [mm]
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Bunch Shape Monitor

e Used for hadron
beamlines

Analysed beam A.V.Feschenko, et. al, Proc. of the XIX Int. Linear Acc. Conf., 1998, p.905-907.

—Ufpe + U% sin(ar + @)+ U e,

* Scanning wire produces .,
secondary electrons

e Electrons are
accelerated in DC field,
sorted in RF field

* Time-correlation
converted to position on
detector

Signal
Fig. 2. Operation design of Bunch Shape Monitor
(1 — target, 2 — mlet collimator, 3 — RF-deflector, 4 — correcting magnet,
5 — outlet collimator, 6 — bending magnet,
7 — registration collimator, 8 — secondary electron multiplier).

39
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Frequency dependence of wall currents, skin depth

VeD=p In metals: {1z O 6 1,
VXE =jwB = jouH |
?KE=-3EE VXH=]—jwD O &y -
v Good conductor: |wD| < [J| Ny, X (E, —E{) =0 e
*B=0 Ohm’slaw: J=E/o n,, - (D, — D) = p,
oD : n, X (H, —H;) = K;
?KH=J+EEI_ VXJ=jwoB ni; (B, —B;) =0
' VXB=yu

Assuming Cartesian geometry and variation only along n1,, we can show that

: . wo
_ _ —(1+))kz _ _ —(14))kz _1, _ |H
B,(z) =B, (z = 0)e”1*D*z ] (7) = J,(z = 0)e"(1*)*Z  where k = /s =5
Material f=60Hz f=10° Hz f=10°Hz f=10% Hz 44
n
Copper 8.61 mm 2.1 mm 0.067 mm 2.11 pm «J 112 ®B
Iron 0.65 mm 0.16 mm 5.03 pm 0016 pm <«
Seawater 325m 7.96 m 0.25 m 7.96 mm
Wet soil 650 m 159 m 5.03 m 0,16 m
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* The tangential electric field in the 1 1 oH

conductor derives from Ohm’sLlaw (not E=—-VXH=-nX—=—/ZnXH,
present in perfect conductor) o o 0z

* The transverse electric field satisfies an 1+ jsgn(a)) _
impedance boundary condition, with L = = Rs(l +jsgn(a)))

surface impedance, Z 00,

1 Uw
* A surface resistance (Ohms) is defined as RS = — = |
06, 20

- dP 1
* Power deposition (W/area) to the surface WS ¢ =—E x H) - n
follows from dA 2 i )

1 2
=§RS|KS|



Resistive wall impedance

The beam senses the wall through resistive loading

* The longitudinal resistive wall impedance can be defined as

Zy  Zg 1
length 2mb 2mb

Hw |
o (1 +jsgn(a)))

* The beam will experience a voltage change

V(w) = —1(w)Z)(w)

* Impedance: Z('} = ReZg +J ImZ(')I (longitudinal, monopole)

What is the significance of the of the resistive and reactive components?
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Building a detector

* A non-intercepting monitor can be based on
monitoring the wall return currents.

e

* A ceramic break in the beampipe will force the wall
current to seek other paths.

* |f nothing else is done, the wall currents will find
alternative paths.

* The gap impedance is a combination of the gap
capacitance and all external parallel elements

* At low frequencies the lowest impedance return path can £

be distant from the gap itself

* The gap voltage Voap = IwatiZgap = IpeamZgap
can be generated up to the beam voltage

200.0 -

Measured ceramic gap impedance |

1.1 uH
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| open

f || .'| E
[ "'| II| n

|
i { | |

1
I N |
shorted yVv N-,I".H , :
e\ ? \n L
1.0 10.0 100.0 1000.0
MHz
Courtesy of Jim Crisp & Mike Reid @FNAL
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. . . . zmon
e We model the beam-monitor interaction with ‘ _‘
an equivalent circuit =

* Beam drive is modeled as a pure current source

(infinite input impedance)

* A gap impedance C_,, is inevitably present
* Electrodes pierce the beam wall with isolated

feedthroughs T Coap l
* Typically few — 100s pF i mon

N

* The specific signal pickup as well as the signal |
transmission line and passive analog =
components are represented by Z, ... Vo () =iy, (w) ' Zmon

1 _]ngapZmon
= Ip(w)Z:(w)




Wall current monitor

* We add a network of n resistors across the gap.
Rtot = Rsingle/n
* Zmon = Rtot | | Cgap

