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DIAGNOSTICS

d. Borer and R. Jung
CERN, Geneva, Switzerland

NON-INTERCEPTING BEAM MONITORS OR PICKUPS

1.1 The particle beam and it~ induced image current in the chamber wall

[7ﬁ7-1he non interacting monitors used for the p-p instrumentation can be related to
the use of the wall image current as induced by relativistic charged particle bunches
circulating in a metallic pipe or vacuum chamber. The monitors are then classified by
their type of beam coupling impedancr. This allows a more generalized approach of the
design of the so-called pickupigh-y'% /HSI)

Let us assume:
- A beam of relativistic particles with y > 10.

- A cylindrical metallic chamber either perfectly conducting or with a skin depth <«
wall thickness for the considered frequency domain.
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The beam is accompanied by an electromagnetic field of TEM type, i.e. radial electrical
field E and circular magnetic field H. Since there are no other sources {charges) in the

chamber, the continuity equation 5p 4 vd=0
6t

and hence

z being the longitudinal coordinate (Ref. 52, 114, 115).

In addition the electrical field has no longitudinal component within a chamber of
constant cross-section. The electrical field E has the same configuration as in the
electrostatic case for a frozen charge distribution at the instant t. Therefore, both the
longitudinal and azimuthal distributions of the wall current density have the same
configuration as the ones of the influenced charge distribution in the static case. Both
distributions are functions of the transverse position of the beams "centre of mass"
(Ref. 52, 58, 3, 114, 115).

- Therefore this image wall current and its azimuthal distribution can be used to
monitor the beam intensity and position.

At low frequencies this is no longer valid once the skin depth is larger than the wall
thickness and the beam induced magnetic fields exist outside the metallic chamber. The
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electrical field however, is still shielded by the conductive wall and does not penetrate
outside the chamber.

The skin depth is an important factor in the design of a beam monitor or pickup. It
is given in the following formula and the table as a function of frequency and relative to
the copper resistivity pcy {(Ref. 115):

Al
1,1 ., p
5 = 66,1y — ™ (mm)

PCu
The skin depth & is defined as the depth at which the induced current has diminished
by 1/o. A depth of 3 & corresponds to an attenuation of about 20 dB.

f Cu Inox Al
10 KHz 0,66 4,75 0,844
100 0,209 1,506 0,267
1 MHz 0,066 0,475 0,0844
10 0,0209 0,1506 0,0267
100 0,0066 0,0475 0,00844
1 GHz 0,00209 0,0150 0,00267

& (mm) for pp =1

1.2 Electromagnetic monitors
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Let us assume such a monitor to be built from the vacuum chamber interrupted by two
gaps separated by length 2. The gaps are shunted by two distributed resistors of value R.
The two gaps and the central tube are covered by an external tube forming with the central
one a coaxial line of characteristic impedance Zg.
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Let us assume that the beam current is a step function with magnitude Ip at tg at
position z5. The same step will appear at z after the length & with a delay t.
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1f in addition R = 25 then the induced voltage U 1in position zg at time tgp is:
Ib.zo
U=
2
since iy, = -ip and i, is split in two half currents flowing in both R; and in the

coaxial outer line of impedance Z,. The beam continues to propagate along the pipe at
almost the speed of light and in parallel, at ihe same speed (g = 1), a forward wave
along the outer 1line. When both beam and forward outer wave (ufg, ifg) arrive after
the length £ at the second gap where resistor Rz is connected with the reversed polarity,
the voltage produced by i, is canceled by the outer forward wave. For the outer line the
voltage being zero, it represents a short circuit and the outer wave is totally
reflected. A backward wave (upa, 1ipa) of null voltage and reversed current is now
propagating toward zg in the outer line. After time 2t it arrives in R} where it cancels
the wall current i,/2 and the voltage becomes zero. This propagation of signals in both

time and space along the pipe and line of length & can be represented in the following
diagram:

< it Wi, /2
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The voltages produced by i,(t) can now be described:

Case 1. t = tp, z = z9:
The wall current is a current source flowing in both R; producing u; and in the coax line
producing the forward wave.
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Case 2. t=1t, z2=24 + 2:
Ry being connected in reversed polarity (terminating resistor for the outer line) the
equivalent circuit is as follows:

r

-ty (1)

T

Case 3. t=2t, z=2
The backward wave has now cancelled the beam induced signal and the voltage is zero in R;
at t = 2t.
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Such a response is identical to the one of a short-circuited line if the beam has only
one direction. This configuration is a directional coupler for the total intensity of the
beam if R} represents the connected load to the device. The square response is theoretical
and would apply to a superconducting metal or no magnetic field penetrating outside the
outer conductor. In reality, at low frequencies, the voltage is shunted by the device
inductance and the voltage will decay with the time constant L/R. The resulting voltage is
then as represented by the dashed line. In prdctice the time constant can be increased by

adding magnetic materials for frequencies below the skin depth equal to the tube wall
thickness.

A coupling impedance Z;o can now be defined for this monitor in order to relate it
to the beam intensity, but since this directionnal coupler has a response equivalent to the
one of a short-circuited Tine of length &, Z¢qo is also a function of frequency:

¢ = speed of light

and u (f) = iy (F) » Zgg
Ref.: 16, 45, 46, 114.

VL:Y "‘

It is a quarter wave Tength device, with fo = c/4¢.

This basic directional coupler configuration has also related configurations which are
known under different denominations.

This device having a short-circuited line characteristic, R can be suppressed and
replaced by a short-circuit. This eliminates the directivity characteristic but the device
becomes a tuned cavity.

ALD Zs= 560 In 2 tg2x 2L [a]

da

™~
Pz g N i N

: Xq Ref.: 51, 46, 23, 29.
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The directional coupler can also be modified in a different way by suppressing the
coupling of R with the beam. R, js then the external loading resistor. Such a device has
Tost the directivity but has very wide band-width. Such devices are usually called gap
monitors or "Resistor Bugs":

%0 n cables
n  cabl
1 resistors n resistors

zln

R
Zen =
co " 3.,

Ref. 67, 68, 69, 46, 63, 33, 114.

Gap of the wall current monitor

or broad band coaxial current transformer (ISR).
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Wall current monitor with eight 50 Q outputs (SPS)

Wall current monitor with eight 50 Q outputs (SPS)
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Another version is the wide-band intensity monitor or coaxial transformer:
(See also § 1.4.1).

MAGNETIC

/é;/ff RINGS
Ve

i Ref.: 105, 63, 33
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- This distribution is a function of * Lransverse position of the beam

- It is identical to the induced charye ° stribution of the static case

Circular case:

2n
v I,=-1= { i de
v Ib 2n
= - [ F (¢) do
2n ¢
F (6) = Lo -y
1+ x2+ y2 ~ 2% cos ¢ - 2y sin ¢

Both circular and elliptical cases have been calculated by conformal mapping. (Ref.:
52, 3, 42). Finite elements method and simulation method (Rheography) can also be used.
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Directional and transversal
strip-line HF (2 GHz) monitor (ISR). -

Directional position monitor for pp in SPS.
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If the active part of the monitor integrates iy, over only a part of the chamber

circumference, Z wi]] be reduced by the factor L

2nR

N

1. =1
o] cotot * 2 R

or the image current in the active strip is:

i (t) = - i (t) —=—
ig(t) = - i, (t) s

{beam centered)

Such monitors are called strip-line or directional coupler monitors.

| fLLR
Z_ =600 In sin 2nfs
o\ R—h , c

Zg

for the strip-line Zo = 50 @
if h=0.1R W= 5h Ref.: 45, 16.

Such monitor has a non-linear transfer function for the beam position, but has the
advantage of directivity for accelerators and colliders with the presence of two beams,
i.e. p and p, circulating in opposite directions. The isolation between up-stream and
down-stream parts is about 40 dB. The position transfer function is then both proportional
to Zo for a centred beam and to the current or azimuthal charge distribution integrated

over the width ¥ of the strip. (See the circular case).

Other related configurations have been developed, such as:

Strip-line with
variable coupling:

Purpose: to avoid the beam coupling at the down-stream end in order to increase the fre-
quency bandwidth. Ref.: 46.
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Broad band tapered strip-line monitor (SPS)
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Tuned cavity or gap monitor with four coupling points:

R
Purpose: high sensitivity or large bandwidth.
Difficulty: the azimuthal parallel
. R impedance of the gap is shunting Au
R
The gap with four or more coupling points has also been used for multipolar motions
aobservation. Ref.: 51, 58, 69.

For damping or cooling applications, maximum transverse sensitivity and linearity are
required.  The preferred and most usually used configuration 1is the one of separate
horizantal and vertical functions, which is called:

Full coupling directional coupler with linear transverse characteristics

Each strip sees:
ip (t) /2
ifw>»h

Ref.: 112, 88

It presents a Tinear transverse function if :

4
=

“ /
A1~
- ” E N
& 0
H
-a -8t t
- Both £ and H fields homogeneous
- and hence
b iy =yl - g2
=0at¥Y=0
Auw = U] - Uz

To be compared to the window-frame magnetic monitor used at low frequencies (§ 1.4.2)

This is a very important device used as the pickup for transverse cooling and momentum
cooling with Palmer's method. The same device can be used as a broad-band transverse
feed-back kicker when powered in push-pull mode. Ref.,: 112, 108.
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1.3 Electrostatic Monitors:

Coming back to the original coaxial pipe structure of § 1.2, the terminating resistors
Ry and Ry can be suppressed and the inner pipe can be connected to the outside via a

feed-through, without loading resistor, to a high impedance preamplifier.
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Such a structure is equivalent to an inner-electrode with capacity Ce to the outer
wall and on which a charge Qo (t) is influenced by the presence of the charged particles
of the beam. The device "sees" or integrates the beam charges over the Tength 2, Qe (t)

being the instantaneous influenced charge:

If At =

0l

i (1)

| blt with ¢ = speed of 1ight
qu.m
]

at t

then

t+at
Qelt) = [ 1p(e)de = iy (6)eat

and from electrostatics , Faraday's law:
Q(t) _ iylt)es

Ce Ce-c

ug(t) =

This is valid if & <€ bunch length, which is mostly the case for the capacitive monitor.

