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1. NON-INTERCEPTING BEAM MONITORS OR PICKUPS 

1.1 The p a r t i c l e beam and itr. induced image current in the chamber wall 

^ A l l the non interact ing monitors ¿sed for the p-p instrumentation can be re lated to 

the use of the wall image current as induced by r e l a t i v i s t i c charged p a r t i c l e bunches 

c i r c u l a t i n g in a meta l l i c pipe or vacuum chamber. The monitors are then c l a s s i f i e d by 

t h e i r type of beam coupling impedanco. This allows a more general ized approach of the 

design of the so-ca l led pickups. (P""n'At • / [ \ & T ) 

Let us assume: 

- A beam of r e l a t i v i s t i c p a r t i c l e s with y > 10. 

- A c y l i n d r i c a l meta l l i c chamber either p e r f e c t l y conducting or with a skin depth « 

wall thickness for the considered frequency domain. 

The beam i s accompanied by an electromagnetic f i e l d of TEH type, i . e . rad ia l e l e c t r i c a l 

f i e l d E and c i r c u l a r magnetic f i e l d H. Since there are no other sources (charges) in the 

chamber, the continuity equation + v J = 0 

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

In addition the e l e c t r i c a l f i e l d has no longitudinal component within a chamber of 

constant c r o s s - s e c t i o n . The e l e c t r i c a l f i e l d E has the same configuration as in the 

e l e c t r o s t a t i c case for a frozen charge d i s t r i b u t i o n at the instant t . Therefore, both the 

longitudinal and azimuthal d i s t r i b u t i o n s of the wall current density have the same 

conf igurat ion as the ones of the influenced charge d i s t r i b u t i o n in the s t a t i c case. Both 

d i s t r i b u t i o n s are functions of the transverse posit ion of the beams "centre of mass" 

(Ref. 52, 58, 3, 114, 115). 

Therefore t h i s image wall current and i t s azimuthal d i s t r i b u t i o n can be used to 

monitor the beam intens i ty and p o s i t i o n . 

At low frequencies t h i s i s no longer v a l i d once the skin depth i s larger than the wall 

thickness and the beam Induced magnetic f i e l d s e x i s t outside the m e t a l l i c chamber. The 

2=0 

6t 
and hence 

iw ( t ) = - i b ( t ) a t 2 



- 386 -

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 nf 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 pr,u (Ref. 115): 

6 = 66,1/ — * — * -7- (mm) 
r >V pCu 

The skin depth 6 is defined as the depth at which the induced current has diminished 
by A depth of 3 6 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 

6 (mm) for u r = 1 

1.2 Electromagnetic monitors 
1.2.1 Longitudinal_or_intensity_resgons^ 

Let us assume such a monitor to be built from the vacuum chamber interrupted by two 
gaps separated by length X. 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 ZQ. 

Let us assume that the beam current is a step function with magnitude I D at t 0 at 
position Zo. The same step will appear at z after the length I with a delay t. 
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If in addition R = Z 0 then the induced voltage U in position z 0 at time t 0 is: 

since i w = -i D and i w is split in two half currents flowing in both Ri and in the 
coaxial outer line of impedance 1¡¡. The beam continues to propagate along the pipe at 
almost the speed of light and in parallel, at the same speed (er = 1), a forward wave 
along the outer line. When both beam and forward outer wave (uf0, if0) arrive after 
the length l at the second gap where resistor R2 is connected with the reversed polarity, 
the voltage produced by i w 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 (ut,a, i D a) of null voltage and reversed current is now 
propagating toward zo in the outer line. After time 2t it arrives in Ri where it cancels 
the wall current iw/2 and the voltage becomes zero. This propagation of signals in both 
time and space along the pipe and line of length X can be represented in the following 
diagram: 
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The voltages produced by 1w(t) can now be described: 

Case 1. t = to, 2 = zo : 
The wall current is a current source flowing in both Ri producing ui and in the coax line 
producing the forward wave. 

ho 

L K 

m z 0 

f R " f f . = 

t = t, i = Jl + zo : 

M l ) 

To 

R2 being connected in reversed polarity (terminating resistor for the outer line) the 
equivalent circuit is as follows: 

lïo Iba 

-íw (t) 

i 
L i t ) 

it 

The backward wave has now cancelled the beam induced signal and the voltage is zero in Ri 
at t = 2t. 
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Such a response i s ident ica l to the one of a s h o r t - c i r c u i t e d l i n e i f the beam has only 

one d i r e c t i o n . This conf igurat ion i s a d i rect ional coupler for the t o t a l in tens i ty of the 

beam 1f Ri represents the connected load to the device. The square response i s theoret ica l 

and would apply to a superconducting metal or no magnetic f i e l d penetrating outside the 

outer conductor. In r e a l i t y , at low frequencies , the voltage i s shunted by the device 

inductance and the voltage w i l l decay with the time constant L/R. The r e s u l t i n g voltage i s 

then as represented by the dashed l i n e . In pract ice the time constant can be increased by 

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

th ickness . 

A coupling impedance Z c o can now be defined for th i s monitor in order to re late i t 

to the beam i n t e n s i t y , but s ince t h i s d i rect ionnal coupler has a response equivalent to the 

one of a s h o r t - c i r c u i t e d l i n e of length X , Z c o i s a lso a function of frequency: 

z c o » V s i n 
Znfl 

c = speed of l i g h t 

and u ( f ) = i D ( f ) • Z co 
R e f . : 16, 45, 46, 114. 

I t i s a quarter wave length device , with fo = c/4£. 

This basic d i rect ional coupler conf igurat ion has also re lated conf igurat ions which are 

known under d i f ferent denominations. 

This device having a s h o r t - c i r c u i t e d l i n e c h a r a c t e r i s t i c , R2 can be suppressed and 

replaced by a s h o r t - c i r c u i t . Th is el iminates the d i r e c t i v i t y c h a r a c t e r i s t i c but the device 

becomes a tuned c a v i t y . 

zr. r - V A - ] 

/—re 1 
z . 

3 

Z s = j 60 In * tg 2n * J [o] 

R e f . : 51, 46, 23, 29. 
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The d i r e c t i o n a l coupler can also be modified i n a d i f ferent way by suppressing the 

coupling of R2 with the beam. R 2 i s then the external loading r e s i s t o r . Such a device has 

lost the d i r e c t i v i t y but has very wide band-width. Such devices are usual ly c a l l e d sap_ 
monitors or "Resistor Bugs": 

Gap of the wall current monitor 
or broad band coaxial current transformer (ISR). 
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509 

Wall current monitor with eight 50 n outputs (SPS) 

Wall current monitor with eight 50 £2 outputs (SPS) 
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Another version I s the wide-band i n t e n s i t y monitor or coaxial transformer: 

(See also § 1 . 4 . 1 ) . 

R e f . : 105, 63, 33 

1.2.2 Azimuthal_wall_çurrent_den 

- Th is d i s t r i b u t i o n i s a function of ' transverse posit ion of the beam 

- I t i s ident ica l to the induced charge ' s t r i b u t i o n of the s t a t i c case 

C i r c u l a r case: 

2* 

Both c i r c u l a r and e l l i p t i c a l cases have been ca lculated by conformai mapping. ( R e f . : 

52, 3, 4 2 ) . F i n i t e elements method and simulation method (Rheography) can also be used. 
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Directional position monitor for pp in SPS. 
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I f the act ive part of the monitor integrates i w over only a part of the chamber 
y 

circumference, I w i l l be reduced by the factor 
c o 2uR 

Such monitors are cal led s t r i p - l i n e or d i rect ional coupler monitors. 

for the s t r i p - l i n e Zo = 50 Q 

i f h = 0.1 R W = 5h Ref . : 45, 16. 

Such monitor has a non-l inear t ransfer function for the beam p o s i t i o n , but has the 

advantage of d i r e c t i v i t y for accelerators and c o l l i d e r s with the presence of two beams, 

i . e . p and p , c i r c u l a t i n g in opposite d i r e c t i o n s . The i s o l a t i o n between up-stream and 

down-stream parts is about 40 dB. The posit ion t ransfer function i s then both proportional 

to Z c 0 f o r a centred beam and to the current or azimuthal charge d i s t r i b u t i o n integrated 

over the width W of the s t r i p . (See the c i r c u l a r c a s e ) . 

Other re lated configurations have been developed, such as: 

S t r i p - l i n e with 

var iable coupling: 

Purpose: to avoid the beam coupling at the down-stream end in order to increase the f r e ­

quency bandwidth. Ref . : 46. 
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Tuned c a v i t y or gap monitor with four coupling points: 
R 

Purpose: high s e n s i t i v i t y or large bandwidth. 

D i f f i c u l t y : the azimuthal p a r a l l e l 

impedance of the gap i s shunting A u 

R 
The gap with four or more coupling points has also been used for multipolar motions 

observation. R e f . : 51, 58, 69. 

For damping or cooling appl icat ions , maximum transverse s e n s i t i v i t y and l i n e a r i t y are 

required. The preferred and most usual ly used configuration i s the one of separate 

horizontal and v e r t i c a l f u n c t i o n s , which i s c a l l e d : 

F u l l coupling d i rect iona l coupler with l inear transverse c h a r a c t e r i s t i c s 

Each s t r i p sees: 

1b ( t ) / 2 
i f w » h 

R e f . : 112, 88 

I t presents a l inear transverse function i f : 

4AU/ Z 

-- f 
— — 

E 
— 

—i 

Y = 0 

- Both E and H f i e l d s homogeneous 

- and hence 
û = iwl - iw2 

A a = Ui - U-2 

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

This i s a very important device used as the pickup for transverse cool ing and momentum 

cooling with Palmer's method. The same device can be used as a broad-band transverse 

feed-back k icker when powered in push-pull mode. Ref . : 112, 108. 

j = O at 
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1.3 E l e c t r o s t a t i c Monitors: 

1.3.1 Longitudinal_or_1ntensitv_resggnse: 

Coming back to the o r i g i n a l coaxial pipe structure of § 1.2, the terminating r e s i s t o r s 

Rl and R2 can be suppressed and the inner pipe can be connected to the outside v i a a 

feed-through, without loading r e s i s t o r , to a high impedance preampl i f ier . 