* Broadband pickup

. R
* Vnon(w) = ip(w) 1_ijth:pRtot

* Within passband V,,,,,(w) = (Rsingle/n)ib(a))

.. : R,
* Practical implementations (eg. SPS WCM) ‘ o _‘
* Ceramic gap e | e
* Many resistors (30 — 100) to reduce sensitivity to Coap

beam position
* Ferrite rings to tailor low frequency response ~10 kHz
* High frequency response to several GHz
» Shield for ground currents and noise isolation
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Wall Current Monitor equivalent circuit and response

‘ Cgap

L ferrite

Zy

* Very high frequency response

dominated by gap capacitance  wp;,, = 1/RC
* Very low frequency response
dominated by ferrite and shield ~ @iow = R/L
induction
log J
e LQ/L 1/RC{ \
,/', CO:

shield

pipe

Zy

coax cable

-~ ground

R ~—
ey T ferrite rings
—

Y

signa

p—

< beam —#>

-a— Ceramic gap

Physics 862 Accelerator Systems, Fall 2019

Beam Measurements and Instrumentation I-1

—
|

: ]I

to signal to ground
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Induced charge densities from capacitive coupling

* Induced charge densities on the beam pipe
walls can be approximated or numerically

calculated.
* Total induced charges on the electrodes
(assuming 2D Laplace solution) for —\ b2 — p?
electrodes of length L og(f) = 5 [bg T bpcos (6= d})]
Qprate =1b | 0(0)d0
sector
- [ N
b0 o(6) = 142 ( ) cos (n {0 — ¢
(9) ) )= g |1+ > n{f - ¢})
— o0 n=1 i

4 —>

b
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Signals from capacitive coupling

* The pickup plate presents a capacitance C to ground.

* The finite length of the pickup drives a differential

B || —

current into the monitor.
Vmon(w) = lp ((U)Zn (w)

]

R § Vmon(t)

i (€)= ~ [iglt)- ig(t+AL)]

~ ig(t) T I ~ ig(t+At)

/

At=I/Bc

A: plate area

* The image current on the pickup isrelated | «— it

to the beam current

] A deeam A l diB

lim(t) - = - - :

2mal  dt 2mal Bc dt ig(t)

. i . A 1 2a

iim (@) = jw 2mal Be —ig(w) !

A 1
Vinon (@) = 1- ]wCR lim (@) = 1- ]wCR JO S ra Sc 5o s (@)

11 A jRC
fc C2na 1-jwRC

* Zj(w) =

Physics 862 Accelerator Systems, Fall 2019
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A
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Beam Position Monitors

* Beam positions can be monitored
using a 4-electrode array of
capacitive pickups on the beampipe

circumference.

* Various geometries are employed

for sensitivity, compactness,
protection from intense radiation

Field Lines and Equipotentials

/ \ e AN

Y (em)
o

N7 T\

-4 -2 o
X (em)

Figure 8. Field lines and equipotential contours found by conformal mapping.
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Positions are estimated from the normalized intensities

using the algorithm
1 V-V, 1 V-V
Ax — 2 4 ’ Ay — 1 3

Position sensitivities are proportionality constants
between beam displacement and signal strength

( ) [% ( ) [ here dB]-lOlog( )

Offset dlsplacements also occur and must be measured
and calibrated.

Button-button capacitive coupling introduces frequency
dependent offset and sensitivity variation.

Intensities at each button can be calculated from the
transfer impedance, using the electrode surface area.

beam pipe I

pick up

I beam

Vs

y from U ,=U up

Q4

L
Y
]

U

down



Coupling to the beam’s magnetic field

(c)

Physics 862 Accelerator Systems, Fall 2019

‘‘‘‘‘‘‘

iwﬂﬂ-

B confined 1o within tube

e Pl

Figure 1. (a) Lines of magnetic induction around circulating beam. (b) Wall
currents induced in beam tube attenvate external B. (c) Break in tube impedes
wall currents permitting external B and appearance of induced voltage. (d)
Layout of typical accelerator shows complex and distributed paths available to
induced currents,

_____ metal shield | | signal
beum with high image
" permeability t cuttent
mage Orus
current
pipe
beam -
(d) ceramic
Current Transformer gap
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Inductive coupling

The magnetic field of the beam is magréa;tic field B
used to measure the beam currentor I e
. . B — _ﬁ . _%;—
Intensity. . B,