The coupling impedance becomes:
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But in a coaxial 1line:

CE = 1.'C'
and c = I S C' being the capacity of unit length of line
L'-C' L' being the inductance of unit length of line
LI
1 = /—
o c

therefore, Z¢qg =

[
N
o

It 1is interesting to note that the coupling impedance Z.q, is defined by the
characteristic impedance of the structure Zg which in turn depends only on the ratio of the
outer to inner diameter and not on the length L.

Comment: For bunch lengths < & the electrode structure may resonate at higher modes or
with parasitic reactive elements. By careful construction (see button electrodes example)
these resonances may be pushed above the useful frequency range.

A more precise calculation of the influenced charge as function of time is then
needed:

t t

Quft) = J iy (t)dt - iy (t +at) dt

- -t
— - — e

total charge of total charge at the

the bunch = Neq output of the device
at the input of
device.

with: at = 2%

c
{yth N = Nb. of particles
q = electron charge
t=0 at

Qylthat=0

{ =
- !
/ ue(n Lnb(”'A[ :F
/ /
/
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Qg(t)

u (t) =
///,’-——-___\\\\\ Wit ) Ce
‘////a \\\\\ -

This case corresponds to the electromagnetic coupler of § 1.2 where the influenced or
wall current at the beginning and at the end of the device are inverted and the resulting
voltage, after the passage of the bunch, is zero. Ref.: 2, 114,

R T P 4

If the cross-section of the internal plates has w » h, it corresponds to the case of a

capacitor with parallel plates of large width.

y A
1 W ——————
{
% Lu, e —

This well known case has a linear voltage function AUe versus the position Y of the
charge between the plates.
In the case of a limited width w, an identical function of position is obtained if the

electrode tube, of any cross-section, is separated by a cut presenting a Tinear function of
y in the projection on the y-z plane:

Y

At any y, a(y) and b(y) are linear and a(y) + b(y) = 2
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The difference signal of such linear cut electrode is a linear function of the

position. Ref.: 80, 76, 79, 65
Position function:

_ rY c}\/f&i
hlz——---+?t; —-—} cd

u
L & . | uz
Ce J(\\g

. - (o

. ‘ Cd with : u = i Zc0 = g
c+C 1 *ed

a 2 d

5:- =4y ec ulmax 2“‘e. cd u1min 2"e cd
1 + _g_.. 1+ C+C 1+c C
C,t Cy et Y4 e*td

Other linear-cut configurations have been developed which allow the combination of
both vertical and horizontal plane with compensated cross-talk by balanced dispositon.
If tuned electrodes and amplifiers are used, vertical and horizontal electrodes sets should
be separated by a guard ring or fully separated. Ref.: 65, 64, 66, 57, 76,
32, 21, 18, 79, 34.
- Case whereby the intensity information is obtained from the sum of the four
electrodes:

S

-

- Case whereby the intensity information can be derived from the sum of two plates of
x or y plane:

v /’I \2 v {7
’ H
: N l-]
I Y A FE, H - H
H ~
- v

This is also a balanced structure.
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Elliptical electrostatic position monitor

with electrodes deposited on a ceramic tube (PS).

Ultra-high vacuum electrostatic position monitor
(backable to 350°C) for ISR.
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Very broad aperture electrodes assembly
of the LEAR electrostatic position monitor.

Very simple electrode assembly (horizontal)
of the p transfer line monitors (TT6).



- 403 -

Many other cuts can be invented:

Remarks:

- The lipearity of the transverse position function is assured only if the tube cross-
section js maintained at both ends of the electrode structure and this at least for a
length equal to the largest transverse dimension. If the chamber cannot fulfil this condi-
tion, grounded guard rings of the same cross-section should be used.

- Electrostatic monitors have a large impedance at low frequency and they are therefore
very good collectors of charge. They should not be used in places where ionized molecules
or secondary particles are present in large quantities as they produce perturbing low fre-
quency signals. A small DC bias can help to avoid these spurious collection effects. In
some cases such signals can be turned to good use and can be used to detect a localized
beam loss.

For electron machines, the most frequently used electrostatic solution is the button
electrode. Ref.: 3.

This configuration is imposed by the
emission of the synchrotron light in
the horizontal mid-plane, which
should not hit the button electrodes
directly.

Such a monitor has a non-linear
position transfer-function.
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This function has been calculated by
conformal maping and the result is
given in the form of isolevel curves.

S1 %
S3 §
fsolevel cucrves for £LH/I and Av/L

St

(§EN
IINE NI
AN

ANVY
RN
JEEN

S3 St

Iszalevel curves for 6!{ and %

Multipolar electrostatic monitors:

Curves a:
AV . (S) +S,) = (S5 +S,)
a ): Ztot
BH - (Sp*Sy) - (Sy +S5)
) Ltot
Curves b: diagonal treatment
Sy - S S, - 8§
5V = 1 4 2 3
S1 + S4 S2 + 53
S; - S S, -'S
5H = - 1 4 .72 3
S1 + Sy S, + 53
b

Such monitors have been proposed but not yet applied.

NI

quadrupolar (tilted)
hyperbolic shape Ref.: 79, 66
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1.4 Magnetic monitors

1.4.1 Intensity response

Returning to the original coaxial pipe structure of § 1,2, the terminating resistors
can be replaced; R; by an external very low impedance to measure the current and R; by a
short circuit.

—’—] ;H»‘i

M~ mas
4 e

AN

A,

¢: 0 flux

w= "l or ¢ =Py,

This monitor is then a coaxial current transformer with a turns ratio of 1:1. This
turns ratio can be changed by adding windings around the magnetic core. The secondary
loading resistor must also be low in order to have negligeable voltage across the gap.
This loading resistor Ry is shunted by the parallel cavity inductance which is:

related to the characteristic impedance of the coaxial structure:

L.=_2Bo 4 b b = outer radius
T — I — . .
2n a a = inner radius

Ry
2nLT

The device is then also a high-pass filter with a cut-off frequency

The usual way to Tower the cut-off frequency is to increase Ly by adding a magnetic
ring which also increases the coupling to the beam for frequencies below the point where
the skin depth 5 > wall thickness.
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The device's lower cut-off frequency can be pushed down to OC in order to obtain a DC

Active feed-back and DC beam flux detector has then to be added.

transformer.
1 2 3

BN

tb

ur modulation or
Parametric amplifier

—””’-{ or DC flux detector

Inc = I
u =R. ip from DC to high frequency.
Ring 1 : AC coupling for mid-frequencies

Rings 2, 3 : DC detector. Ref.: 77, 32, 117, 118, 119

The technical aspects of this DC transformer are further presented in chapter 5.2

Remark :

Such a device is quite insensitive to secondary particles.
It is very sensitive to external magnetic fields and needs careful shielding.

- It is a low impedance device.

- - > - e -

The magnetic transformers or monitors are also used to measure the azimuthal wall

current density distribution. They are also used for position measurement.

Loop monitors:

Four rods with

E%E;;:;. ) B current transformers

ig = i1/n n = turns ratio

iy = i./4 to i, o L W = width of rod or strip
b b 2aR

Depends on frequency Ref.: 116.
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Transverse position sensitivity is 1like one of the strip 1line moniter. It has a

non-linear position function.
tp

Window frame monitor:

SHORY CIRCUN
Loop

S
/p,)) 1

$t 42 .

«

N
Jr

‘// _____

7
s 7',_
At X=0 i =0=4 iy
since &) = &7

W

Such a monitor has a linear position function, for low frequencies. It is the reciprocal
of the window frame magnet. Ref.: 49

Ring core magnetic position monitor:

. o« W
el . - Non-linear
AL - Difficult to shield
\ - Useful when secondary particles are a
problem
ef.: 22, 40, 24.
~ Open ring core, external LF field: Ref.: 47

1.5 Other monitors: PARALLEL CDAX. uns —_

r—‘?l—t—t—r=|\w.~nows

Slotted type: ‘i}i:::>

directional electric coupler REf': 110, 10, 11, 12

IS

Wave guide coupler:

X Ref.: 33
3

|-
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2. SIGNAL PROCESSING

2.1 Characteristics of the Beam signals:

2.1.1 Intensity

Iy = DC average current
= Neesc
2nR
1, =7.6-100. N
R
e = electron charge, ¢ = velacity of light, R = machine radius, N = nb. of particles.

If the beam is burched it will most probably have a Gaussian bunch shape:

Gty

C=BUNLH LENLTH

e 0

iy (t) = I . e 2 o2 ky, = nb. of bunches

kb-u

Such a time function gives spectrum in the frequency domain of the form:

?b (1)

5
3

P I

|

-(2xf)%0?