•* (t~ ( . 
V _ U V U - V L 

\ u \\ 
MO I 

1 1 
Such a structure i s equivalent to an inner-electrode with capac i ty C e to the outer 

wall and on which a charge Qe ( t ) i s influenced by the presence of the charged p a r t i c l e s 

of the beam. The device "sees" or integrates the beam charges over the length I, Qe ( t ) 

being the instantaneous influenced charge: 

then 

Q e ( t ) 
t+At 

; 
t 

i b ( t ) d t - l b ( t ) - A t 

and from e l e c t r o s t a t i c s , Faraday's law: 

Q e ( t ) 1 b ( t ) » * 
<Ut) = 

C a C «c 
e e 

This i s v a l i d i f I € bunch length, which i s mostly the case for the capac i t ive monitor. 

The coupling impedance becomes: 
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But in a coaxial l i n e : 

C e = x-C 

1 C being the capacity of unit length of l i n e 

L 1 being the inductance of unit length of l i n e 

and c 

r ' C 

therefore, Z c o = Z 0 

I t i s interest ing to note that the coupling impedance Z c o i s defined by the 

c h a r a c t e r i s t i c impedance of the structure Zo which in turn depends only on the r a t i o of the 

outer to inner diameter and not on the length X. 

Comment: For bunch lengths < X the electrode structure may resonate at higher modes or 

with p a r a s i t i c react ive elements. By careful construction (see button electrodes example) 

these resonances may be pushed above the useful frequency range. 

A more precise c a l c u l a t i o n of the influenced charge as function of time i s then 

needed: 

t t 

t o t a l charge of t o t a l charge at the 

the bunch = N*q output of the device 

at the input of 

device. 

with: At = i 

N = Nb. of p a r t i c l e s 

q = electron charge 

c 

Q 
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ue(t) = 
Qe(t) 

ae(n 

0 t At 

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. 

1.3.2 îransverse_resgonse: 

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. 

This well known case has a linear voltage function AU e 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 linear function of 
y in the projection on the y-z plane: / — 

y a 

W 

At any y, a(y) and b(y) are linear and a(y) + b(y) = X 

y 

o 
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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: 

1 r "-i 

• 4 -

Mb I 

y-
_ U.t 

-Si u 
X 

-Si 
A 2 
X = h 

C + C. e d 

with : u = i. . Z 
e b co 

u, = 2u . lmax e u, . = 2u lmin e 
1 + C + C. e d 

C + C . e d 

C +C. e d 

1+ C -tC. e d 

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: 

o r 

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

8 ? 

This is also a balanced structure. 



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 (IT6). 
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Many other cuts can be invented? EM 
Remarks: 

- The l i n e a r i t y of the transverse posit ion function i s assured only i f the tube c r o s s -

section i s maintained at both ends of the electrode structure and t h i s at least for a 

length equal to the largest transverse dimension. I f the chamber cannot f u l f i l t h i s condi­

t i o n , grounded guard r ings of the same cross -sect ion should be used. 

E l e c t r o s t a t i c monitors have a large impedance at low frequency and they are therefore 

very good c o l l e c t o r s of charge. They should not be used in places where ionized molecules 

or secondary p a r t i c l e s are present in large quant i t ies as they produce perturbing low f r e ­

quency s i g n a l s . A small DC bias can help to avoid these spurious c o l l e c t i o n e f f e c t s . In 

sene cases such s i g n a l s can be turned to good use and can be used to detect a l o c a l i z e d 

beam l o s s . 

For electron machines, the most frequently used e l e c t r o s t a t i c solution i s the button 

electrode. R e f . : 3 . 

This configuration i s imposed by the 

emission of the synchrotron l i g h t in 

the horizontal mid-plane, which 

should not h i t the button electrodes 

d i r e c t l y . 

Such a monitor has a non-l inear 

posit ion t r a n s f e r - f u n c t i o n . 



- 404 -

l a o l c v e l c u e v e a C o r ¿ H / E a n d A v / E 

This function has been calculated by 
conformai maping and the result is 
given in the form of isolevel curves. 

Curves a: 
(Sj + S,) - (S, + S 4) AV r 

AH r 
tot 

(S, + Sa) - (S, + S,) 

î-tot 

Curves b: diagonal treatment 

Si "Sa S ? - So 
6V = -= — + _ i 

S^ + ŝ  

Si ~ S» So - Sq 
6H = - -i 5- + — -

Sl + S4 s 2 + s 3 

I 3 o l e v e l c u r v e s f o r and ^ 

Multipolar electrostatic monitors: 
Such monitors havr been proposed but not yet applied. 

+ 
quadrupolar (tilted) 
hyperbolic shape Ref.: 79, 66 

nr 
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1.4 Magnetic monitors 
1.4.1 ¡Qtensitv_re§Eonse 

Returning to the original coaxial pipe structure of § 1.2, the terminating resistors 
can be replaced; Ri by an external very low impedance to measure the current and R2 by a 
short circuit. 

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 négligeable voltage across the gap. 
This loading resistor R[_ is shunted by the parallel cavity inductance which is: 

related to the characteristic impedance of the coaxial structure: 

L = A u o in D D = outer radius 
^2% a a = inner radius 

The device is then also a high-pass filter with a cut-off frequency 
2nLT 

The usual way to lower the cut-off frequency is to increase Lj by adding a magnetic 
ring which also increases the coupling to the beam for frequencies below the point where 
the skin depth 6 > wall thickness. 
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The device's lower cut-off frequency can be pushed down to DC in order to obtain a DC 
transformer. Active feed-back and OC beam flux detector has then to be added. 

1 

t—r y '̂̂ '̂ 1
 f 

A 

IDC = *b 
u = |.. ib from DC to high frequency. 
Ring 1 : AC coupling for mid-frequencies 
Rings 2, 3 : DC detector. 

u r modulation or 
Parametric amplifier 
or DC flux detector 

Ref.: 77, 32, 117, 118, 119 

The technical aspects of this OC 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. 

1.4.2 Transverse_resggnse 

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 
current transformers 

Í2 = i'l/n n = turns ratio 
~ W il = ib/4 to i'b • W = width of rod or strip 

2itR 

Depends on frequency Ref.: 116. 
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Transverse posit ion s e n s i t i v i t y i s l i k e one of the s t r i p l ine monitor, 

non-l inear posit ion funct ion. 

Window frame monitor: 

It has a 

At X = 0 i|_ = 0 = A i w 

s ince * i = *2 
Such a monitor has a l inear posit ion funct ion, for low frequencies, 

of the window frame magnet. 

I t i s the rec iprocal 

R e f . : 49 

1.5 Other monitors; 

S lotted type : 

Ring core magnetic posit ion monitor: 

- Non-linear 

- D i f f i c u l t to shield 

- Useful when secondary p a r t i c l e s are a 

problem 

R e f . : 22, 40, 24. 

Open r ing core , external LF f i e l d : R e f . : 47 

PARAllîL COAX. UNE 

—— 
E 

3 = 1 1 
NwiNDOWS 

d i r e c t i o n a l e l e c t r i c coupler 
R e f . : 110, 10, 11, 12 
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SIGNAL PROCESSING 

2.1 Characteristics of the Beam signals^ 
2.1.1 Intensity 

I D = DC average current 

= N ' e * c 

I h = 7.6 . 10 1 0 • J _ 
0 R 
e = electron charge, c = velocity of light, R = machine radius, N = nb. of particles. 
If the beam is buxhed it will most probably have a Gaussian bunch shape-. 

/2VR - ( c t ) 
i. (t) = I. • ¿ • e ^ T " k b = nb. of bunches 

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

-(2ttf)2q2 

e 2c2 

b rev 

This spectrum is a line spectrum at each harmonics of the revolution frequency f r e v 

bunch frequency kff rev I t s cut-off frequency is fs. Ref.: 2 
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Schottky A.C. noise s ignal from a non-bunched beam: 

T 2 ( f ) = - • I b • 2 - e [ A / H z ] 2 

s 

with spread s = h |n |. Ap 

I t i s a power density spectrum once mult ip l ied by Z c 0 . R e f . : 98. 

«•«,«1 

7 ^ •«i.-F„„ î 3 * 

2.1.2 Transversenjotign: 

I t i s due t o : 

a) Posit ion or orb i t d i s tors ion 

b) ß dipole o s c i l l a t i o n 

From the s ignal point of view i t coresponds to an amplitude modulation with ratio-. 

*P 

aperture 

c ) multipole motions 

For the measurement of the transverse posit ion (case a) ) the mean intens i ty information 

I b i s used. 

For ß dipole motion measurement or detect ion, the modulation information of i b ( t ) or 

i D ( f ) i s used. 

For Schottky ß dipole motion measurement, the i p ~ 2 ( f ) i s used (debunched beam). See also 

Chapter 4. R e f . : 98, 2 . 

2.1.3 nual_Beams_ 

I f a machine has c o l l i d i n g beams: p «•+ p~, e~ 

i t requires : - p o l a r i t y s e n s i t i v e monitors, or 

- d i rect ion s e n s i t i v e monitors 

e 

R e f . : 38 ,2 . 
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2,2 Connection to the monitor 

2.2.1 Hlgh_imgendançe_for_voltage_sourçes: 

a) electrostatic monitor case: 

Necessary condition: 
Z I N > Z c 

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: 

For the tuned electrode case an external inductor is added which resonates with the 
electrode capacity. 
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2.2.2 Loy_ÍQ?B§̂ 5DCi?_f 2ïT_iîî5ÎÇbÎ Di3i_2!Z_ÎDS?SiîI!y[!î_B2yër_2a£ByÊ 

a) Coupler case: Zo = Icable 

b) Electrostatic monitor case: 

C e Zjable 

In most of the cases the cable impedance Z 0 and the electrode capacity C e are 
given. The lower cut-off frequency of the coupling impedance is then fc. The resulting 
u(f) is limited by f c and f s which is the upper 3dß limit of the beam signal spectrum. 

2.2.3 Verv_l ow_imp_edance_f or .current _sgur ces 

ZlN < ZL 

f = R l N 

c 2nL Ref.: 116, 24 
For magnetic and gap monitors 
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2.2.4 Long_Di §t ançe_Analog_Transmi ss ign 

The d i f f e r e n t aspects of such transmission can be described in four points : 

2 .2 .4 .1 Attenuation 

Very often the monitor s igna l has to be transmitted by long cables . The t ransfer 

function i s s imi lar to a low-pass f i l t e r with an attentuation being a function of the cable 

length: Log A 

Log 

Example of an evaluat ion: 

lr 
A/H, v f 

V/Hz ,. 