\\\\\\\\\\

beam current I

inductance L simplified equivalent circuit

M
_ R \ |
S —— L Cq R U(t)
. [—source
WII'e — @
Sep%ndar}f - represents ‘
WINAaimes 1 \
s N Ibeam(t) /
"— ground

beam = primary winding

55
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Current Transformers oo material

Ampere’s Law: permeability = popy
- Al = — - —_ cross section=A
GH-di=N,I +NJ =I +N]J withN, =1 = ; ST
H=( +NJ)/2nr (1) |
Flux: (thin toroid approximation)

®= [BdS=pHA = uA(l, +N1)/2nr withAas area (2)

Faraday’s Law:
ﬂ=_Ns+d£=Is.Rs (3)
dt
Combine (2) and (3):

I I 2
R =N, A AL AN Gy NomA

I =
’ 27 dt S 2mr
Differential equation:
dl. R 1 di,

S+ =] =

dt L, °~ N, dt

£

)
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Response from passive transformer N .

beam L S

Stray cable Lo T
y _ T,..= L,,»CS. with cable —‘ L ([]/\
capacitance r
increases —
risetime. ’1-'”.“, = RC without cable V
T cuirent -
| beam bunch
. test pulse : .
primary P fume time
—
cuirent |
T choop.t(hmp— L/R
secondary time time

r1se: Tpise —(Ls™Cs }
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* We adopt a single mode resonance to calculate the coupling impedance

* The transient cavity-beam-waveguide system can be expressed as an equivalent circuit
equation (cf. Whittum)

d2 Wq d Wq d
d 2+(1)0 V — ___]/C +__(VF_VR)+(,UO [_ _tlb

Here V. .=nV*, V,=nV" are the normalized forward and reverse waveguide voltages, such
that V.= V_.+ V,. Here, n is called the transformer ratio for the mode coupling.

* We can show that the longitudinal coupling impedance presented by this mode is

jowylr/Q]
0 — w? +]CU(U0/QL

* Impedances can be expressed as Z =R +j X with the reactance X = (a)L — i)

Zy(w) = )2 QLlr/Q] COS‘/JQNJ

wC



Cavity Dipole-mode BPMs (resonant coupling)

e Used mainly for high energy electron beams

* Resonant dipole modes have higher shunt impedance B
than buttons or striplines

* High sensitivity :

* Wakefields act back on beam S '

* Cavity BPMs have been developed to produce sub-um _
position resolution, for Y\mm displacements tenngI—"

* Monopole mode excitation is proportional to beam A
current

* Antennae pick up combined monopole+dipole signals.
Technique requires independent calibration of

monopole voltage. /
* Pilloox: f ;o ~ 1.2-1.5% £ e )
* Q.4 for both modes ~100 — 1000 = -

. f FREQUENCY
* Mode must decag before arrival of next pulse foto 110
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Beam spectrum, impedances and beam loading

* Beam impedance response
o V((D) — Ib((D) Z((D) CH1 1/S

log

MAG

5 dB/ REF 30 uB

DA®NE RF cavity longitudinal impedance

—

* Everything that sees the beam can

be described in terms of a beam

_ Fundamentalmode [~ .o

coupling impedance

* Narrowband impedances from A s I R e it s A
resonant structures CHe MEM  1ag MAG 5 8/ REF 30 4B
* Related to wake functions
undamped
* Panofsky-Wenzel relates longitudinal ]
to transverse wake/impedances for '
ultrarelativistic particles — — sttt

START 300.000 Q00 MHz

Physics 862 Accelerator Systems, Fall 2019
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STOFP 1 500.000 000 MHz
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Beam coupling impedance to broadband device

* Devices may posses narrowband as well as
broadband impedance characteristics.
. I
* Impedances can be characterized on benchtop .07
measurement stands 0.06&

0.05

0.04

3 DCcT E

3 —

i —RF SHELD 0.03
CERAMIC BREAK -

E 0.02F
B B fa s A —
0.015

0 | | [ | | [— | | | | [ | | | L1
0 0.5 1 1.5 2

Figure 18: Wire measurement frequency response of the
shielded ceramic break (thin line: outer shield without
DCCT:; thick line: outer shield with DCCT inside: dotted
line: gap shielded by shunting resistors).
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Far field EM radiation for high energy charged particle beams