?b(f) =T .o 2c2

kb'frev

This spectrum is a line spectrum at each harmonics of the revolution frequency fpey and
bunch frequency kpe frey- Its cut-of f frequency is fq. Ref.: 2
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Schottky A.C. noise signal from a non-bunched beam:

" 1
12 () oty 2 [A/H2)?

with spread s = h In _Ap

p
It is a power density spectrum once multiplied by Z.q. Ref.: 98.
T
H]
S
T‘ . 8
7, I' l- ---."
O Kyefreo 2 3 ‘7 h bty f

2.1.2 Transverse motion:

It is due to:

a) Position or orbit distorsion

b) B dipole oscillation

From the signal point of view it coresponds to an amplitude modulation with ratio:

Ag

aperture
c¢) multipole motions

For the measurement of the transverse position (case a)) the mean intensity information
Iy is used.

For g dipole motion measurement or detection, the modulation information of ip(t) or
ip(f) is used.

For Schottky B dipole motion measurement, the in'z(f) is used (debunched beam). See also
Chapter 4. Ref.: 98, 2.

2.1.3 Dual Beams

If a machine has colliding beams: p «+ p, e~ « et
it requires: - polarity sensitive monitors, or
~ direction sensitive monitors
Ref.: 38,2.
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2.2 Connection to the monitor

AL LISERA L i PR S - P2

a) electrostatic monitor case:

Ce

[(§]
1 } §
Zc PRE-

z
: IN | ampLIE
tb-Zco PLIFE

Necessary condition:

N > L¢

with

ZC = __1_.
JjwCe

L0G SCALE
LOWER ) rr
(yr. off astitATON
UAMPING REf.: 76

In accelerators it is often desirable to damp electrode reactive oscillations for beam
stability reasons. This is achieved by making the amplifier input impedance resistive
above the frequency domain of interest.

b) tuned cavity or electrode case:

ZIN

J- TRANSF
Ce Rp Le OR IN P

'L AMPLIE

N
t
-

For the tuned electrode case an external inductor is added which resonates with the
electrode capacity.
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a) Coupler case: Zp = Icghle
b) Electrostatic monitor case:

Ce Zgable
|
L] ]
?(” V4 Ze d ~ = Leo
i) Cco Ro f u(f) = T(f) » ————
14t
jenfRoCy
* b2 z(f)
Cb ) ?b f = 1

o - ——— - -

I >
T

‘r: {5 Log {'

In most of the cases the cable impedance Z; and the electrode capacity Co are
given. The lower cut-off frequency of the coupling impedance is then f.. The resulting
u(f) is 1imited by fo and fg which is the upper 3dp 1imit of the beam signal spectrum.

P A RN e A - L T L T

Em (D
v L Zw| TRANSF
(p ) 2 OR
t AMPLI.
Z1y < ZL
e 2 R
¢ onl Ref.: 116, 24

For magnetic and gap monitors
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The different aspects of such transmission can be described in four points:

2.2.4.1 Attenuation

Very often the monitor signal has to be transmitted by long cables. The transfer
function is similar to a low-pass filter with an attentuation being a function of the cable
'Iength M Log A

Ltog ¢

Example of an evaluation:

v

Ir
AlHa ‘G
g | vz ~

10 Ty

198 4

JO0M calle
1°

VF 750H cable
10—10

2 R

T -
s 10000
rrmz

|
1
!
|
{
[
|
(
|
|
[}
]
!
1
1
)
1
I
!
|
]
!
!
[
!
{4
f

. ; .
1 10 100 ‘¢ 1000

Current spectrumhi (f) and voltage spectrum V(f) of the button signal for a
single bunch with 5.5610'! particles (Ig = I mA) with Zo = 0.3 @,Ce = 15 pF
and different length of CK50 cable. Ref.: 2

The beam current spectrum T(f) is multiplied by the cupling impedance Z., (curve
V(f) with no cable atten.) and then by the cable attentuation function (as function of the
length). The resulting V(f) is then integrated over the bandwidth of the amplifier chain

and compared with the input equivalent noise voltage. This gives an evaluation of the
system resolution.



- 413 -

2.2.4.2 1lsolation from External Noises

L PP T P AP PP~ 22

This is major problem in accelerator instrumentation design. There are no absolute
recipes to solve this problem but the most frequently used means are:
- good screening
- grounding scheme
- balanced lines
- galvanic separation
- narrow band-width of the system and/or
- time windows
- etc,

B - e L D21 T Al S L L g PP 4

Among the usual modes of analog transmission the following can be named:

. U+ € . ..
- Direct: If € = error in transmission

l with e € 1
PU
T s

The position is given by: AU -V resulting in £ = error in position or position
T U + Uz T offset.
- A and £:
U4 a+&
l o
PU
HYBRID
JUNCTION

In this case the error in transmission results in (A/£)+(1 + €) = error in scale, and not
in offset which is more critical.

- Time multiplexing:

i

Uy

U,

T
DELAIS

Ideal because of the cable saving, but more complex.




- 414 -

o e e e m m e - o et B e e e e S S e > e e

Wide bandwidth:

for - time domain signal processing
-~ fast signal processing
~ maximum power from the monitor

Narrow bandwidth:
for - tuned devices, maximum sensitivity
- ringing filter and synchronous demodulation
- good noise rejection
- phase modulation and demodulation for large dynamic range (auto normalization)

2.2.5 Coupling_to the_beam_and_instabilities

A stability criteria for the beam must also be considered:

Uses:
Large Ib > Zco Tow Accelerators
for longitudinal and transversal couplings
Small I, = Zco high | Cooling

Last, but not least, the monitor resolution.
Definitions:

- Precision: mostly means the absolute precision of a measurement, intensity or position.

- Resolution: mostly means the smallest detectable change in magnitude or position. It
also refers to a useful signal to noise signal ratio of one.

The problem of precision is related to the mechanical precision of the device and to the
gain balance of the processing chain (see also § 2.2.4.3 and 2.4.2). The problem of reso-
lution can only be solved by either increasing the monitor sensitivity, Z., and trans-
verse sensitivity, or by diminishing the processing chain front end noise figure. Picked-
up external noise signals can also be a non-negligible factor since most monitor signals
have quite a low level. This difficulty is evidently solved by front-end amplification and
optimised screening. Ref,: 2.
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2.3 Signal Detection

2.3.1 MWide-band case

- - - -

Three types of detectors are used in this case:

- Sample-Hold or Track-Hold: U
SERIAL
m I)A]E f) Ue
|
'
- U( :
LDW |
IMPED, l( {: Up
1
T b
HMEMORY |1
[ -
gt |
TRACK b HOLD t
- Peak-Hold: SAMPLE
lH 4 /
U
Ue
lmuu 'L
1 ’ .
// THRESHOLD Up
It has a non-linear characteristic. //
Ot FSET
- Clamp:
Uy & u
¥ % &
PARALLEL
Urn
(Lanp u flhﬂﬂ
\i/] \'ifl

The clamp circuit is a DOC restorer or a synchronous detector similar to the
sample-hold circuit since both parallel and serial gates must be synchronously driven
relative to the beam signal. Ref.: 2,21, 76
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2.3.2 Narrow-band case

--------- —mmm—m—

Three types of demodulators are used in this case:

- Synchronous detector:

/\ ,/,I '/\ S-H o
A L/r’ I
i CONVZRTER
N S.-H }—»
s [
FILTERS | LIMITER  MIXERS I
GAIN POSSIBLE

CONTROL  HETERODYNING
Its main advantage is insensitivity to external noise. But the duration T of the
burst can be a problem if the repetition rate of the bunch signal is high.

Ref.: 2, 4, 7, 38, 39

- Phase modulator-demodulator:

vy,
- i g
ol ' i
Uy AN an I !
nn v | !
HYBRID ! I
) |
v —-| } - ETA/ T A -
] A it — o
BAND.PASS ¢ !
. -:‘U| Vo e — o
Th (o)
Al\ oB
g 1,0
: « =3 (Y+2)
Position information : Phase modulation :
U -v U
-4 _ =2 1 ¥ - a2, _ I
Xory=g = U; + U; = tan 2 ¥ =2 Arctan(u ) - 2

1

Its main advantage is its wide dynamic range since the intensity information is
normalized., But this can be a drawback if the intensity information is needed.

Ref.: 5, 25, 27, 28



- 417 -

- Analog multiplexing and Network analyser:

U
Uz
n
, HPIB
. A HP
X NTWAN | >
. R
ANALOG
U | sELECT 8 I mode
n
Um — u, Ref.: 17
s

2.4 Digital Acquisition and Processing

2.4.1 A - D conversion

One usually finds two approaches: AD converters close to the monitor. This is
characterised by:

- Long time storage by the ADC and simpler S-H

- Large numbers of ADC's

- Long distance digital transmission

AD converters centralised. This is characterised by:
- Longer time storage in analog form for the S-H
- Possibility of multiplexing prior to conversion
- Long distance analog transmission

The most frequently used system is the 12 bits conversion corresponding to 1/4000 resolu-
tion.

2.4.2 Position Calculation

A calibration procedure is usually used to improve the system's precision. With a
test signal the offsets and balance coefficients are recorded for subsequent application to
the raw data from the monitors. The position calculation is then:

Xory¥¥s=s KS (UI'UOI) - KO (UZ"UOZ)
(Uy-Uo1) - Ko (Up-Ug2)

With Ugn = offset voltages
Ko = balance coefficient
K = scaling factor from the monitor Tab test.