I| 

f c 

I 
I 
I 
I 
>- Vf no talit 

i o a -

I 
300McaUt ! 

10' -

^ 
750Htablt 

I 

1 0 » j 
1 10 100 f c 1000 

f * 10000 f 
MHZ 

Current spectrum I ( f ) and voltage spectrum V ( f ) of the button s ignal for a 

s i n g l e bunch with 5 . 5 6 « 1 0 n p a r t i c l e s (Io = I mA) with Z c o = 0.3 fl,Ce = 15 pF 

and d i f ferent length of CK50 cable . R e f . : 2 

The beam current spectrum 1( f ) i s mult ip l ied by the cupl ing impedance Z c o (curve 

V ( f ) with no cable atten.) and then by the cable attentuation function (as function of the 

l e n g t h ) . The r e s u l t i n g V( f ) i s then integrated over the bandwidth of the amplif ier chain 

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

system r e s o l u t i o n . 
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2.2.4.2 Isg] at jgn_f rgin_Externa7_Ngi ses 

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. 

2.2.4.3 Direct ,_A^Ç_and_Time_Multiglexed_Transmissigns 

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

- Direct: , £ If e = error in transmission 
with e « 1 

PU £ 
U2 

The position is given by: — = ü l ~ ̂ 2 resulting in — = error in position or position 
E Ui + U 2 S offset. 

A and £: 

PU ±, 

HYBRID 
JUNCTION 

In this case the error in transmission results in (A/z)«(l + E) = error in scale, and not 
in offset which is more critical. 

- Time multiplexing: (J 

PU ± : 

DELAIS 
Ideal because of the cable saving, but more complex 

A A 
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2 . 2 . 4 . 4 Band;W2dth_9f_The_An^ 

Wide bandwidth: 

for - time domain s ignal processing 

- f a s t s ignal processing 

- maximum power from the monitor 

Narrow bandwidth: 

for - tuned devices, maximum s e n s i t i v i t y 

- r ing ing f i l t e r and synchronous demodulation 

- good noise r e j e c t i o n 

- phase modulation and demodulation for large dynamic range (auto normalization) 

2.2.5 Çougl i ng_W_the_beam_and_ i n s t a b i l ^ 

A s t a b i l i t y c r i t e r i a for the beam must also be considered: 

Uses: 

:ors 

for longitudinal and transversal couplings 

Large 1̂  •> Z c o l o w Accelerators 

Small I b + Z c o high Cooling 

2.2.6 Front ;end_signal_to_noise_rati_g_an 

L a s t , but not l e a s t , the monitor r e s o l u t i o n . 

D e f i n i t i o n s : 

- P r e c i s i o n : mostly means the absolute prec is ion of a measurement, i n t e n s i t y or p o s i t i o n . 

- Resolution: mostly means the smallest detectable change in magnitude or p o s i t i o n . I t 

also refers to a useful s ignal to noise s ignal r a t i o of one. 

The problem of prec is ion i s related to the mechanical precis ion 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

lut ion can only be solved by either increasing the monitor s e n s i t i v i t y , Z c o and t rans ­

verse s e n s i t i v i t y , or by diminishing the processing chain front end noise f i g u r e . P icked-

up external noise s i g n a l s can also be a non-negl ig ib le factor since most monitor s igna ls 

have quite a low l e v e l . This d i f f i c u l t y i s evidently solved by front-end ampl i f icat ion and 

optimised screening. Ref . : 2. 
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2.3 S ignal Detection 

2.3.1 Wide ;band_çase 

Three types of detectors are used in t h i s case 

- Sample-Hold or Track-Hold: u 

MtMORY 

Peak-Hold: 
TRACK <-rJ HOLO 

SAMPLE 

* r 
muH i 

L 

I t has a non-l inear c h a r a c t e r i s t i c . 

- Clamp: 

/ 

/ 

/ 
THRESHOLD 

U „ u 

I 
PARALLEL 

fiATE 

The clamp c i r c u i t i s a DC restorer or a synchronous detector s imi lar to the 

sample-hold c i r c u i t s ince both p a r a l l e l and s e r i a l gates must be synchronously driven 

r e l a t i v e to the beam s i g n a l . R e f . : 2,21, 76 
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2.3.2 Narrgw-band_çase 

Three types of demodulators are used in this case: 

- Synchronous detector: 

! CONVERTER 

S.H / S.H 

FILTERS j LIMITER MIXERS 
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 

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 
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- Analog mult iplexing and Network analyser: 

HPIB 
A HP 

NETW. AN 
R 

Un 
U m 

ANALOG 
SELECT. 

A, Z mode 

R e f . : 17 

2.4 D i g i t a l Acquis i t ion and Processing 

2.4.1 A_;_D conversion 

One usual ly f inds two approaches: AD converters c lose to the monitor. This i s 

characterised by: 

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

- Large numbers of ADC's 

- Long distance d i g i t a l transmission 

AD converters c e n t r a l i s e d . This i s characterised by: 

- Longer time storage in analog form for the S-H 

- P o s s i b i l i t y of multiplexing pr ior to conversion 

- Long distance analog transmission 

The most frequently used system i s the 12 b i t s conversion corresponding to 1/4000 r e s o l u -

2.4.2 P o s i t i g r j Ç a l ç u l a t i g n 

A c a l i b r a t i o n procedure i s usual ly used to improve the system's p r e c i s i o n . With a 

t e s t s ignal the o f f s e t s and bal anee c o e f f i c i e n t s are recorded for subsequent appl icat ion to 

the raw data from the monitors. The posit ion c a l c u l a t i o n i s then: 

X or Y = K (" l -Uoi ) - Ko ( U ¿ - U 0 2 ) 
S (Ui-Uoi) - K 0 ( U ? - U 0 2 ) 

With U o n = of fset voltages 

K 0 = balance c o e f f i c i e n t 

K s = sca l ing factor from the monitor lab t e s t . 

This formula i s used for l inear monitors ( R e f . : 2 1 ) . The resolut ion of the measure­

ment system i s defined as a r a t i o of the system's equivalent input noise and the minimum 

measureable displacement. The resolut ions are usual ly in the range of 0,1 mm to 0.01 mm. 

The p r e c i s i o n , or absolute prec is ion of the posit ion i s usual ly 3 mm to 0.3 mm. 

t i o n . 
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2.4.3 System jjjodes 

Most of the orbit 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 over 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 §vstem_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 possible 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 

MONITORS 
CONDITION DIAGNOSTICS ACTIVE SYSTEM 

TYPES Badlltlon 
Secondary 
Particles 

p-p Beam current Function Machine Paremeters Feed­ Cooling 
Badlltlon 
Secondary 
Particles + 

e -e high low bunch un-
bunch Intens Position 8 Working 

line Coupling back Cooling 

Electrost. P.U. X X X X X X X 

Idem reson. X X X X X X X X X 

Gap X X X X X X <X) X X 

Cavity rcson. X X X X 

DC transf. X X X X X X X 

Dir. Coupler X X X X X X 

Idem, 1 plane, 
high coupling X X X X X X X X X 

Hagn. Posit. Mon I X X 

Slotted Coupler X X X X X 

Buttons X X X X X X X 
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From réf. 21 an example of beam position acquisition systems is given: 
3 CAINS 

. ampl i f ie r 

I j — « " P O U T 

•> - ) " ° m ' 7 IBM PASS 
Va I . I r~7j AMPLIFIER «.lOOKHl f 

V* 1 — — [ > — H ^ } ^ 

SIGNAI, 

P IES7 
SIGNAL 

TEST 0ISÍBI6UII0N 

RING AUXILIARY 
I BUILDING 

M ADC 

CPU 
TO 

CAMAC 

= »(Ädc)Cz 

TRIGGER TES1 
P W W 
y TFST DIMRlBUTrw 

RAM 

• EFFDM 

P irsT DiMmaimnn 

PrP CONTROL (From SRC) 

ISR P PICK.UP_ BLOCK DIAGRAM 

BEAM SIGNAL 

ADC INPUT I \ A A A J 
ADC TRIGGER 

DATA READY 

D E L A Y A 

MODE 

B . I S R . 1 3 2 1 / 7 

3.T5JJS 

-FIRST TURN 

3lis CONVERSION TIME 

AVERAGE VALUE • 

min. 300ps 

-AVERAGE VALUE 

I5R ? PICK.UP —TYPICAL SEQUENCES 
B . I S R . U 2 W 1 0 

file:///AAAJ
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Exemple of a trajectory measured in a transfer line 
(line TT1 and TT2 toward the ISR, with antiprotons) 
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Example of a first turn orbit measured in the ISR Ring 
with antiprotons, intensity 2«109 particles. 
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3. OTHER MONITOR DESIGN ASPECTS OR PARAMETERS 

Other considerat ions, which are not covered here but are of the utmost importance in 

the p r a c t i c a l design and choices, are namely: 

- Vacuum, metal of the chamber 

- Space, dimensions 

- External f i e l d s (magnetic) 

- Radiat ion, secondary p a r t i c l e s 

- P a r t i c l e v e l o c i t y < c , e t c . 

SCHOTTKY AND BEAM TRANSFER FUNCTION INSTRUMENTATION 

Ref. 81 to 113. 

4 . 1 . Introduction and theoret ical background 

This beam monitoring system gives access to both the incoherent and coherent motions 

of coasting beams in storage r i n g s . 

4 .1 .1 Schottky_signa]s 

The f i r s t aspect i s ca l led Schottky beam induced noise s ince i t corresponds to the 

shot noise of f ree charges i n an e l e c t r i c a l current. A s i n g l e revolving proton passing a 

monitor produces dirac pulses in time domain which corresponds in the frequency domain to a 

spectrum of l i n e s at a l l harmonics of the revolution frequency. The combined response of a 

large but f i n i t e number of p a r t i c l e s randomly d istr ibuted around the accelerator 

circumference produces the s o - c a l l e d longitudinal Schottky spectrum. 

The noise current In per instrumentation 

bandwidth A f is : I n

2 = 1/S.2e I D c Af 

Irjc - N nb. of protons and spread S = 

hjnjAp/p at the harmonic h. The squared 

longitudinal spectrum i s therefore an image 

of the N or current density as function of 

the momentum or rad ia l p o s i t i o n . 