BERYLLIUM TUNGSTEN GLASS

* Bremmstrahlung WINDOW <, 4 BT / Wavelength (A)
7[[ 7 ) g0, 1240 124 1.24
ELECTRONS | |
* SynChrOtrOn C\?rglfg{} | /,/= ff_* ’.t"‘...,‘
—E- | ]ggi —_] O TRANSFORMER _ qotef Undulators
Pl \ ] A\ ) % 1076 1 == . -
o Other types XRAYS —> W FOCUSING CUP Nvacuum -% - N
. SCHEMATIC CROSS SECTION OF AN X-RAY TUBE a 14 vy
found in beam . yw 1 Bends |, |
diagnostics £S | —7GeV ]
E“.‘E | === 1.9GeV |
b CerenkOV Ew_ 1010 CuK Mo K|
o, . oo
* Transition a £
. . : 8 1
« Diffraction . 0 AIK
(electrons) a o
_% Cul
= 11}" G::ntlnuum/\
'|||'_'|-2 [ETITEETIT Rt A |
106V 100eV 1 keV 10 keV 100 keV

Phaton energy
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PHOTONS sec™! mrad™' mA™! (10% bandwidth)™!

Synchrotron Radiation

Lorentz transformation

Rest frame

radiation field  electron trajectory

Laboratory frame

=]
o

L] IIIIIII i "lll‘lll L L) Ilrlill

Relativistic beams, y >>1
Parasitic, nonintercepting

Photon image reproduces
electron beam distribution

Optics, coupling

Impedances, instabilities

IR -> Hard X-rays

Ecrit = MW = Sf;fc \

o'l . EZ [GeV] e 1.5 GeV
T LvJ| A VNENDY. LA O N (v yri (B O B & i Nkl
0.001 0.0l 0.l | 10 100

PHOTON ENERGY (KeV)

Physics 862 Accelerator Systems, Fall 2019

Beam Measurements and Instrumentation I-1|

1 rnm‘l2 mrad =2
|

(0.1% bandwidth)™

Brilliance [photons

T

r .
12 J .'*
1077 _— ]
; A niN 1
] 3
Iulu i 1aal 5 M | ..I:.
10° 1ot T 108
Energy (eV)
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Nonlinear Optics for Short Pulse Measurements

« 4t generation light sources produce intense

electron bunches in the psec to fsec bunch length

regime
* THz to X-ray wavelengths

 Can utilize self-fields or radiation > Single shot!

Electro-Optical Spectral Decoding: g
unch profile

ey k measurements:
P— 1 |] NP --EO spectral decoding
w |] 7 ~-EO temporal decoding
P ZnTe pruwp P --EO spatial encoding
EO Spectral Decoding ‘. --EO up conversion

® Linear chirped optical pulse

® Polarization variation caused by Coulomb field—laser nonlinear effect
® Polarization = Intensity, by two crossed polarizers

@A) <2 I(t)

chz?’p
Epye = (0 DR(@)MpyR(—¢) R(@)Mgy,R(—a) R(6)MpoR(—6) (opt (f))

R(8).---- rotation matrix M,,, ~—-Jones matrix for quarter waveplate

My ---Jones matrix for half waveplate

Phyoico coc riecciciuor oyocciiig, tun cvao it vt L e G

o

Coulomb field temporal profile

2
\T A
4 J,\
p=0 p=0.9 B=0.9999
e 1
Ee[) (r(]; t) =~ Oy ' 0

dmey (rf + y2vE(t — ty)?)3/?

Coulomb field of one electron

®High energy, Coulomb field temporal profile is approximately the bunch
temporal profile

® Broadening of profile: At‘V%

Expected temporal resolution
1. Distance between crystal and e-beam
2r
At~— ~10fs atr=5mm
4
2. The frequency response of crystal (material and thickness)

for 1 mm ZnTe: ~333fs

~1/(3THz) =
3. EOSD limitation (Laser pulse duration and chirped duration) . ...