This formula is used for linear monitors (Ref.: 21). The resolution of the measure-
ment system is defined as a ratio of the system's equivalent input noise and the minimum
measureable displacement. The resolutions are usually in the range of 0,1 mm to 0.0l mm.
The precision, or absolute precision of the position is usually 3 mm to 0.3 mm.
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Most of the arbit acquisition systems have at least two modes of operation:

- Single shot or first turn orbit corresponding to the mode in transfer lines

- Average or closed orbit which is the mean over n turns to eliminate the betatron
motion information

The single shot mode aver many turns is also used to obtain the betatron displacement
around the mean orbit. This information is used to optimize the injection into an

accelerator and to analyse the optic functions. Ref.: 21

2.4.4 System Test_and Trigger

- A testing facility, i.e. beam simulation, is not only necessary for calibration
purposes but also to test the proper operation of the system under conditions as
close as fossible to those with beam (Running-In, Maintenance).

- The fast timing of the system-detectors, S-H, ADC, should be beam_self triggered for

operational reliability reasons. Ref.: 2, 21
SUMMARY TABLE
CONDITION DIAGNOSTICS 3
HONITORS ACTIVE SYSTEM
TYPES Radietion| = - Beam cucrent Functlion Machine Pacemetecs
Secondacy l_?p’ Tos Vorki Feed- |cooling
Particles|e —e Jhigh| low [bunch bunch Intens|Position 8 °;‘":5 Coupling beck
Electrost. P.U. X X X X X X X
T1dem reson. X X X X X X X X X
Gap X X X X X X (x) X X
Cavity reson. 4 X X X
0C transf. X X X X X X X
pir. Coupler X X X X X X
Idem, 1 plane
nigh coupnns' X x | x X X X x x x
Magn. Posit. Mon X X X
Slotted Coupler X X X X X
Buttons X X X X X X X
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example of beam position acquisition systems is given:
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OTHER MONITOR DESIGN ASPECTS OR PARAMETERS

Other considerations, which are not covered here but are of the utmost importance in
the practical design and choices, are namely:

- Vacuum, metal of the chamber

- Space, dimensions
External fields (magnetic)
Radiation, secondary particles

Particle velocity < ¢, etc.

SCHOTTKY AND BEAM TRANSFER FUNCTION INSTRUMENTATION

Ref. : 81 to 113.

4.1. Introduction and theoretical background

This beam monitoring system gives access to both the incoherent and coherent motions
of coasting beams in storage rings.

PSR-l S LT

The first aspect is called Schottky beam induced noise since it corresponds to the
shot noise of free charamrs in an electrical current. A single revolving proton passing a
monitor produces dirac pulses in time domain which corresponds in the frequency domain to a
spectrum of lines at all harmonics of the revolution frequency. The combined response of a
large but finite number of particles randomly distributed around the accelerator
circumference produces the so-called longitudinal Schottky spectrum.
The noise current In per instrumentation

LONGITUDINAL SPECTRA | bandwidth Af is : I,? = 1/S.2 Ipc af
Ipc = N nb. of protons and spread S =

-— h|n|Ap/p at the harmonic h. The squared
u___}——___;’-——_i_” longitudinal spectrum is therefore an image
' I 2 n', Figs1 of the N or current density as function of

the momentum or radial position.

If, in addition, a particle has a transverse betatron motion, the signal obtained from
a position sensitive monitor will be an amplitude modulated dirac pulse train., Averaging
over all particles one obtains sidebands corresponding to the so-called transverse Schottky
scans related to the betatron distribution F(w). The frequency fB of the transverse
spectrum are related to the 'working Tine' or tune diagram Q(Ap/p). The magnitude or
dipole density Dppg(fg) is:

ve/2

27R

Drms(fﬁ) = . A(fﬁ) N(fﬁ)dfﬁ
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4,1.2 The beam transfer function

where N(fB) is the number of particles per
unit  interval of betatron freqguency,
fg = (h£Q)f,. and A(fp) their individual
rms transverse motion amplitude which is
proportional to the beam emittance.

It should be underlined, from the
instrumental point of view, that such inco-
herent Schottky noise signals are: propor-
tional to /N as well as /ZF, very small,
i.e. in the uV range and that the transverse
sidebands are about 1/100 of the longitudi-
nal spectra for ISR conditions.

The second aspect is the beam transfer function (BTF) as obtained from an exciter and

a position monitor.

Only the transverse case will be treated here because it is the most

important one for the ISR from the stability point of view.

Coming back to the single revolving particle, this

e ® Beam will respond when the exciting signal frequency corres-

?5f" “%3?' ponds to its betatron frequency. If the monitor signal

X is related to the exciter signal the transfer function

Power obtained is, at each resonance, equivalent to the res-
Brodd Preamel. ponse of a high Q tuned circuit with a phase rotation
B [Processing from - 90° to + 9(0°. But, since particles in the beam

Noise Aprstem have a betatron distribution F{w), their transfer func-
PRINCIPLE BLOC DIAGRAM tion is that of a system with a continuous distribution

of resonators (Fig. 4). For frequencies below that of

all the resonators the relative phase is + 9(°. For
frequencies above, the phase is - 9(P, resulting in a smooth phase change of 18(° across

the sidebands.

be the inverse of the dispersion integral:

Such BTF is calculated from the displacement x of single particles with an
excitation g and then averaged over the betatron distribution F(w).

It has been shown to

T VR w) de _ ., 1
/= 10% = +/ 20 non =t -y 10

BEAM TRANSFER FUNCTION
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i ]
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o ) - l L I
& 8 T hte T [ fe
1804 |
M i [
PN | ! l
: | !
|
ot ——— ) —1 I — e
180 FAST SLOW
Fig.4

0™

with: slow wave: - sign and wg= (h-Q), fast
wave: + sign and we = (htQ). @ = 2xf,
index '0' at centre of distribution. The

so-called dispersion integral ID is well
known and has been calculated for diffe-
rent F{w) (Fig. 7).

The effect of image fields (transverse
wall impedance) effect on the beam has to be
included and can be described as a feed-back
through a passive network (Fig. §):
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EIZT
G, SR X 7 = __Z“Rmo and 6 = G, + Z%/3
'I- ——7
{1z 1
+ —Fast The resulting total BTF is then:
- -=Slow Fig.S
S L
sLow FAST GO 1 tJID.Z
: U !
i Eaa i ) P‘ 'f ) From Nyquist, the stability criterion of
T ! s the beam system is that:
! STABILITY L
' omcnau_lff:]‘\\\_-. Z< - j/ID' slow wave
. : 1< + 3/ID' fast wave

oino v t* Fig. 6 gives an example for a circular distribu-
STABILITY . . . :
A CRITERION I, tion F(w). The reactive and resistive parts are
’ =" ’ " positive in the ISR. Negative values for the
T & resistive part can only be obtained with active
Fig.6 feedback. Only the slow wave is prone to insta-
bilities and this at the bottom of the stack
(high revolution and betatron frequencies). The
BETATRON DISTRIBUTION | STABILITY OIAGRAM TRANSFER FUNCTION influence of F(m) is also very important for the
(L} Areal bonase Suow wart 9 . N
- E ot stability margin (Fig. 7).
[f/’:;?\ ' To summarize the BTF contains information
» woam st magnary w

on the stability margin under real operating
conditions, the Zy wall transverse impedance
and active feedback negative impedance, and the
betatron distribution from which the tune diag-
ram or working line can be derived. From the
instrumentational point of view, it should be
underlined that the beam response and hence the
monitor signal is proportional to N and is the

coherent response of the beam centre of mass even if the exciter signal is noise with a
This fact allows the treatment of signals much higher than the

constant power spectrum.
Schottky beam and amplifier noise;
remains very small since it is proportional to 1/N.
not produce any visible beam disturbance.

even so, the disturbing signal to individual particles

Hence this measurement technique does
This approach is only valid if the system is

linear, which is true as long as the beam transverse motion remains small and the distribu-

tions are not modified.
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4.2 Instrumentation description
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The first Schottky spectra observation system was implemented with a swept spectrum
analyzer. The high speed of present digital processing allows the on-line calculation of
the fast Fourier transform of time domain samples. In comparison with a swept spectrum
analyzer of the same IF bandwidth or resolution, an FFT instrument with N frequency
channels represents N filters in parallel and the time needed for the average of noise
spectra is reduced by N. With a dual channel instrument, the transfer function is
calculated in amplitude and phase. This instrument having a bandwidth of 0-100 kHz and the
— s Schottky signals of interest being situated in a

Ty - oy -y g N Y o frequency range of 30 kHz to 100 MHz, a dual
channel frequency shifter was developed and
built. 1Its amplitude and phase characteristics
|| must be constant across the band-pass and iden-
oo tical for both channels. One tenth of the FFT
bandwidth has to be allowed for a steep attenua-
tion (high-pass) in order to avoid frequency
fold-over around 0 Hz. The frequency shifter
block diagram and characteristics are given in
[FREQUENCY SHIFTER soberes o B Fig. 9. An input selector connects the desired

signals from the preamplifiers to the inputs
of the frequency shifter, whose central frequency setting is controlled by a synthesizer.
The same signal controls also the central frequency of a tracking noise source of constant
spectrum across 300 kHz, which is used for BTF measurements.
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A very low noise broad band amplifier
with good linearity has been developed for
this equipment and its circuit is given in

EO6  maysr w0 wew ‘7;;' OWF Output S0

.mo—I—ruian—I
iy I

- Sparst Fig. 10. It uses UHF silicon bipolar
4 T,
. .nn 0z 2508 transistors and shunt feed-back to obtain an
L L T Ll pFran ‘electronically cooled' input 50 @ active
rput 50n OWF
ek BFRS o impedance corresponding to a resistor at
10pH 7 om 70 °K., This amplifier is used throughout
1L the system as wideband amplifier. For trans-
__T W 0,2F: 27 Resrsiors VBW

verse Schottky signal observation a 300 kHz
Low Nose Ampitars 05450 N 1508 N9 fL w0 bandwidth FET amplifier, with a differential
tuned input circuit resonating with the

monitor electrode capacitance at 10.8 MHz (h=34), is necessary to obtain good S/N ratio
with such low signals.