I f , in addit ion, a p a r t i c l e has a transverse betatron motion, the signal obtained from 

a pos i t ion s e n s i t i v e monitor w i l l be an amplitude modulated d i r a c pulse t r a i n . Averaging 

over a l l p a r t i c l e s one obtains sidebands corresponding to the so-ca l led transverse Schottky 

scans re lated to the betatron d i s t r i b u t i o n F ( u ) . The frequency fß o f the transverse 

spectrum are re lated to the 'working l i n e ' or tune diagram Q(Ap/p). The magnitude or 

dipole density D r i T l s ( f ß ) i s : 

2itR 
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FAST W. 

TB ANSVERSE SPECTRA 

top botton 

Ch-(1-q))fr (h*1-qjfr 

where N(fß) i s the number of p a r t i c l e s per 

unit interval of betatron frequency, 

fp = (h±Q)f r and A ( f p ) the i r individual 

rms transverse motion amplitude which i s 

proportional to the beam emittance. 

I t should be underl ined, from the 

instrumental point of view, that such inco­

herent Schottky noise s i g n a l s are: propor­

t i o n a l to T4T as well as .4?", very smal l , 

i . e . in the i»V range and that the transverse 

sidebands are about 1/100 of the l o n g i t u d i ­

nal spectra for ISR condit ions. 

4 . 1 . 1 îh§_b§am_transfer_funçtion 

The second aspect i s the beam transfer function (BTF) as obtained from an exc i ter and 

a posit ion monitor. Only the transverse case w i l l be treated here because i t i s the most 

important one for the ISR from the s t a b i l i t y point of view. 

Coming back to the s i n g l e revolving p a r t i c l e , t h i s 

w i l l respond when the exc i t ing s ignal frequency corres ­

ponds to i t s betatron frequency. I f the monitor s ignal 

i s related to the exc i ter s ignal the transfer function 

obtained i s , at each resonance, equivalent to the r e s ­

ponse of a high Q tuned c i r c u i t with a phase rotat ion 

from - 90° to + 90° . But, s ince p a r t i c l e s in the beam 

have a betatron d i s t r i b u t i o n F ( i d ) , the i r t ransfer func­

tion i s that of a system with a continuous d i s t r i b u t i o n 

of resonators ( F i g . 4 ) . For frequencies below that of 

a l l the resonators the r e l a t i v e phase i s + 90° . For 

frequencies above, the phase i s - 90° , r e s u l t i n g in a smooth phase change of 180° across 

the sidebands. Such BTF i s ca lculated from the displacement x of s i n g l e p a r t i c l e s with an 

e x c i t a t i o n g and then averaged over the betatron d i s t r i b u t i o n F ( u ) . I t has been shown to 

be the inverse of the dispersion i n t e g r a l : 

+ / " I D * = + / - ^ / ^ • + / " 1 0 

'0 0 . / e ^ 0 0 
with: slow wave: - s ign and co e = (h-Q) , f a s t 

wave: + s ign and u e = (h+Q). Q = 2 n f r 

index ' 0 ' at centre of d i s t r i b u t i o n . The 

s o - c a l l e d dispers ion integral ID i s well 

known and has been calculated for d i f f e ­

rent F((o) ( F i g . 7 ) . 

The e f f e c t of image f i e l d s (transverse 

wall impedance) e f f e c t on the beam has to be 

included and can be described as a feed-back 

through a passive network ( F i g . 5 ) : 

BEAM TRANSFER FUNCTION 

Fig. 4 
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Z = 
e I Z T 

2nRïm, and G = G 0 + ZXVj 

The resulting total BTF is then: 

STABILITY 
CRITERION r I 

X ID' 
G n

 = + / " 1 ijID'Z 

From Nyquist, the stability criterion of 
the beam system is that: 

Z < - j/ID1 

Z < . j/ID' 
slow wave 
fast wave 

Fig.6 

BETATRON DISTRIBUTION stability oiaqrau TRANSFER FUNCTION 

|n-n> 

Fig. 6 gives an example for a circular distribu­
tion F(iu). The reactive and resistive parts are 
positive in the ISR. Negative values for the 
resistive part can only be obtained with active 
feedback. Only the slow wave is prone to insta­
bilities and this at the bottom of the stack 
(high revolution and betatron frequencies). The 
influence of F(w) is also very important for the 
stability margin (Fig. 7). 

To summarize the BTF contains information 
on the stability margin under real operating 
conditions, the Zj 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 
constant power spectrum. This fact allows the treatment of signals much higher than the 
Schottky beam and amplifier noise; even so, the disturbing signal to individual particles 
remains very small since it is proportional to 1/N. Hence this measurement technique does 
not produce any visible beam disturbance. 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. 

7 = ^ 

F l g . 7 
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4.2 Instrumentation description 

TUNNEL 
FRONT CNO ClICTDONICS 

' ""f^i Iii """ 
Uttotlff I j l | ln..ll BLOCK DIAGRAM 

OF THE NEW SCHOTTKY 
SET • UP WITH 

FAST FOURIER TRANSFORM 
SPECTRUM ANALYSER 

F i g e 

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 

Schottky signals of interest being situated in a 
frequency range of 30 kHz to 100 MHz, a dual 
channel frequency shifter was developed and 
built. Its amplitude and phase characteristics 
must be constant across the band-pass and iden­
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 
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. 

—I "'»«» . i • - | _ • I H M 

r i 
(tao MOUHT I 

FREQUENCY SHIFTER 

1 

J 
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A very low noise broad band amplif ier 

with good l i n e a r i t y has been developed for 

t h i s equipment and i t s c i r c u i t i s given in 

F i g . 10. I t uses UHF s i l i c o n bipolar 

t r a n s i s t o r s and shunt feed-back to obtain an 

' e l e c t r o n i c a l l y cooled 1 input 50 Q act ive 

impedance corresponding to a r e s i s t o r at 

70 ° K . This ampli f ier i s used throughout 

the system as wideband a m p l i f i e r . For t r a n s ­

verse Schottky s ignal observation a 300 kHz 

bandwidth FET ampl i f ier , with a d i f f e r e n t i a l 

tuned input c i r c u i t resonating with the 

monitor electrode capacitance at 10.8 MHz (h=34), i s necessary to obtain good S/N r a t i o 

with such low s i g n a l s . 

The horizontal and v e r t i c a l monitors as well as e x c i t e r s are of the diagonal ly s p l i t 

e l e c t r o s t a t i c type. They are used both for transverse Schottky spectra and BTF measure­

ments. A gap, or coaxial transformer monitor i s used for the longitudinal Schottky scans. 

Numerous p r a c t i c a l problems had to be solved to ensure proper and r e l i a b l e operational 

c h a r a c t e r i s t i c s . 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 t h i s for 

ISR currents ranging from 10 mA ( s i n g l e pulse) to 60 A ( s t a c k ) . 

4.3 Data acquis i t ion and processing 

The system was connected to the ARGUS computer v i a a CAMAC crate containing a local 

processor (Ferrant i ACC100) for hardware c o n t r o l . Schottky scan programs control led the 

s e t t i n g s of the instrumentation, transferred the data and normalized them for presentation 

on d i s p l a y . They also ca lculated rad ia l posit ion and current density of the stack from 

longitudinal Schottky spectra and the Q value of the two stack edges from the transverse 

Schottky spectra whose magnitude i s proportional to the local stack emittance. 

BTF programs control led the system s e t t i n g s , transferred the data and presented them 

on the d i s p l a y . I t s magnitude i s a d i r e c t indicat ion of the s t a b i l i t y margin. Another 

program corrected the BTF data and calculated the s t a b i l i t y diagram, the transverse 

impedance and the measured dispers ion integral from which the transverse d i s t r i b u t i o n F(u) 

and the tune diagram or working l i n e was der ived. 

4 .3 .1 B§s is t ive_gart_gf_Z 

As seen in the introduction 

ID = PV - j i tF 

where 

p v _ r"2 F((o)dai 

.B»0—J—1 

I 

BAV77 KOVtW *7ut 
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u)i,uJ2 being the edges of the d i s t r i b u t i o n . For coe c lose to m, PV w i l l be p o s i t i v e , 

while for u> e c lose to 102» PV w i l l be negative. Th is means that ID describes an angle of 

it radians in the polar diagram since F(toi) = F(ai2) = 0 at the edges. Th is i s equally the 

case for 1/ID. The inverse response however w i l l describe an angle d i f f e r e n t from % and 

t h i s i s caused by the r e s i s t i v e part of Z. F i g . 6 . 

Fig.11 s : signals from FFT; b : calculated betatron distributions and 
stabi l i ty diagram; c : working line measurement. 

4 . 3 . 2 B§3çtiye_gart_gf_Z 

The react ive part of Z s h i f t s the o r i g i n of the inverse diagram along the ordinate. 

Suppose that t h i s s h i f t i s known. 

Consider the case where the inf luence of the environment on the response of an excited 

beam i s n e g l i g i b l e , in other words Z = 0. The r e s i s t i v e response g ives the p a r t i c l e beta­

tron d i s t r i b u t i o n function for a f a s t and a slow wave. The two total in tegra l s over each 

wave must be equal s ince they concern the same p a r t i c l e s . P a r t i a l in tegra l s which s t a r t 

from the low momentum side and which are equal, cover the same p a r t i c l e s , i . e . the other 

boundary i d e n t i f i e s the same p a r t i c l e s in the stack ( F i g . 12) . 
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1] 
4 F(œ) 

FAST WAVE S L O W WAVE 

Fig. 12: Principle of working l ine 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 corresponding longitudinal 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 longitudinal 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 Zj uses an iterative algorithm. 

The results can be split in two groups, i.e. tune measurements and transverse 
impedance measurements. Figure 11c 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 lj 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 
plane, i.e. less than 1 MQ/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 Zj has been found to be a few tenths Ma/m. 
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F i g . l J : Beam transfer function of an 
ISR beam 

FREQUENCY 

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

the betatron distribution by modulating the chromaticity in order to compensate for the 
reactive part of Zj and optimize the stability. This accurate method is a step forward 
relative to the simplified stability criterion previously used: I/AQ < k(Fy/|Zj|) with 
Q' constant. 

f AMPLITUDE (linear sc.) 
Figure 13(a) shows an 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
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. a constant amplitude 
transfer function. To meet this criterion, 
two possibilities are open: 
- either to provide a reactive feedback 
system, which, within its frequency 
range, compensates Zj, 

- 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(up) ~ 
l/Q'(Ap/p). Fig. 1*.! Tune diagram 

In a simple approach the chromaticity at 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; the process is repeated until the optimum stability criterion is 
fulfilled. 