Tim =70 MMM ~550fs (100 fs=>3 ps) x

4. Resolution of spectrometer and CCD ~40 fs (512 pixels)

Grating k
$ 68
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Synchrotron radiation diagnostic beamline

* Multiple/simultaneous chicane 5m source
x-rays
ways to measure ens - Eidh .
relativistic beams M™% 10m : J

_ / ND BP \

splittei\§ v v CCD | == transverse image
: _e—l 2nS Gated CCD | bunch-by-bunch image
: : Streak | bunch length, instabilities
: i Bunch Current Monitor | top-up

2 slits pol |

: CCD|i interferometer
: : Photon Counter ;I«WJ bunch length

(Figure courtesy J. Corbett, W. Cheng, A. Fisher, W. Mok)
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Transition vs. Cerenkov Radiation

Tranzition radiation occurs when o charge croszes a boundary of two diclectric media. No accelera-
tion 13 required, nor 12 1t neccssary for charge to move faster than the apeed of hight as in Cherenkov
raciation. In thiz reapeet, tranzition radiation 12 a least demanding radiation mechaniam. Radia-
tion emutted from a charge approaching a conductor 1z an extreme eaze of transition radiation with
an infinite permittivity, and may be regarded sz the inverse proceaz of rediation sccompanying 5

decay. Dizappearance, rather than creation, of charge 13 rezsponzible for tranzition radiation.

Beam Coherent formation length
2
R (@) = c/w :
w
e (1/],2 +92 + p/w2>
61',5(
conductor
_511
—e{ image Metallic or metallized foils, plates
Mild to ultrarelativistic particles

dlw) 1
a0 Erch.n |H,(r, w)|?
2 o2 2
_ ¢ 3 el 1 + 1 g
3257 1+ Scoafl 1—2coal

1 ey? sin® @ e
= . —0 <L W Ok,
-'i-‘JTE.u E'JTI{-'E {1 _ ISI |::..|:|.a.I ﬂ::l2 '

Cherenkov radistion occurs when & charged particle travels faster than electromagnetic waves in
a material medium. It does not require aceeleration of charges and the basie mechamism 13 very
similar to that of scund shock woves in gosce. Az in the cose of # decay, we assume o charge
travelling slong & straight line at a veloaty = v/e(w), where

1
e

t Dielectric constant, ¢

I‘.'.'[LJ]I =

Fast particles in background
gas or dielectric windows

dIi{fw) pg €w? .5, famna : 2
a0 - dndaw) 0\ o) e

1
ot =E[l—ﬁcmﬂ]¢dﬂ.T. AT =dz/v
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* Beam losses provide useful information on
* Beam orbit deviations
* Mismatches between beam distributions and lattice design; beam halo
* Energy and energy spread mismatches to lattice through chromaticity

* Uncontrolled beam losses are potentially harmful to the machine
* Damage to sensitive components (cryomodules!)
» Radioactiviation of high loss areas of the beamline — affects maintenance and access

* Diagnostics employed to detect losses
* Beam current/intensity, often in a differential mode to detect changes
* Secondary radiation production — gammas, neutrons, electrons
e Others —halo monitors, beamline thermometry, changes to cryo loading



lonization chambers
Gas-type ionization chambers are in wide use as x-ray and gamma detectors

133 cm3 Ar gas
Typical bias 1 kV =4 ¥ I | |
Sensitivity 70 nC/rad T S A,
Response time ~1-2 us ' = = = T

Table 34.5: Properties of noble and molecular gases at normal
temperature and pressure (NTP: 20° C, one atm). Ex, Ej: first
excitation, ionization energy: Wp: average energy per ion pair;
dE /dx|min, Np, N7: differential energy loss, primary and total
number of electron-ion pairs per cm, for unit charge minimum
ionizing particles.

Gas Density, E, FE; Wj dE/drlmn Np Np

mgem > eV eV eV keVem ! em~! em!

1.5 L volume
He 0179 198 246 413 032 35 8
Ne 0830 167 216 37 1.45 13 40 100 mbar overpressure N,
Ar 166 11.6 157 26 2.53 25 07 0.5-mm separated Al plates
Xe 5495 84 121 22 6.87 A1 312 .
CHy 0.667 88 126 30 1.61 28 54 Bias 1500 V
CoHg 126 82 115 26 2.91 18 112 Sensitivity ~ 54 uC/Gy
iCyH;g 249 65 106 26 5.67 00 220 . o~ )
CO, 184 7.0 138 34 3.35 35 100 Response time ~300 ns €, -
CF, 378 100 160 54 6.38 63 120 80 us ions R. Schmidt
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lonization chamber schematic

Visualisation of ion chamber operation
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Scintillation based detectors (gammas, neutrons)