The horizontal and vertical monitors as well as exciters are of the diagonally split
electrostatic type. They are used both for transverse Schottky spectra and BTF measure-
ments. A gap, or coaxial transformer monitor is used for the longitudinal Schottky scans.

Numerous practical problems had to be solved to ensure proper and reliable operational
characteristics. The system did allow for automated BTF measurement from 2 to 80 MHz,
for longitudinal Schottky spectra at 52 MHz and transverse ones at 10.75 MHz and this for
ISR currents ranging from 10 mA (single pulse) to 60 A (stack).

4.3 Data acquisition and processing

The system was connected to the ARGUS computer via a CAMAC crate containing a local
processor (Ferranti ACCl00) for hardware control. Schottky scan programs controlled the
settings of the instrumentation, transferred the data and normalized them for presentation
on display. They also calculated radial position and current density of the stack from
lTongitudinal Schottky spectra and the Q value of the two stack edges from the transverse
Schottky spectra whose magnitude is proportional to the local stack emittance.

BTF programs controlled the system settings, transferred the data and presented them
on the display. Its magnitude is a direct indication of the stability margin. Another
program corrected the BTF data and calculated the stability diagram, the transverse
impedance and the measured dispersion integral from which the transverse distribution F(w)
and the tune diagram or working line was derived.

As seen in the introduction
ID = PV -jnF
where

Py = fwz F{w)dw

W -
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wy,wp being the edges of the distribution, For w, close to wy, PV will be positive,
while for wg close to wy, PV will be negative. This means that ID describes an angle of
n radians in the polar diagram since F{wy) = F{wz) = O at the edges. This is equally the
case for 1/ID. The inverse response however will describe an angle different from = and
this is caused by the resistive part of Z. Fig. 6.

al

AMPLITUDE FAST WAVE
S - stability disgram betatron distribution
UNCORRECTED \

g N
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PHAS 10.372MH2
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f\\___ e g—"" N
CORRECTED

LONGITUDINAL DISTRIBUTION
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]
HORIZONTAL VERTICAL SLOW WAVE
]
! —I' 4a'et.5HHz

a: shitt origin

o—o0—0 ——e RF KNOCKOUT
soa — FFT

Fig.44 a : signals from FFT; b : calculated betatron distributions and
stabi1 1ty diagram; c : working 1ine measurement.

The reactive part of Z shifts the origin of the inverse diagram along the ordinate,
Suppose that this shift is known.

Consider the case where the influence of the environment on the response of an excited
beam is negligible, in other words Z = 0. The resistive response gives the particle beta-
tron distribution function for a fast and a slow wave. The two total integrals over each
wave must be equal since they concern the same particles. Partial integrals which start
from the low momentum side and which are equal, cover the same particles, i.e. the other
boundary identifies the same particles in the stack (Fig. 12).
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Fig. 12: Principle of working line measurement

This method can be used and for every momentum (radial position) in the stack, one can cal-
culate Q(q). From the betatron distribution and the correlated momenta, one can calculate
a corvesponding 1longitudinal distribution. However this distribution could also be
directly measured in the ISR and could be compared with the longitudinal distribution
computed from the beam transfer function. Different origins in the inverse diagram can be
tried out and the resultant longitudinal distribution compared with the measured one. The
origin which yields the best match is a measure for the reactive part of the impedance. It
has been pointed out that the measurement of the 1longitudinal distribution may be
influenced as well by the corresponding longitudinal impedance. Experiments in the ISR
have shown that the margin of longitudinal stability is extremely large and hence the
influence on the density measurement may be neglected.

The search for the value of the reactive part of Zy uses an iterative algorithm.

The results can be split in two groups, i.e. tune measurements and transverse
impedance measurements. Figure llc gives an example of a working line measurement on a

stack. A good correspondance has been found with the measurements performed with RF
knock-out.

Measurements of Zy at 10 MHz on a number of stacks have been done as well. For the
horizontal plane we notice much smaller values of the reactive part than in the vertical
plare, i.e. less than 1 Md/m in the vertical plane. This is explained by the fact that the
chamber cross section is elliptic with the longer axis in the horizontal plane. The resis-
tive part of Zy has been found to be a few tenths Ma/m.
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44 Qperational Applications

The evident application of the BTF is to monitor the stability margin and to control

the betatron distribution by modulating the

reactive part of Z7 and optimize the stability.
relative to the simplified stability criterion previously used:

Q' constant.

Figure 13(a) shows actual beam
transfer function, where the influence of
the reactive wall impedance is clearly pre-
ponderant over the influence of the beta-
tron distribution. Transverse stability

optimization will thus be achieved by com~

an

pensation of the inductive wall impedance.
The frequency spectrum of the dis-
turbances being a priori unknown, the best
stability diagram that can be aimed at is a
semi-circle, i.e. canstant

a amplitude

transfer function. To meet this criterian,

two possibilities are open:

J

chromaticity in order to compensate for the
This accurate method is a step forward
1/aQ < k(Fy/|Z7|) with