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 £he 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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B E T A T R O N D I S T R I B U T I O N 

real 
Z i Transverse coupling 

impedance a t 5 0 K H z 
for l = 4 0 A 

S T A B I L I T Y 

, .,~ p»» 

imaginary 
D I A G R A M 

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 
pi =7,68 

PU2 
p2 = 7,39 

DELAY 

BEAM 

50 

EXCITER I 

DELAY 

260Vpp 

A POWER 
/ \ AMPLIFIER 

SL0SL0ÍU—B 

Simpl i f ied 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. 



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 ImU-jO/ReiZf) = 1.24 for the lowest mode. The optimum value of u is 
then 

ôpt (0.871 + n/2) 2it 

where n is 
REL 

20 

an even integer for positive A e and an odd integer for negative A e. 
A M P L 

15 

to 

05 

A M P L I T U D E F U N C T I O N 

Fc = 40 KHz 
I = 35 A 
p = 26 6 GeV/c 

"RESISTIVE"FEEDBACK -

"MIXED" FEEDBACK 

STABILITY DIAGRAM 

-20 -10 .10 -20 
FREQ DEV 
[KHz] 

/ "RESISTIVE'TEEDBACK 

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, PL/ 1 with 
m = 7.676 and PL) 2 with LI 2 = 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 system 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 limit [the average Q-value of this stack was rather low (Q̂ y = 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 t o t a l 

impedance decreases as the skin e f f e c t f a l l s o f f . Therefore, a tota l compensation of the 

transverse coupling impedance at the lowest sideband w i l l cause overcompensation at higher 

frequencies and the s t a b i l i t y margin kept large a l l over the frequency range of the feed­

back system. 

An induct ive compensation of the (n-Q) term w i l l g ive a s imi lar compensation o f the 

(n+Q) term provided that the e l e c t r o n i c delay of the feedback system equals the time of 

f l i g h t o f the p a r t i c l e s between pick-up and k i c k e r . 

4.5 Monitoring system uses f o r other appl icat ions 

Transfer functions can be measured in the longitudinal mode with a gap e x c i t e r and for 

the h o r i z o n t a l - v e r t i c a l ß coupling. The ß coupling t ransfer function has been found to be 

a very e f f i c i e n t means of measuring the coupling factor and to minimize i t . 

The coupling t ransfer function i s obtained by c o r r e l a t i n g a horizontal transverse per­

turbation imposed on a beam to the r e s u l t i n g v e r t i c a l coherent motion ( F i g . 1 8 ) . The s e t ­

up used i s the same as for beam transfer function measurement . The t ransfer function 

obtained ( F i g . 19) r e f l e c t s the general properties of coupled o s c i l l a t o r s ; i t s detai led 

behaviour i s re lated to the distance from the l inear coupling resonance and to the machine 

coupling vector. 

iJriö mm iolèo -..,EOUENCYIKH5 

F i g . 19 
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The transfer function of a distribution f(up) of particles is found by integration; 
the calculation is done, e.g. in the fast wave approximation (w = (n + Q)Q): 

<X„> = e- 1 n ec { J_ j- f ( V % _ f(up)duß ] } 

G H 4Qo Aojp to - Up u - Up - AUp 

FW — 
h i 

with up = Q(n + Q z ) ; Aup = Q ( Q X - Q 2 ) = QA; 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 Aup) is more elaborate. 

The term In 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: 

-l 

<*>> - SO—, i [i . izsQZ^D.]- 1 [i + i 28 bhi ] 

G„ 4q0
 Z Z " " 2Qo 1 - i2SQZHIDH 

FW " H 

with I z z » bracketed expression in preceding equation; Z^, Zy: transverse wall 
impedances; ID^ horizontal dispersion Integral; S frequency spread. Its complexity 
excludes a direct absolute measurement of cl 

The measured beam transfer function is expressed as a set of pairs amplitude/phase 
[A[u); •(u)]. 

According to the model : 

A(u) ~ t/cj + c* ; this is equally true for / A(io) du 

c i 
<t>(u) = Arc tg _ + <t>Ozz) -nO 

cr 

For an excitation frequency outside of the beam's natural frequencies, the phase 
rotation introduced by the distribution 4>[Izz] is either 0 or 2rt; 9 can be measured or 
calculated; hence c-¡/cr 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 
is added via skew quadrupoles. The 
linearity of this relationship was found to 
be good (Fig. 20). In practice, the pro­
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 is better than 10% on a realistic 
range of the c values. The sensitivity is 
large, allowing coupling compensation to 
~ i o - \ 

The method described was used opera­
tionally to minimize the residual coupling 
which did vary from run to run. 

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

Fig. 20 

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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4.6 Instrumentation for bunched beams Ref. : 81, 91, 93, 96, 107 
The problem with a bunched beam signal is that the coherent signals due to the bunch 

"centre 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. In addition 
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. 
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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. Its 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 I . Therefore, it is possible to 
deduce the charge Q or the number of particles N i n a beam pulse: 

r- . . . 

Q = I Idt = I T if I = constant along the pulse and T •* pulse length 
N = Q/q q = charge of particle 

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

T = T rev ß c 

2 T I R 

8c 

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: 

n t u r n s 

The beam passes through a toroid of magnetic material of relative permeabi­
lity |ir. 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 0 is observed. Using Ampere's and Faraday's 
laws, and assuming that the load resistor R is equal to the characteristic 
impedance R c of the cable, the transfer function of the monitor is shown to 
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L 

e , i B n 
L P 

ÏÏ7JM '//////. 
At frequencies w h e r e 2 n f L > > R c , this e x p r e s s i o n is a p p r o x i m a t e d by: 

e„ i r 

o r i = - . B 

T h e low pass limit is c h a r a c t e r i s e d by a d r o o p time c o n s t a n t : 

Tp = ii 
* R 

In o r d e r to increase T i.e. to d e c r e a s e the low-pass l i m i t , L has to be 
increased. As L = pn2S_ ) s b e i n g the cross s e c t i o n and I the average cir­
c u m f e r e n c e of the toroid, this m e a n s that u and n h a v e to be taken as large 
as p o s s i b l e . But increasing n d e c r e a s e s the s e n s i t i v i t y of the m o n i t o r as 
1/n, which means that a c o m p r o m i s e has to be found b e t w e e n the s e n s i t i v i t y 
and the low-pass c u t - o f f . To m a x i m i s e u, h i g h p e r m e a b i l i t y m e t a l l i c alloys 
are preferred to ferrite c o r e s . The c u r v e s and table b e l o w ( R e f . 1 1 7 ) give 
a c o m p a r i s o n of v a r i o u s m a t e r i a l s . 

\ \ 

k „ 2 0 U S 

B 

C 

Core A B C 

M a t e r i a l F e r r i t e U l t r a p e r m 10* U l t r a p e r m 1 0 * * T r a d e m a r k of 
1aminat ion 1 0 um 5 0 um Vacuuraschme1ze 
ur 2 , 800 24,000 80,000 

The high f r e q u e n c y c u t - o f f is m a i n l y d e t e r m i n e d by the m a g n e t i c m a t e r i a l 
and to a lesser extent by the stray c a p a c i t a n c e of the w i n d i n g s if n is 
kept s m a l 1 . 

To keep the Foucault c u r r e n t s s m a l l , thin l a m i n a t i o n s of m a g n e t i c 
m a t e r i a l are c h o s e n . The t h i c k n e s s is again a c o m p r o m i s e , in this case 
b e t w e e n ur, the r e l i a b i l i t y of the i n s u l a t i o n , the filling factor and the 
losses through Foucault c u r r e n t s . 
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T h e simple m o d e l w h i c h has been used until now has to be improved to 
be usable in an a c c e l e r a t o r e n v i r o n m e n t . In most c a s e s , the beam c i r c u ­
lates in a v a c u u m pipe and h e n c e the image c u r r e n t s flowing in that pipe 
h a v e to be c h a n n e l l e d a r o u n d the toroid in o r d e r not to cancel the beam 
induced field. T h i s is done by b r e a k i n g the v a c u u m c h a m b e r by a ceramic 
gap and by p r o v i d i n g a b y - p a s s of m i n i m u m i m p e d a n c e around the core. In 
order to d e c r e a s e the n o i s e induced in the w i n d i n g s , e l e c t r o s t a t i c and m a g ­
netic s h i e l d i n g s are p r o v i d e d . For the same r e a s o n , the w i n d i n g is divided 
into two i d e n t i c a l w i n d i n g s wound s y m m e t r i c a l l y as shown b e l o w around the 
toroid in o r d e r to t r a n s l a t e in a common m o d e signal any signal which does 
not o r i g i n a t e from the b e a m ' s m a g n e t i c field. If a c o a x i a l cable is used, 
a t r a n s i t i o n from the symmetric t r a n s f o r m e r w i n d i n g to the asymmetric cable 
has to be i n c o r p o r a t e d a l s o (Ref. 1 1 8 ) . 

In o r d e r to derive the c h a r g e contained in the p u l s e , the current has to be 
i n t e g r a t e d over the p u l s e d u r a t i o n . The dynamic range of the integrator 
w i l l limit the range of the i n s t r u m e n t . Below is an example of such a 
t r a n s f o r m e r which has b e e n implemented in the t r a n s f e r c h a n n e l s between AA 
and PS and b e t w e e n FS and ISR. 

INTEGRATORS 

The charge d i v i d e r m a t c h e s the c o a x i a l cable and d i v i d e s the signal b e t w e e n 
three c h a n n e l s of a c o m m e r c i a l gated c h a r g e - t o - d i g i t a l c o n v e r t e r . A m i c r o ­
c o m p u t e r reads out the c o n v e r t e r s , d e c i d e s which m e a s u r e m e n t is the most 
r e l e v a n t , t r a n s l a t e s the m e a s u r e m e n t in number of p a r t i c l e s and t r a n s m i t s 
this i n f o r m a t i o n to the c o n t r o l system. 
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T h e p e r f o r m a n c e o f t h i s m o n i t o r i s a s f o l l o w s : 

R a n g e 1 0 ^ t o 3 x 1 0 * ^ " w i t h o u t " r a n g e s w i t c h i n g 

R e s o l u t i o n 4 x l 0 7 

N o i s e 4 x l 0 8 ( m e a s u r e d i n s i t u ) 

A c c u r a c y ±1Z o f r e a d i n g . 