Typically employ photomultiplier tubes for high gain (10°-
108) with applied HV

Many types of scintillators fluoresce under gamma
bombardment

Li- or B- doped plastic scintillators respond to neutrons
Additional moderation increases sensitivity at the expense

P WE g ] of time response.
: == . = 1 ¢ Outside Cd layer provides discrimination against gammas
| < 230 mm >
3w} 3 ' y B
€ f 1 5 ]
5 [
7] 4
i 10 i
E 1 i 157
E - [ | * F 3 mm
& 0E =
Sensitivity tuned with bias
10 i 1 i | i i M I i [l i | i i i

1 "
S00 4000 200 &00 O 800 900 1000 1100 1200
HV Bias, V

SNS Neutron chamber (SBLM)
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FRIB Beam Loss Monitoring Network

LS1 ” = Halo monitoring rings (fast/slow loss)
IMONITOIS e - pipe thermometry (slow loss)

= Differential current monitoring network (fast loss)

* |Cs in warm sections

lon chambers * Along LS3
* Fast and slow loss detection

Production

Target ' 4 .
Systems \ \® § \ Beam Delivery;System Folding Segment 2
; '.‘ s "'..F- '.--',1: | W— E'EinaG:Segmemt:‘-n— . ———y —_— _%

—_——— e e — P —— ——— — T 0 - -y - (3 3 Crt

;{ e S T o L L ey T S 5 E
| 'l‘-. R 'I.III'III._!'IIBIUI.-FI-I.-‘IqamagrSégthrziII:II_I_III_II”I- .Il’r g
System Wide Folding Segment 1
« DBCM * LS2/3, LS1 (tuning only)
* HMR Neutron detectors * Mix of fast/slow detection
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Architecture of a diagnhostic measurement

* The complete diagnostic system starts with
beamline (or nearby) sensor

e Cabling to transport signals to data acquisition
(DAQ) systems

* Processing electronics, and controls/operator
interfaces

acc. iunnef local electronics room control room
digital electronics
£ in VME bus . .
=E m_ PClworkstation
— | AN, ethemet display of measurement
sigmal analag
alectronics CPU
h‘EEIEL'I EIIIP ]
sull= -
\_{ |_ 1 ADC
L~ L |
P'EIEJ.J.I:II]. i A — —

pick—up

[ ] | analog I'O | - .8

T | digital TO Potiboard
| = parameter 'O

parametar

&.F. Tanges

S |

concrete

Support
Building

Tunnel

= Penetrations and racks are laid out for
instrumentation
e Cable runs about 100 ft

 Diagnostics will use 4" superflex (Heliax)

» solid copper jacket provides
>120 dB shielding effectiveness

= No electronics in the tunnel!
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Many interfaces are needed to deploy diaghostics

e Controls and actuation
for interceptive devices

* Global timing and
triggering

* Interlocks for machine,
device, and personnel
protection

* High level controls for
data acquisition,
analysis, visualization

Physics 862 Accelerator Systems, Fall 2019

—r Allison

e | SCAnner

i
2
3
4
5

Al

llison Scanner Interface Diagram

Diagnostics Box

Allison Scanner Electronics Rack
Current Amplifiers

HVY Power Supplies

Ethermet cable for control interface
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Beam Current Monitor System Design

AC current transformer
(baseline sensor) (Bergoz)

ACCT high-resolution
electronics (AFE) (Bergoz)

Analog-to-digital converter
(ADC)

Transformer digital signal

processing algorithms (FPGA, A

LabView, etc.)

Connection to accelerator
control system, operator
interface, etc.
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ACCT
3 Hz — 300 kHz
ACCT-E 16-bit | 10 MSPS

Input Conditioning: ; Differential
Hereward Feedback Signal Amplifier ADC _‘
Baseline ) Signal Droop ) Beam Current
Restoration Compensation Waveform
Data Retrieval ’ :
Circular Buffer Archival Data

; Beam Current ’ Data Transfer to
Integrator Beam Charge ) BCM Controller

%<|><:|><-|| I&||@|1_|| I% $||Ek|é"?| QHE| <.‘-|.ri>||@ Nurm. Samples (200000 Arm Single
BCM Output Waveform (1MSps)
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10_: 0 —E \ !
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. 0 _- '11?5- T T T T ! T T T T T ! T T T T T T T
Beam actlve' 50 usec 10 120 140 :180 180 Ti ZO[OIS ! 220 240 280 280
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