b AMPLITUDE (1inear sc)
AUN 1116

SLOW WAYE
40KHz
FEEDBACX ON

_____

~~~~~

——eaB off
—b on

FAST WAVE
107 7Q KH2

F U W TR S DS

- ejther to provide a reactive feedback
which, its
range, compensates 77y,

system, within frequency
or to choose a betatron distribution
such that the stability diagram will be
as close as possible to a semi-circle;
such a compensation is valid for all
collective modes.

The modification of the betatron dis-
tribution for a given longitudinal distri~
bution may be performed by controlling the
variation of the chromaticity over the
energy aperture (Fig. 14): f(”B) ~
1/qQ'(ap/p).

In a simple approach the chromaticity at

L. 9 1 L
div =2 5XHz FREQUENCY
Fig. 19 : Beam transfer function of an
ISR beam
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Fig. 14: Tune diagram

the bottom of the stack is increased in steps

whilst the tune and chromaticity over the rest of the stack is modified to keep the tune

and tune spread constant;
fulfilled.

the process is repeated until the optimum stability criterion is

In a more systematic approach a specific skew trapezoidal betatron distribution was
found to compensate almost ideally the effect of the reactive wall impedance (Fig. 15);
for an initially linear (Q,Ap/p) relationship, the ratio of this ideal betatron distribu-
tion to the measured one gives simple the correction factor to be applied to Q'(ap/p), and,

by integration, the ideal tune diagram.
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Fig. 15

The BTF was also used to optimize the phase angle of the low frequency (20 kHz to 1
MHz transverse feedback system.

PU1 PU2
=768 p2=739

max| 260Vpp

POWER
AMPLIFIER

VAR .
ATTENUATORS [

DELAY
LP
FILTER
——
POWER
COMBINER
T DELAY
LIUTIU

Simplified block diagram of the
transverse feedback system with
adjustable inductive compensation.

Fig. 16

For compensation of the resistive part of the wall impedance the distance between

pick-up and kicker is chosen to be an odd number of betatron wavelengths. Figure 13 shows
BTF without and with transverse feedback.
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However, the stability margin can be further increased by compensating for not only

the resistive part but also for the inductive part of the wall impedance. The phase angle
of the compensation can be changed by changing the distance between the pick-up and the

kicker of the feedback system.

In the ISR Im(Z7)/Re(Zy) = 1.24 for the lowest mode. The optimum value of p is
then

Hopt = (0.871 + n/2) 2n

where n is an even integer for positive Ag and an odd integer for negative Ag.
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p=26 6 Gev/c \ “MIXED"” FEEDBACK
15 |
|
|
| T Re
“RESISTVE" FEEDBACK | -10
t 01 ‘
“MIKED*" FEEDBACK | \
|
\\\\\\\\\\ ;o\
051
/. "RESISTIVE"FEEDBACK
|
\
’ — FREQ DEV
-20 -10 0 +10 - 20 [kHz]
Fig. 17

In practice it is hardly possible to obtain the correct value of p with a single

pick-up as the angle of the feedback will change with the average tune value.

Therefore
another approach had been taken in the ISR (see Fig. 16).

Two pick-ups are used, PU 1 with
pp = 7.676 and PU 2 with py = 7.388 {for an average tune value of 8.882). The signals from

the two pick-ups are added in a power combiner. By adjusting the attenuators (the total
gain is kept constant) the phase of the feedback is then adjustable from +27° to -50°.

The systém had been tested on a high density stack of 35 A (Fig. 17) with BTF's meas-

ured at the lowest transverse sideband. With the feedback system the stack is very close

to the stability 1imit [the average Q-value of this stack was rather low {Qay = 8.865) so
the system increased slightly the inductive impedance).

The electronic gain was kept con-
stant, From the stability diagram it is seen that the stability margin has been increased

by a factor of 3.
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At higher frequencies the transverse impedance becomes more inductive but the total
impedance decreases as the skin effect falls off. Therefore, a total compensation of the
transverse coupling impedance at the lowest sideband will cause overcompensation at higher
frequencies and the stability margin kept large all over the frequency range of the feed-
back system.

An inductive compensation of the (n-Q) term will give a similar compensation of the
(n+Q) term provided that the electronic delay of the feedback system equals the time of
flight of the particles between pick-up and kicker.

4.5 Monitoring system uses for other applications

Transfer functions can be measured in the longitudinal mode with a gap exciter and for
the horizontal-vertical 8 coupling. The B coupling transfer function has been found to be
a very efficient means of measuring the coupling factor and to minimize it.

The coupling transfer function is obtained by correlating a horizontal transverse per-
turbation imposed on a beam to the resulting vertical coherent motion (Fig. 18). The set-
up used is the same as for beam transfer function measurement . The transfer function
obtained (Fig. 19) reflects the general properties of coupled oscillators; its detailed
behaviour is related to the distance from the linear coupling resonance and to the machine
coupling vector.

NOISE GEN.
<0
ANALYSER
I~ FFT
L A coupling transfer function:
_____ machine coordinates )
" coupled motion coordinates e se) PHASE

FAST WAVE

Fig. 18

| ! e ———
10760 10770 10780 ~AEQUENCY(KHz)

Fig. 19



- 433 -

The transfer function of a distribution f(mﬂ) of particles is found by integration;
the calculation is done, e.g. in the fast wave approximation (w = (n + Q)Q):

<X _ e-inec {.4£‘ [ f(ms)dws ) f(ms)dwB B

GHFH 4Qq Amﬂ - Amﬂ

0=~ u W -
B

B

172

with wg = e(n + Q;); Auwg = a(Q, - Qz) = @a; A is taken to be constant for all
particles.

The coupling transfer function is thus simply proportional to the complex coupling co-
efficient c whilst its dependence on A (or Awﬂ) js more elaborate.

The term 17z in brackets is a finite difference of the vertical dispersion integral;

qualitatively, it explains the reason why the beam response is large for frequencies cor-

responding to the distribution edges whilst it is low for the middle (Fig. 19), for a
nearly flat distribution.

Coherent oscillations give rise to electromagnetic fields which, through the trans-
verse wall impedances introduce an additional perturbing acceleration; this effect however
does not alter the proportionality between the coupling vector and the transfer function.

The complete expression for the transfer function becomes:

-1
-ing Z,I
K> .ce (1 -dzsezm)tred R Vez
G 40 2Qp 1 - i2S0Z,ID
H H*"H
FW
with I,; = bracketed expression in preceding equation; Zy, Zy:  transverse wall

impedances; IDy horizontal dispersion integral; S frequency spread. Its complexity
excludes a direct absolute measurement of c!

The measured beam transfer function is expressed as a set of pairs amplitude/phase
[Alw); o(w)].
According to the model:

Alw) ~ /ci + c% s this is equally true for [ A(w) dw
i
¢(w) = Arc tg — + ¢(Izz) -né
c
r
For an excitation frequency outside of the beam's natural frequencies, the phase

rotation introduced by the distribution ¢[I1,;] is either 0 or 2z; o can be measured or
calculated; hence cj/c,. can be evaluated from a single measurement.
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The proportionality factor relating
the amplitude to the coupling modulus can
be measured if a known coupling increment 4

Average

Ampll?ude
is added via skew quadrupoles. The 104 (eotrary wins)
Tinearity of this relationship was found to
be good (Fig. 20). In practice, the pro- i
portionality factor does not vary signifi-
cantly from one beam to another. As can be
seen in Fig. 20, the accuracy of the meas-
urement js better than 10% on a realistic 5-
range of the c values. The sensitivity is 4

large, allowing coupling compensation to . o

~ 107", . /

The method described was used opera- -////
tionally to minimize the residual coupling 0 Coupling modulus

] =T 12

6 8 10(9

—T
2

7

which did vary from run to runm. 0

Fine coupling compensation {s most
efficient in reducing the hourly luminosity Fig. 20
decay and the "background" measured by the
physics detectors (Fig. 21).
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Fig.22

Coupling measurement has been used to study the effect of vertical bumps (Fig. 22) and
of localized axial fields.
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Instrumentation for buncned beams

Ref. @

81, 91, 93, 96, 107

The problem with a bunched beam signal is that the coherent signals due to the bunch
ucantre of mass" have a much larger amplitude than the one of the individual particles.
The practical solution is to use as high as possible a harmonic number since the bunch sig-
nal spectrum decreases much more rapidly than the one of the Schottky signal.
narrow band filtering is necessary to avoid intermodulation in the following amplifier. A
tuned cavity for the longitudinal Schottky signal and a movable tuned electrostatic monitor
for the transverse Schottky signal have also been used successfully.

In addition

2915 207 r 200 ., M54 .9
Coupe AA
- - - Strip electrode 13
12
<. ! /%‘ /
e S T N 1 —
ﬁ - -
L 120, 40
3
‘l/‘/
o [A

1
(i /%0.39

1_

—

— T

Movable tuned electrostatic 4*4\\\f\"
monitor for transverse

Schottky signals. (SPS)
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=
.

Tuned cavity for longitudinal Schottky signals of bunched beams. (SPS)

Q= 26.5082 5315 .5729

Fast and slow vertical Schottky signals,

Longitudinal Schoftky line,
superimposed. (SPS)
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4.7 Historical note

The BTF for monitoring the beam characteristics under real operating conditions was
first implemented at the CERN ISR. 1Its history is interesting in many ways. It is another
example of how theoretical concepts can be combined with instrumentation and experimental
knowledge to provide a powerful tool that neither the theoreticians nor the experimenters
can forsee. It also shows how the combined contributions of a very large number of people
are needed. The progress steps from Landau damping, through the Schottky spectra measure-
ment, to the stability diagram. The names of most of the contributors are given in
Fig. 23. This BTF non-perturbing diagnostic instrumentation has made it possible to
improve ISR operating conditions tremendously and to give a boost in its performance.
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5 CURRENT TRANSFORMERS

These instruments use the magnetic field induced by the beam to
evaluate the instantaneous beam current 1. Therefore, it is possible to

deduce the charge Q or the number of particles N in a beam pulsge:

=./}dt = fT if i = constant along the pulse and T = pulse length
N = Q/gq q = charge of particle

For a circular machine of length 1 or average radius R, T is taken equal to

the revolution period:

- 1L . 2R
rev Be Be

Two categories of current transformers will be considered.

5.1 Pulsed current transformers

This type of monitor is essentially used in the transfer channels
connecting various accelerators. The bunches to be monitored have widths

varying from 10ns to approximately 100ns, which results in most of the
energy being concentrated below 100 MHz.

The simplest monitor is outlined below:

i,
).____..
N A
R %
beam iB nturns

7

The bea@ passes through a toroid of magnetic material of relative permeabi-
lity prt Around the toroid is a winding consisting of n regularly spaced
turns. This winding is connected through a coaxial cable to a load resis-
tor R across which a voltage e, is observed. Using Amp2re's and Faraday's
laws, and assuming that the load resistor R is equal to the characteristic
impedance R of the cable, the transfer function of the monitor is shown to
be:
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el jil: .ji 1
R €g i n ¢,R1
L P
7 7770
At frequencies where 27mfL>> R_, this expression is approximated by:

e i
2 = -R i B