W h e r e a s a r e l a t i v e c a l i b r a t i o n o f t h e s e m o n i t o r s a l o n g t h e s a m e b e a m 

l i n e i s q u i t e f e a s i b l e , a r e l a t i v e c a l i b r a t i o n b e t w e e n i n s t r u m e n t s m o n i t o r ­

i n g b e a m s o f d i f f e r e n t h a r m o n i c c o n t e n t o r a n a b s o l u t e c a l i b r a t i o n i s m o r e 

d i f f i c u l t i f p r e c i s i o n s b e t t e r t h a n 12 a r e t o b e a c h i e v e d . 

F o r t h e t r a n s f o r m e r s m o n i t o r i n g t h e b e a m s t r a n s p o r t e d b e t w e e n c i r c u l a r 

m a c h i n e s , a g o o d s o l u t i o n i s t o c h e c k t h e c a l i b r a t i o n o f t h e s e m o n i t o r s 

w i t h r e s p e c t t o t h e DC c i r c u l a t i n g m o n i t o r s o f t h e t w o m a c h i n e s . 

5.2 DC current t r a n s f o r m e r s 

To lower the l o w - f r e q u e n c y c u t - o f f of the p r e v i o u s t r a n s f o r m e r without 
d e c r e a s i n g it's s e n s i t i v i t y , the load r e s i s t o r is i n c o r p o r a t e d in the feed­
back loop of an o p e r a t i o n a l a m p l i f i e r , leading to the s o - c a l l e d "Hereward 
trans f o r m e r " : 

If A » l , the transfer function of the circuit is now: 
e _ , 

B ^S1 

Ah p which is a p p r o x i m a t e d as b e f o r e at m i d - f r e q u e n c i e s by: 

!° = — 
Í B = n 

. AL T h e d r o o p time constant is now r^ = — A T R 

In reality the t r a n s f o r m e r w i n d i n g has a r e s i s t a n c e r which becomes 
not n é g l i g e a b l e with respect to R/A. To avoid feeding the signal mostly 
into this r e s i s t a n c e , the m o n i t o r is m o d i f i e d as shown b e l o w . 

R 
_/\AAAA-
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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 
s table. 

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 / \ BEAM 

RL ] n j 1 . 

DC error 
correction 

DEMODULATOR 

(250 Hz I 

MODULATOR 
(125 Hz) 

FEEDBACK 
— < 4 

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 load 
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. 
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The m o n i t o r being based on an a s y m m e t r y d e t e c t i o n , any d i f f e r e n c e s in the 
m o d u l a t o r - d e m o d u l a t o r circuit h a v e to be avoided. Great care has to be 
taken in the w i n d i n g of the cores and in the m o n i t o r i n g of the e x c i t a t i o n 
s i g n a l . The g r e a t e s t care has to be applied to the m a g n e t i c c o r e s . As 
already m e n t i o n e d b e f o r e , l a m i n a t i o n s of high p r m a t e r i a l are taken. 
C h a r a c t e r i s t i c s of l a m i n a t i o n s of v a r i o u s t h i c k n e s s and q u a l i t y are indica­
ted in the c u r v e s b e l o w (Ref. 1 1 8 ) . 

30 um B 
|U. I / 50um A 

KHz 100Hz 1KHz lOKHz lOOKHz 1MHz 10MHz 

To o b t a i n the u l t i m a t e p e r f o r m a n c e of the m o n i t o r a core m a t c h i n g 
p r o c e d u r e is e x e c u t e d by m e a s u r i n g each core from the same m a n u f a c t u r i n g 
batch with a c o m p u t e r c o n t r o l l e d test s e t - u p , the results of which are 
shown below for one c o r e . 

ae. B ( T E S L A ) 

cu_ 

. 0 03 . 0 03 
1 

/ 0 J -

„0.01/ / ¿0 01 0|03 0(-O5 

J - 0 5_ 

H 
(A/CM) 

-""""To A-

-0.4-

«IM, 
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For the AA t r a n s f o r m e r , an extra feedback loop ( T 5 - O P 2 ) has been added 
to reduce further the m o d u l a t o r n o i s e . In order to d e c o u p l e the two loops 
the load r e s i s t o r has been put in the r e t u r n loop of 0P3 (Ref. 1 1 9 ) . 

P e r f o r m a n c e 
Range 
Resolut ion 

Zero drift 
S t a b i l i t y 
L i n e a r i t y 
F r e q u e n c y 
range 

-500mA to + 5 0 0 mA 
luA with a 2 0 0 ms i n t e g r a t i o n 
period 
± 3 u A for 24h 
±5ppm ± z e r o drift (full scale) 
±10 ppm 

DC - 5 0 k H z 

S Y N C H R O T R O N LIGHT M O N I T O R 

This type of m o n i t o r is w i d e l y used in e l e c t r o n s y n c h r o t r o n s and 
s t o r a g e r i n g s . It is only r e c e n t l y that it was realised that it could be 
used u n d e r c e r t a i n c o n d i t i o n s with p r o t o n s (Ref. 1 2 0 , 1 2 1 ) . T h i s lead to 
the d e v e l o p m e n t of the p r o t o n p r o f i l e m o n i t o r in the SPS ( R e f . 122) w h i c h 
makes use of the rapid v a r i a t i o n of the m a g n e t i c field at the edges of the 
b e n d i n g m a g n e t s to e n h a n c e the e m i t t e d s p e c t r u m in the v i s i b l e r e g i o n . 
This e n h a n c e m e n t was not e n o u g h for the lower i n t e n s i t y a n t i p r o t o n b e a m s 
and an u n d u l a t o r magnet was i n s t a l l e d . 

6. 1 M o n i t o r using the fringe field of the m a i n d i p o l e s 

A q u a n t i t a t i v e d e s c r i p t i o n of the s y n c h r o t r o n light e m i t t e d in a 
b e n d i n g m a g n e t can be found in Ref. 123 and 1 2 4 . In the f o l l o w i n g s e c t i o n , 
a q u a l i t a t i v e d e s c r i p t i o n of the p h e n o m e n a is g i v e n . 

z z' 
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Let R be thp l a b o r a t o r y r e f e r e n c e frame and R' be a frame in 
t r a n s l a t i o n with respect to R, m o v i n g with the p a r t i c l e and tangent to the 
p a r t i c l e ' s t r a j e c t o r y in a b e n d i n g m a g n e t . In R ' , the p a r t i c l e has a 
t r a j e c t o r y as sketched above and hence radiates a d i p o l e - l i k e p a t t e r n . 
Going b a c k to the l a b o r a t o r y frame R, a s t r o n g l y forward peaked r a d i a t i o n 
p a t t e r n is o b t a i n e d . T h i s p a t t e r n has a typical opening angle \ly . 

T h e r a d i a t i o n is s t r o n g l y p o l a r i s e d in the b e n d i n g p l a n e . For an 
o b s e r v e r in R, this r a d i a t i o n p a t t e r n will result in a light p u l s e of 
durât ion T 
w a v e l e n g t h Xc 

X 
Y 

p / c Y ^ I r e s u l t i n g in a s p e c t r u m c h a r a c t e r i s e d by the c r i t i c a l 

2 P 
3 ~ 3 

which is at the 50Z p a r t i t i o n of the p o w e r spectrum. 

The n o r m a l i s e d p o w e r s p e c t r u m (ref. 125) is given b e l o w , 
, i c 3 e 2 B 2 E 2 

¿ o being the total p o w e r radiated by one p a r t i c l e 
(m c ) ; 

o 

c ~ 20,000nm. This r e s u l t s in v e r y little 
power emitted in the v i s i b l e s p e c t r u m (400 to 7 0 0 n m ) for which the usual 
d e t e c t o r s are d e s i g n e d . To e n h a n c e the light e m i t t e d in the v i s i b l e 
s p e c t r u m the edge effect at the bending m a g n e t s was first used. The rise 
and fall-times in the case of a m a g n e t i c field v a r i a t i o n from 0 to Bo over 
a short d i s t a n c e L is , e q u i v a l e n t to a w a v e l e n g t h ( R e f . 1 2 2 ) 

X d - c T
d - ty* 

e q u a l , in the c o n s i d e r e d case w h e r e L = 10cm, to X¿ = 600nm. The r e s u l t i n g 
p o w e r s p e c t r u m can be seen later on. 

6.2 M o n i t o r using a d e d i c a t e d u n d u i a t o r 

The p r o p e r t i e s of the r a d i a t i o n emitted in an u n d u i a t o r h a v e first 
been studied for e l e c t r o n s ( r e f . 1 2 6 ) . A full d e s c r i p t i o n can be found in 
ref. 1 2 7 . The m o n i t o r built at the SPS (ref. 1 2 8 , 129) uses a w e a k 
u n d u i a t o r h a v i n g the f o l l o w i n g s t r u c t u r e : 
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LJ Id U Ld U 
B y C z ) = B 0 s i n 2nz Xu 

B 0 = .32T 
five periods X 

The d e f l e c t i o n angle iji0 is m u c h s m a l l e r than l/y> i.e. K = 0y « 1-
C o n s i d e r i n g a g a i n the frame R' defined p r e v i o u s l y , the p a r t i c l e e x e c u t e s a 
h a r m o n i c o s c i l l a t i o n in R' with frequency f » c / X ' u , A ' u b e i n g the L o r e n t z 
c o n t r a c t i o n of X u in R'. The d i p o l e p a t t e r n o b t a i n e d is again Lorentz 
t r a n s f o r m e d into R. T h e e m i t t e d w a v e l e n g t h is now: 

X 

2 ? (1 + f + Y 2 6 2 ) - ^ 2 (1 + Y 2e 2) 
6 being the a n g l e of o b s e r v a t i o n wrt O z . 

The total p o w e r e m i t t e d is i d e n t i c a l to the v a l u e g i v e n p r e v i o u s l y , 
but is c o n c e n t r a t e d around \. 

In the case of the SPS m o n i t o r , E = 270 GeV, X u = 88mm, and \ = 531nm 
which is in the v i s i b l e part of the s p e c t r u m . The finite length of the 
u n d u i a t o r r e s u l t s in a b r o a d e n i n g of the p r e v i o u s s p e c t r a l line, g i v e n b y 
(Ref. 127) AX / X - 1/n , i.e. AX - 100 nm. T h i s finite l e n g t h accounts also 
for the w i g g l e s on the s p e c t r a l r e s p o n s e . 

ONOULATOR MONITOR EDGE MONITOR 

T h e m o n i t o r i n s t a l l e d in the SPS is fully d e s c r i b e d in Ref. 128 and 
129, and sketched b e l o w . 

Ml Mt 
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BRSA 

110 
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• 
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T h e b e a m s are imaged on the d e t e c t o r s w i t h a H e r s c h e l type t e l e s c o p e 

h a v i n g a d e m a g n i f i c a t i o n of 4. 

Th e d e t e c t o r c o n s i s t s of a m i c r o c h a n n e l image i n t e n s i f i e r , acting also 
as an e l e c t r o n i c shutter for gating out i n d i v i d u a l b u n c h e s , followed by a 
SIT ( S i l i c o n I n t e n s i f i e d T a r g e t ) V i d i c o n for the p r o t o n beam and an ISIT 
( I n t e n s i f i e d S I T ) V i d i c o n for the a n t i p r o t o n beam. Given below are the 
p r o f i l e s of the three p r o t o n and a n t i p r o t o n b u n c h e s t o g e t h e r w i t h the 
e s t i m a t e d l u m i n o s i t y c u r v e . The e v o l u t i o n of this curve is the same as the 
one o b t a i n e d from the s c i n t i l l a t o r t e l e s c o p e . 

l982-ia-B3-e8:51 BRSC 2.2191 BRSA 2.2199 
VBcTICO. PROFILES 

Prolon lunch.• S O T 29B 3 K T BZ 
SYTOKOTROrl LICHT UMDOSTTY Rtf> 

•CRH UMIrOSITY LSS4 tV LSSS DI IBTSS CHTZ S - l 

UPPER CURVE SYNCHROTRON LIGHT 

LOWER CURVE TELESCOPE 

TIME DITO m S T OfDCT 

IST P- BUH» as P- BUCH 3RD P- BUK» 

7 SODIUM CURTAIN M O N I T O R 

B e f o r e closing the subject on n o n - i n t e r c e p t i n g p r o f i l e m o n i t o r s , the 
sodium c u r t a i n m o n i t o r i n s t a l l e d in the ISR has to be m e n t i o n e d . This 
m o n i t o r is used to m e a s u r e the h o r i z o n t a l and e s s e n t i a l l y v e r t i c a l profiles 
of the stored beams from a p p r o x i m a t e l y 100mA to 40A. As this m o n i t o r has 
not b e e n u p g r a d e d to cope with the very low i n t e n s i t y a n t i p r o t o n b e a m s , it 
is not d e s c r i b e d h e r e due to lack of s p a c e . Its d e s c r i p t i o n can be found 
in R e f . 130 and 1 3 1 . Since t h e n , a d i g i t a l signal p r o c e s s i n g has been 
added to the m o n i t o r to compute the beam h e i g h t across the stacked beam. 

8 BEAM I N T E R C E P T I N G M O N I T O R S 

Two g e n e r a l p r o b l e m s are a s s o c i a t e d w i t h this type of m o n i t o r . The 
first p r o b l e m is the be a m e n e r g y loss dE/dx of which the exact formula can 
be found in ref. 132 and from which the curve below has b e e n t a k e n . 

T h e c o n s e q u e n c e s w h i c h h a v e to be c o n s i d e r e d are the energy change of 
the beam, which i s , of c o u r s e , most important at low e n e r g y , and the 
h e a t i n g up of the m o n i t o r . 
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1O0-
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d_E 
dx 
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1. 

001 Ol 
p [G»V/C]5 

The second problem is the beam b l o w - u p through m u l t i p l e s c a t t e r i n g . 
U s i n g a g a u s s i a n a p p r o x i m a t i o n , the p r o j e c t e d angular d i s t r i b u t i o n of the 
s c a t t e r e d beam can be c h a r a c t e r i s e d by ( r e f . 1 3 2 ) 

rms _ 14, 6 plane 

//c e y Lrad 

(1 + i log J t - ) rad 
rad PMeV/c 

L being the thickness of the s c a t t e r e r and L r a { j its r a d i a t i o n l e n g t h . 
G i v e n b e l o w are the data for the most commonly used m a t e r i a l s . More data 
will be found in ref. 132 and 1 3 3 . 

M a t e r i a l L r a d ( c m ) M a t e r i a l L r a d ( c m ) 

Be 35 Fe 1.76 
C 19 Pb .56 
Al 8.9 Ta .41 
T i 3.6 W .35 

T h e e f f e c t s are in general a c c e p t a b l e for a single passage of the beam in a 
m o n i t o r as in the t r a n s f e r c h a n n e l s or in the s i n g l e turn o p e r a t i o n of the 
c i r c u l a r m a c h i n e s . T h e y are in most cases u n a c c e p t a b l e for c i r c u l a t i n g 
b e a m s . 

8.1 Secondary e m m i s s i o n p r o f i l e m o n i t o r s (SEM G r i d s ) 
W h e n a beam passes through a m a t e r i a l , low energy e l e c t r o n s , amounting 

to a few per cent of the t r a v e r s i n g b e a m , are emitted from the s u p e r f i c i a l 
l a y e r s . ' rhe p r o d u c t i o n e f f i c i e n c y d e c r e a s e s from low energy (ref.134) to 
h i g h energy as summarised b e l o w : 

Beam E n e r g y E 5 Me V 200 M e V G e V s 

SEM e f f i c i e n c y -20Z ~ 7 % - 5 % 



Ring and injection line SEM profile monitors for LEAR (Ref. 136) . 



- 451 -

Some problems e n c o u n t e r e d with this type of m o n i t o r are listed b e l o w : 
- energy loss in the case of low e n e r g y beams ( L x n a c , L E A R ) 
- beam b l o w - u p 
- c o l l e c t i o n of u n w a n t e d c h a r g e s 
- small signals (pC) with a high source i m p e d a n c e (G (1 ) 

- finite r e s o l u t i o n 

T h e first two p o i n t s are t a k e n care o f f by using low d e n s i t y m a t e r i a l s , in 
g e n e r a l a l u m i n i u m or t i t a n i u m . To counter the c o l l e c t i o n of unwanted 
c h a r g e s , the m o n i t o r has to be used in " c l e a n " c o n d i t i o n s and/or s u r r o u n d e d 
by c l e a r i n g e l e c t r o d e s with v o l t a g e s ranging from - 100 to 4 0 0 V. To cope 
with the fourth problem, high i n s u l a t i o n m a t e r i a l ( R e f . 135) and high 
q u a l i t y local e l e c t r o n i c s ( R e f . 136) have to be u s e d . F i n a l l y , to o v e r c o m e 
the finite r e s o l u t i o n o f the m o n i t o r , it is p o s s i b l e to tilt the SEM head 
with respect to the b e a m to d e c r e a s e the apparent step size. The p r a c t i c a l 
limit is around 30* (Ref. 1 3 4 ) . 

A good example of this type of m o n i t o r is the one d e v e l o p e d for LEAR (Ref. 
1 3 6 ) . It c o n s i s t s of a t i t a n i u m foil of 8pm (0.2.10 L r a d ) in which 15 
s t r i p s of 1.5 mm or 3.5 mm, s e p a r a t e d by .5 mm, have been etched. At both 
ends of the s t r u c t u r e are two large strips to detect p o s s i b l e t a i l s . The 
local e l e c t r o n i c s given b e l o w have an input noise equivalent to ,3pC and 
feed a 12 bit d i g i t i z e r . A m e a s u r e d b e a m p r o f i l e is also r e p r e s e n t e d . 

O I l M l OflHl H o l d 

S E M C R I D - F O S T * 1 4 - D E C - B 2 * 1 7 « B 0 i 5 9 
2 0 H E . E 4 L O C ' l t H O R I Z O N T A L 
, . . . . « . » * . , * < . . . . . . . t . . . . » . . * . , . . . . , 

» • TSOKPI IHC' 
6ms 

I I I U C d I H B 1 8 0 
• S U G R I H ' 4 BB 

0 - P B R T I B L = 

18a a '< 
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' 9 5 « « 
- S I C H » . 
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El 

OR 
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T h e s e m o n i t o r s are used to m e a s u r e beam p r o f i l e s and e v e n t u a l l y position 
and c h a r g e . From the p r o f i l e m e a s u r e m e n t s in t h r e e l o c a t i o n s , it is 
p o s s i b l e to deduce the b e a m e m i t t a n c e . T h e most common strategy is to place 
the central m o n i t o r at a beam waist and the a d j a c e n t m o n i t o r s 120° apart 
( R e f s . 137, 138) in the n o r m a l i z e d p h a s e - s p a c e (Ref. 1 3 9 ) . T h e m a t c h i n g is 
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another parameter w h i c h can be deduced from a string of SEM m o n i t o r s in the 
following way. L e t ' s c o n s i d e r the n o r m a l i z e d phase space C n , n ' ) where the 
beam is represented by a c i r c l e . If a focussing e r r o r , ie a m i s m a t c h , 
o c c u r s , the beam c i r c l e is t r a n s f o r m e d into an e l l i p s e which will tumble 
down the beam line r e s u l t i n g in a m o d u l a t i o n of the b e a m e n v e l o p e . T h e 
d e t e c t i o n and m e a s u r e m e n t of this s u p e r i m p o s e d m o d u l a t i o n will d e t e r m i n e 
the m i s m a t c h of the beam line. 

8 .2 Fast Wire S c a n n e r 

This m o n i t o r ( R e f . 140) was i n t r o d u c e d in the SPS to o v e r c o m e the 
p r o b l e m s mentioned e a r l i e r for SEM grids with a c i r c u l a t i n g beam when an 
independent m e a s u r e m e n t of c o u n t e r s t r e a m i n g proton and a n t i p r o t o n beam 
p r o f i l e s was s o u g h t . 

The m o n i t o r c o n s i s t s of a thin 23 um carbon wire passing at 4 m/s 
through the beam. T h e wire is held in a fork r o t a t i n g through 120° and 
d r i v e n by a DC m o t o r w h i c h is included with its p o s i t i o n transducer in a 
servo loop fed by a f u n c t i o n g e n e r a t o r . Care has to be taken to achieve a 
constant travelling speed through the beam and a smooth a c c e l e r a t i o n and 
d e c e l e r a t ion. 

The emittance b l o w - u p per scan is given by ( R e f . 1 4 0 ) : 

dE 1.12 10~ 4 „ d 2 £ — " 
dn ß y v rad ir m.rad/scan 

For the SPS m o n i t o r : p = 270 G e V / c , = 50 m, f r e v
 = 4 4 k H z , hence 

dE/dn = 2.3 10"& TÍ mm m r a d , which is n e g l i g i b l e . 