iy n n

The low pass limit is characterised by a droop time constant:

Tp=£

R
In order to increase Tps i.e., to decrease the low-pass limit, L has to be
increased. As L = pnz%., s being the cross section and | the average cir-
cumference of the toroid, this means that p and n have to be taken as large
as possible, But increasing n decreases the sensitivity of the monitor as
1/n, which means that a compromise has to be found between the sensitivity
and the low-pass cut-off. To maximise p, high permeability metallic alloys
are preferred to ferrite cores. The curves and table below (Ref.117) give

a comparison of various materials.

L—1 A \
// . \ A
[———— [_ A —rt — 1 \\
/ — B
vT | — ad c
Cc
»- ~1 > -t 20418
Core A B C
Material Ferrite|Ultraperm 10*|Ultraperm 10%* * Trademark of
lamination 10 pm 50 ym Vacuumschmelze
ur 2,800 24,000 80,000

The high frequency cut-off is mainly determined by the magnetic material
and to a lesser extent by the stray capacitance of the windings if n is
kept small.

To keep the Foucault currents small, thin laminations of magnetic
material are chosen. The thickness is again a compromise, in this case
between pr, the reliability of the insulation, the filling factor and the

losses through Foucault currents.
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The simple model which has been used until now has to be improved to
be usable in an accelerator environment. In most cases, the beam circu-
lates in a vacuum pipe and hence the image currents flowing in that pipe
have to be channelled around the toroid in order not to cancel the beam
induced field. This is done by breaking the vacuum chamber by a ceramic
gap and by providing a by-pass of minimum impedance around the core,. In
order to decrease the noise induced in the windings, electrostatic and mag-
netic shieldings are provided. For the same reason, the winding is divided
into two identical windings wound symmetrically as shown below around the
toroid in order to translate in a common mode signal any signal which does
not originate from the beam's magnetic field. 1If & coaxial cable is used,
a transition from the symmetric transformer winding to the asymmetric cable

has to be incorporated also (Ref. 118).

Lo

In order to derive the charge contained in the pulse, the current has to be
integrated over the pulse duration. The dynamic range of the integrator
will limit the range of the instrument, Below is an example of such a
transformer which has been implemented in the transfer channels between AA

and PS and between PS and ISR.

INT
91 10%_5.10°
ot Pt Y e
’L ] 10'2 3,10"
v QATE

)

TIMING

n¥e

NS .
[”,r" SCOPE CONTROL ROOM

The charge divider matches the coaxial cable and divides the signal between
three channels of & commercial gated charge-to-digital converter. A micro-
computer reads out the converters, decides which measurement is the most
relevant, translates the measurement in number of particles and transmits

this information to the control system.
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The performance of this monitor is as follows:

Range 109 to 3x1013 "without" range switching
Resolution 4x107
Noise 4x108 (measured in situ)

Accuracy *1% of reading.

Whereas a relative calibration of these monitors along the same beam
line is quite feasible, a relative calibration between instruments monitor-
ing beams of different harmonic content or an absolute calibration is more

difficult if precisions better than 1Z are to be achieved.

For the transformers monitoring the beams transported between circular
machines, a good solution is to check the calibration of these monitors

with respect to the DC circulating monitors of the two machines.

5.2 DC current transformers

To lower the low-frequency cut-off of the previous transformer without
decreasing it's sensitivity, the load resistor is incorporated in the feed-
back loop of an operational amplifier, leading to the so-called "Hereward

transformer":

R

A

|
i)

If A>>1, the transfer function of the circuit is now:

2o _ R _1
] n ,.KI
ALp
which is approximated as before at mid-frequencies by:
o . R
i n

The droop time constant is now T, 6 = %% = ATp.

H

In reality the transformer winding has a resistance r which becomes
not negligeable with respect to R/A. To avoid feeding the signal mostly

into this resistance, the monitor is modified as shown below.

R
AAAAA
n [n i>__
IB L L e
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s

Pulsed current transformer for beam transfer line (Ref. : 118).

DC Current transformer for AA (Ref. : 119).
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The feedback loop is now closed via the two tightly coupled identical
secondary windings. It is easy to show that the transfer function is the

same as the one obtained before.

Time constants of seconds and greater can be obtained with this
method, however, the monitor cannot be considered as a DC one, nor is it DC

stable.

In order to go to DC, which was first needed for the ISR, a DC "off-
setting" has been added to the "Hereward transformer'" by a magnetic modula-

tor-demodulator system.

The block diagram of the resulting "Unser transformer" is given below
(Ref.117, 119).
SIGNAL OUT AN BEAM
7\

DC error
correction

DEMODULATOR
{250Hz)

4

MODULATQR
{125Hz)

FEEDBACK

S E— ]

The modulator, working at frequency f (125 Hz here) drives, in opposite
directions, two cores well into saturation. The demodulator senses in a
common winding the flux difference. Any asymmetry will create even harmo-
nics. The second harmonic is extracted by a synchronous detector working
at 2f (250 Hz here) and produces a DC correction current in the main loop,
which compensates the DC beam induced flux. The principle of this measure-

ment is shown in the simple diagram below.

Core T2 acts as a leakage inductance to reduce the modulator induced

noise in the feedback loop.

The DC correction current induces a voltage drop across the 1load
Resistor RL which is used to read out the beam current and whose value is
no longer critical. The integration period of the measuring instrument

provides an additional noise rejection.



- 444 -

xy

t
.‘l.:: ag nn

%:: h-kso i
:41'.-_, 1

=3 1y Ly | LRIRTI 4L
::_",rtb s-le>e (i "

i
M n
'E"“j h-leco I

..'._1_ uu

AL

The monitor being based on an asymmetry detection, any differences in the
modulator-demodulator circuit have to be avoided, Great care has to be
taken in the winding of the cores and in the monitoring of the excitation
signal, The greatest care has to be applied to the magnetic cores. As
already mentioned before, laminations of high p, material are taken.
Characteristics of laminations of various thickness and quality are indica-
ted in the curves below (Ref. 118).

30ymB
[B] 50pm A

102

T T L T
Hz 100Hz  1KHz 10KHz 100KHz  1MHz  10MHz

To obtain the ultimate performance of the monitor a core matching
procedure is executed by measuring each core from the same manufacturing
batch with a computer controlled test set-up, the results of which are
shown belowv for one core.
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For the AA transformer, an extra feedback loop (T5-0P2) has been added
to reduce further the modulator noise. In order to decouple the two loops

the load resistor has been put in the return loop of OP3 (Ref. 119).
AL

Nl [
\ [m/ SIGNAL OUT
\
| Performance
[ Range -500mA to +500 mA
l Resolution 1pA with a 200 ms integration
, period
l Zero drift +3uA for 24h
/ 12| Y3
] Stability +5ppm *zero drift (full scale)
/ ng MOD DEMOD
/ ENE Linearity 10 ppm
/ T4 l Frequency
> range DC - 50kHz
6 SYNCHROTRON LIGHT MONITOR

This type of monitor is widely used in electron synchrotrons and
storage rings., It is only recently that it was realised that it could be
used under certain conditions with protons (Ref. 120, 121). This lead to
the development of the proton profile monitor in the SPS (Ref. 122) which
makes use of the rapid variation of the magnetic field at the edges of the
bending magnets to enhance the emitted spectrum in the visible region.
This enhancement was not enough for the lower intensity antiproton beams

and an undulator magnet was installed.

6.1 Monitor using the fringe field of the main dipoles

A quantitative description of the synchrotron 1light emitted in a
bending magnet can be found in Ref. 123 and 124. 1In the following section,

a qualitative description of the phenomena is given.

2

2

®
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Let R be the laboratory reference frame and R' be a frame in
translation with respect to R, moving with the particle and tangent to the
particle's trajectory in a bending magnet, In R', the particle has a
trajectory as sketched above and hence radiates a dipole-like pattern.
Going back to the laboratory frame R, a strongly forward peaked radiation

pattern is obtained. This pattern has a typical opening angle 1/y.

The radiation is strongly polarised in the bending plane. For an
observer in R, this radiation pattern will result in a light pulse of
duration T-p/CY3, resulting in a spectrum characterised by the critical

wavelength Ac

2 p
A = S 0L
c 3
Iy

which is at the 50% partition of the power spectrum.

The normalised power spectrum (ref. 125) is given below,
3 a2 p2 p2
t,c” e® B°E

P, = %.—_—__— being the total power radiated by one particle
(m )3
o
dP/Po
dd/dc
1
10
Alae
.2
10 ; T T Tz T:_>
10° 1 10 10 10

For the SPS at 270 GeVv, A ~ 20,000nm, This results in very little
power emitted in the visible spectrum (400 to 700nm) for which the usual
detectors are designed. To enhance the light emitted in the visible
spectrum the edge effect at the bending magnets was first used. The rise
and fall-times in the case of a magnetic field variation from 0 to Bo over
a short distance L is 14, equivalent to a wavelength (Ref.122)

T2

Adsch-zY

equal, in the considered case where L = 10cm, to Ag = 600nm. The resulting

power spectrum can be seen later on.

6.2 Monitor using a dedicated undulator

The properties of the radiation emitted in an undulator have first
been studied for electrons (ref. 126). A full description can be found in
ref. 127. The monitor built at the SPS (ref. 128, 129) uses a weak

undulator having the following structure:
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The deflection angle Y, is much smaller than /v,
defined previously, the particle executes a

= ¢/2'y, ', being the Lorentz

2nz

i.e. K = ¢ gy<e L.

Considering again the frame R'

harmonic oscillation in R' with frequency f'

contraction of A, in R', The dipole pattern obtained is again Lorentz

trans formed into R. The emitted wavelength is now:

A K2 292 *u 292
X~ 2 1+ 5ty 684) -~ 2 (1 + y28%)
@ being the angle of observation wrt O0z.

The total power emitted is identical to the value given previously,

but is concentrated around ).
and 3 = S53lnm
length of the

In the case of the SPS monitor, E = 270 GeV, ), = 88mnm,
in the visible part of the spectrum. The finite
in a broadening of the previous spectral line, given by

s, L.e. AN ~ 100 nm. This finite length accounts also

which 1is
undulator results
(Ref. 127) AXx / A - 1/n
for the wiggles on the spectral response,
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The monitor installed in the SPS is fully described in Ref. 128 and

129, and sketched below,
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The beams are imaged on the detectors with a Herschel type telescope

having a demagnification of 4.

The detector consists of a microchannel image intensifier, acting also
as an electronic shutter for gating out individual bunches, followed by a
SIT (Silicon Intensified Target) Vidicon for the proton beam and an ISIT
(Intensified SIT) Vidicon for the antiproton beam. Given below are the
profiles of the three proton and antiproton bunches together with the
estimated luminosity curve. The evolution of this curve is the same as the

one obtained from the scintillator telescope.
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7 SODIUM CURTAIN MONITOR

Before closing the subject on non-intercepting profile monitors, the
sodium curtain monitor installed in the ISR has to be mentioned. This
monitor is used to measure the horizontal and essentially vertical profiles
of the stored beams from approximately 100mA to 40A. As this monitor has
not been upgraded to cope with the very low intensity antiproton beams, it
is not described here due to lack of space, Its description can be found
in Ref. 130 and 131, Since then, a digital sgignal processing has been

added to the monitor to compute the beam height across the stacked beam.

8 BEAM INTERCEPTING MONITORS

Two general problems are associated with this type of monitor. The
first problem is the beam energy loss dE/dx of which the exact formula can

be found in ref. 132 and from which the curve below has been taken.

The consequences which have to be considered are the energy change of
the beam, which 1is, of course, most important at low energy, and the

heating up of the monitor.
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The second problem is the beam blow-up through multiple scattering,
Using a gaussian approximation, the projected angular distribution of the
scattered beam can be characterised by (ref.132)

ms - l4.1 L
plane PMev/e B Ve B ad
L being the thickness of the scatterer and Lrad its radiation length.

1+ —-log ) rad

Given below are the data for the most commonly used materials. More data
will be found in ref. 132 and 133.

Material Lrgg(cm) Material Lrag(cm)
Be 35 Fe 1.76
C 19 Pb .56
Al 8.9 Ta .41
Ti 3.6 1) .35

The effects are in general acceptable for a single passage of the beam in a
monitor as in the transfer channels or in the single turn operation of the
circular machines. They are in most cases unacceptable for circulating
beams.

8.1 Secondary emmission profile monitors (SEM Grids)

When a beam passes through a material, low energy electrons, amounting
to a few per cent of the traversing beam, are emitted from the superficial
layers. The production efficiency decreases from low energy (ref.l34) to

high energy as summarised below:

Beam Energy E 5 MeV 200 MevVv GeV's

SEM efficiency ~20% ~7% ~5%
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Beam transfer channel SEM profil monitor (Ref. : 135).

Ring and injection line SEM profile monitors for LEAR (Ref. : 136).
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Some problems encountered with this type of monitor are listed below :
- energy loss in the case of low energy beams (Linac, LEAR)
- beam blow-up
- collection of unwanted charges
- small signals (pC) with a high source impedance (G Q)

- finite resolution

The first two points are taken care off by using low density materials, in
general aluminium or titanium. To counter the collection of wunwanted
charges, the monitor has to be used in "clean" conditions and/or surrounded
by clearing electrodes with voltages ranging from ~ 100 to 400 V. To cope
with the fourth problem, high insulation material (Ref. 135) and high
quality local electronics (Ref. 136) have to be used, Finally, to overcome
the finite resolution of the monitor, it is possible to tilt the SEM head
with respect to the beam to decrease the apparent step size., The practical
limit is around 30° (Ref. 134).

A good example of this type of monitor is the one developed for LEAR (Ref.
3 Lrad) in which 15
strips of 1.5 mm or 3.5 mm, separated by .5 mm, have been etched. At both

136). It consists of a titanium foil of 8pm (0,2,10

ends of the structure are two large strips to detect possible tails. The
local electronics given below have an input noise equivalent toe .3pC and
feed a 12 bit digitizer. A measured beam profile is also represented.
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These monitors are used to measure beam profiles and eventually position
and charge. From the profile measurements in three locations, it is
possible to deduce the beam emittance. The most common strategy is to place
the central monitor at a beam waist and the adjacent monitors 120° apart

(Refs. 137, 138) in the normalized phase-space (Ref. 139). The matching is
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another parameter which can be deduced from a string of SEM monitors in the
following way. Let's consider the normalized phase space (5,p') where the
beam is represented by a circle. If a focussing error, ie a mismatch,
occurs, the beam circle is transformed into an ellipse which will tumble
down the beam line resulting in a modulation of the beam envelope. The
detection and measurement of this superimposed modulation will determine

the mismatch of the beam line.

8.2 Fast Wire Scanner

This wmonitor (Ref. 140) was introduced in the SPS to overcome the
problems mentioned earlier for SEM grids with a circulating beam when an
independent measurement of counterstreaming proton and antiproton beam
profiles was sought.

The monitor consists of a thin 23 pm carbon wire passing at 4 m/s
through the beam. The wire is held in a fork rotating through 120° and
driven by a DC motor which is included with its position transducer in a
servo loop fed by a function generator. Care has to be taken to achieve a

constant travelling speed through the beam and a smooth acceleration and

deceleration.

The emittance blow~up per scan is given by (Ref. 140):

4 _ 112107 o & Frev
dn p2 yv Lrad

7 m.rad/scan

For the SPS monitor: p = 270 GeV/e, By = 50 m, frey = 44 kHz, hence
dE/dn = 2.3 106 ;mm mrad, which is negligible.

The distinction between p and p~ bunches could have been obtained when
using the monitor in the SEM mode by a fast gating circuit, Instead the

particles produced by the interaction of the beam with the wire are

1983-06-19 WIRE SCAMMER PROFILES - BHSH21960 21:22 HRS
HORIZONTAL
RIRE GOING IN MWOM. = 273.6 GEY/C SPEED= 2.018 H/S

=1325 WD= 1.46 | [ IP=1337 W= 1.47] |1P=1342 Wo= 1.47
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i 159 = 1.28 ] [If= 143 W= x.ﬂs 1A= 123 WD= 1.953]
(M= 5.13 EM= .044 | [M¥= 5.12  EM= .855| (M= 5.11 EM= .062

BT= g61 ME= 16.3

1ST P~ BURCH aD P- BUNCH
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observed with scintillators placed above and below the beam pipe and

coupled to 6-stage photomultipliers.

The distinction between p and p~ bunches is obtained in this set-up
by the strongly forward peaked particle distribution. It. is better than
104, The photomultiplier signal is processed by a low-pass filter before
being fed to a Sample-and-Hold, which gates out the individual bunches, and
a fast Analog-to-Digital Converter. Given above are typical profiles
measured with this monitor. An 1important use of this monitor 1is the

cross-check of the profiles obtained with the synchrotron light monitor.

8.3 Scrapers

Scrapers are scatterers which can be used in conjunction with an
absorber (located at (2k+1) n /2 from the scraper) and an intensity monitor
to define the beam envelope (Ref.143). Nexr to this destructive profile
monitoring, they are also used to calibrate precisely beam orbit bumps

(Ref. 141). Their main use is often halo clean-ups.

8.4 Luminescent screens

Luminescent screens are installed in all wmachines. They are mainly
used during running-in and when machine problems occur shedding some doubt

on the more sophisticated monitors. A typical monitor (Ref. 142) 1is

depicted below,
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Window —3- [}
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[
B Beam
o 3
L:r -
’—1
h—— 480 —d

' SECTION AA
Al
The monitor consists of one or more scintillating screens which are moved
in and out of the beam. The screens, inclined at 45° wrt beam, are obser-
ved through a window with a TV camera. In order to locate the beam, a
reference grid is deposited on the screen and the screen is illuminated by
an external lamp. Cerium activated lithium glass scintillating in the blue

and chromium activated alumina scintillating in the red part of the



Intersection scraper for ISR (Ref. : 141).

Luminescent screen mechanism (Ref. : 142).
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spectrum are widely used for the screens located in high vacuum. The
sengitivity of the first material is around 2,1010 p/cm2 (Ref. 142) for a l
mm plate when using a normal vidicon, The second material emits ten times
more light. 1If more sensitivity is needed, SIT or ISIT cameras are used.
The main problems with these monitors are the beam scattering (Lrad ~13 cm)
and the radiation resistance of the scintillator and the TV cameras. At
the end of the extracted beam channels where very high sensitivities are
needed, CsI scintillators having a sensitivity of 104 p/cm? are used (Ref.
143)., In single shot experiments such as p~ transfers, the TV cameras are

connected to video recorders.

9 MISCELLANEOUS MONITORS

In this chapter, an additional two monitoring devices used with the
pp- operations are mentioned. Several monitors, like ionisation chambers
(Ref, 144) for beam loss localisation, multiwire proportional chambers for
extracted beam profile acquisition (Ref. 143), etc. will not be decribed

due to lack of space.

9.1 Luminosity and Background Monitors

These monitors have been installed around the collision points of the

ISR and the SPS. In the <case of the ISR (Ref. 145), eight
scintillator-photomultiplier assemblies are placed around the eight

intersections as sketched below.

/1 z\
/5 A\

\e U
\e Y
The various quantities of interest are defined as follows:

Beam-beam = (1.2) + (3.4) - Accidentals

Ring 1 upstream background = 5+7

R1 R2

Ring 1 downstream background = 1+3

and the same for R2,.

In the SPS (Ref. 146) two monitors have been installed around LSS4 and
LSS5. They consist of two planes of 10 or 12 scintillators placed at 6.25
or 10.3 m around the intersection points. As previously beam-beam and
beam-gas interaction rates are obtained, the number of requested multipli-

cities varying from 1 to 4.

These monitors give an absolute luminosity if a monitor calibration is
available, like the Van der Meer method (Ref. 147) in the ISR. If not,
they give a relative beam~beam rate. The other essential parameter given
by these monitors is the background in each collision point, which permits

its control to optimise the data taking conditions.
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Important factors of the background are not only the average level but

also the "spikes" and "structure" superimposed on it.

The signals are processed digitally for computing the luminosity or
the average background and the analogue way to present on chart recorders

and bargraph displays the transient behaviour,

9.2 Transient Recorders

Transient recorders sample an analogue input signal, digitize it and
store the data continuously in a fixed length digital memory. This process
is interrupted on receipt of an external or internal trigger signal. The
frozen data will be comprised of data acquired before and/or after the
trigger, depending on the choices made and the size of the memory. The
sampling period may be chosen between 10 ns and 10s. The memory size is
normally a few thousand data points of 8 to 10 bits. The data can be read
out digitally to a computer or as a slow analogue signal to an X-Y monitor

or plotter., The block diagram of such an instrument is given below.

- COMPUTER
CHANNELA IN. » ADC > DIGITAL -] INTERFACE}——
INPUT AM MEMORY

A

IN. )

CHANNEL N AMP - ADV
INPUT <

!

; Y X-Y MONITOR

M
TRIGGER TIMING DAC
EXTERNAL 00— AND —
TRIGGER °°"T"“-| ™1 conTRoL -

\i

These instruments are used in all machines (Ref. 148) to catch tran-

sient phenomena on the stored beam or single shot data during antiproton

transfers for post-mortem analysis.

Given below is an output showing the sum signal of the ISR injection

kicker phlse and of an injected p~ "pilot" pulse of 1.6 109 p~, as picked

up by a scintillator.
Recorder settings: sampling
period 10ns

amplitude 5V FS

Display : 350mns/div i
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