The d i s t i n c t i o n b e t w e e n p and p~ bunches could have been obtained when 
using the m o n i t o r in the SEM m o d e by a fast g a t i n g c i r c u i t . Instead the 
p a r t i c l e s produced by the i n t e r a c t i o n of the beam w i t h the wire are 

1983-96-19 

HIRE GOING IN 

HIRE SCflUgR PROFILES - BHSH21969 21:82 HRS 
HORIZONTnL 

H0H.= 273.6 GEV/C SPEED= 2.918 rVS 
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tt~ S.13 EM» .857 
50= .8845 NE= 16.6 
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IP=1337 VO 1.47 
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DQ* .8845 HE= 16.9 
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00= .8845 HE- 16.9 
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ÎT=1823 
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Ift= 123 HD= 1.53 
Htt= 5.11 EM= .962 
BT= 758 . HE= 18.3 

IST P- BUNCH END P- BUNCH 3RD P- BUNCH 
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observed with s c i n t i l l a t o r s placed above and b e l o w the beam pipe and 
coupled to 6-stage p h o t o m u 1 1 i p 1 1 e r s . 

The d i s t i n c t i o n b e t w e e n p and p" b u n c h e s is o b t a i n e d in this set-up 
by the s t r o n g l y forward p e a k e d p a r t i c l e d i s t r i b u t i o n . It' is b e t t e r than 

The ph ot o m u I t i p l i e r signal is p r o c e s s e d by a l o w - p a s s filter before 
b e i n g fed to a Saraple-and-Hold , w h i c h gates out the i n d i v i d u a l b u n c h e s , and 
a fast A n a l o g - t o - D i g i t a l C o n v e r t e r . G i v e n above are t y p i c a l p r o f i l e s 
m e a s u r e d with this m o n i t o r . An important use of this m o n i t o r is the 
c r o s s - c h e c k of the p r o f i l e s o b t a i n e d with the s y n c h r o t r o n light m o n i t o r . 

8.3 Scrapers 

S c r a p e r s are s c a t t e r e r s which can be used in c o n j u n c t i o n with an 
absorber (located at ( 2 k + l ) it /2 from the s c r a p e r ) and an i n t e n s i t y m o n i t o r 
to d e f i n e the beam e n v e l o p e ( R e f . 1 4 3 ) . Next to this d e s t r u c t i v e p r o f i l e 
m o n i t o r i n g , they are also used to c a l i b r a t e p r e c i s e l y b e a m orbit bumps 
(Ref. 1 4 1 ) . Their m a i n use is o f t e n h a l o c l e a n - u p s . 

8 .4 L u m i n e s c e n t screens 

L u m i n e s c e n t s c r e e n s are installed in all m a c h i n e s . T h e y are m a i n l y 
used during r u n n i n g - i n and when m a c h i n e p r o b l e m s o c c u r s h e d d i n g some doubt 
on the more s o p h i s t i c a t e d m o n i t o r s . A typical m o n i t o r (Ref. 142) is 
d e p i c t e d below. 

Oflv* mtchAftfcm 

T f t i g t l 2 In b e a m 

S E C T I O N A A 

The m o n i t o r c o n s i s t s of one or m o r e s c i n t i l l a t i n g s c r e e n s which are moved 
in and out of the b e a m . The s c r e e n s , inclined at 4 5 ° wrt b e a m , are o b s e r ­
ved through a w i n d o w with a TV c a m e r a . In o r d e r to locate the beam, a 
r e f e r e n c e grid is d e p o s i t e d on the s c r e e n and the s c r e e n is i l l u m i n a t e d by 
an e x t e r n a l lamp. Cerium a c t i v a t e d lithium glass s c i n t i l l a t i n g in the blue 
and c h r o m i u m a c t i v a t e d a l u m i n a s c i n t i l l a t i n g in the red part of the 



Luminescent screen mechanism (Ref. : 142). 
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spectrum are widely used for the screens located in h i g h vacuum. The 
s e n s i t i v i t y of the first m a t e r i a l is around 2.1010 p/cm^ (Ref. 142) for a I 
mm plate w h e n using a n o r m a l v i d i c o n . The second m a t e r i a l emits ten times 
more l i g h t . If m o r e s e n s i t i v i t y is n e e d e d , SIT or ISIT c a m e r a s are used. 
The m a i n problems with these m o n i t o r s are the beam s c a t t e r i n g (Lrad "13 c m ) 
and the r a d i a t i o n r e s i s t a n c e of the s c i n t i l l a t o r and the TV c a m e r a s . At 
the end of the e x t r a c t e d b e a m c h a n n e l s w h e r e very h i g h s e n s i t i v i t i e s are 
n e e d e d , Csl s c i n t i l l a t o r s h a v i n g a s e n s i t i v i t y of 1 0 ^ p/cra^ are used (Ref. 
1 4 3 ) . In single shot e x p e r i m e n t s such as p~ t r a n s f e r s , the TV c a m e r a s are 
c o n n e c t e d to v i d e o r e c o r d e r s . 

9 M I S C E L L A N E O U S M O N I T O R S 

In this c h a p t e r , an a d d i t i o n a l two m o n i t o r i n g d e v i c e s used with the 
pp~ o p e r a t i o n s are m e n t i o n e d . Several m o n i t o r s , like i o n i s a t i o n chambers 
(Ref. 1 4 4 ) for beam loss l o c a l i s a t i o n , m u l t i w i r e p r o p o r t i o n a l c h a m b e r s for 
e x t r a c t e d beam p r o f i l e a c q u i s i t i o n ( R e f . 1 4 3 ) , etc. w i l l not be decribed 
due to lack of s p a c e . 

9.1 L u m i n o s i t y and B a c k g r o u n d M o n i t o r s 

T h e s e m o n i t o r s have been installed around the c o l l i s i o n points of the 
ISR and the S P S . In the case of the ISR ( R e f . 1 4 5 ) , eight 
s c i n t i l l a t o r - p h o t o m u l t i p l i e r a s s e m b l i e s are placed around the eight 
i n t e r s e c t i o n s as sketched b e l o w . 

The v a r i o u s q u a n t i t i e s of interest are defined as f o l l o w s : 
B e a m - b e a m = (1.2) + ( 3 . 4 ) - A c c i d e n t a l s 
Ring 1 u p s t r e a m b a c k g r o u n d = 5+7 
Ring 1 d o w n s t r e a m b a c k g r o u n d = 1+3 

and the same for R 2 . 

In the SPS (Ref. 146) two m o n i t o r s have been i n s t a l l e d around L S S 4 and 
L S S 5 . They consist of two planes of 10 or 12 s c i n t i l l a t o r s placed at 6.25 
or 10.3 m around the i n t e r s e c t i o n p o i n t s . As p r e v i o u s l y b e a m - b e a m and 
b e a m - g a s i n t e r a c t i o n rates are o b t a i n e d , the number of r e q u e s t e d m u l t i p l i ­
c i t i e s v a r y i n g from 1 to 4. 

T h e s e m o n i t o r s give an a b s o l u t e l u m i n o s i t y if a m o n i t o r c a l i b r a t i o n is 
a v a i l a b l e , like the Van der Meer m e t h o d (Ref. 147) in the ISR. If not, 
they give a r e l a t i v e b e a m - b e a m r a t e . The o t h e r e s s e n t i a l p a r a m e t e r g i v e n 
by these m o n i t o r s is the b a c k g r o u n d in each c o l l i s i o n p o i n t , w h i c h permits 
its c o n t r o l to o p t i m i s e the data taking c o n d i t i o n s . 
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Important factors of the b a c k g r o u n d are not only the a v e r a g e level but 
also the " s p i k e s " and " s t r u c t u r e " s u p e r i m p o s e d on it. 

T h e s i g n a l s are p r o c e s s e d d i g i t a l l y for c o m p u t i n g the l u m i n o s i t y or 
the a v e r a g e b a c k g r o u n d and the a n a l o g u e way to preoent on chart r e c o r d e r s 
and b a r g r a p h d i s p l a y s the t r a n s i e n t b e h a v i o u r . 

9.2 T r a n s i e n t R e c o r d e r s 

T r a n s i e n t r e c o r d e r s sample an a n a l o g u e input s i g n a l , d i g i t i z e it and 
store the d a t a c o n t i n u o u s l y in a fixed length d i g i t a l m e m o r y . This process 
is i n t e r r u p t e d on receipt of an e x t e r n a l or internal t r i g g e r s i g n a l . The 
frozen d a t a will be c o m p r i s e d of d a t a acquired before a n d / o r after the 
t r i g g e r , d e p e n d i n g on the c h o i c e s m a d e and the size o f the m e m o r y . The 
s a m p l i n g period m a y be c h o s e n b e t w e e n 10 ns and 10s. T h e m e m o r y size is 
n o r m a l l y a few thousand data p o i n t s of 8 to 10 b i t s . The d a t a can be read 
out d i g i t a l l y to a c o m p u t e r or as a slow a n a l o g u e signal to an X-Y m o n i t o r 
or p l o t t e r . T h e b l o c k d i a g r a m of such an instrument is g i v e n b e l o w . 

C H A N N E L ' 
I N P U T 

C H A N N E L n 
INPUT 

I N : 
A M R . 

A D C 

A D C 

D I G I T A L I N T E R F A C E 
M E M O R Y 

I N T E R F A C E 
M E M O R Y 

E X T E R N A L o-
T R I Q Q E R 

1 
T R I G G E R T I M I N G 

A N D 
C O N T R O L C O N T R A 

T I M I N G 
A N D 

C O N T R O L 

C O M P U T E R 

X - Y M O N I T O R 

D A C 

These i n s t r u m e n t s are used in all m a c h i n e s (Ref. 1 4 8 ) to catch tran­
sient p h e n o m e n a on the stored b e a m or single shot data d u r i n g a n t i p r o t o n 
t r a n s f e r s for p o s t - m o r t e m a n a l y s i s . 

Given b e l o w is an output showing the sum signal of the ISR injection 
k i c k e r pulse and of an injected p~ " p i l o t " pulse of 1.6 1 0 ^ p ~ , as picked 
up by a s c i n t i l l a t o r . 

R e c o r d e r s e t t i n g s : sampling 
period 10ns 

a m p l i t u d e 5V FS 

D i s p l a y : 3 5 0 n s / d i v 
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