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Abstract

This paper describes a resistive beam monitor which was developed and built
for the observation of transverse and longitudinal microwave instabilities and for
bunch length (¢ = 0.7 ns) m ents. The relevant equations are derived,
analysed, and optimized. The electrical and mechanical layouts are given and also
the characteristics of the monitor. The signals for horizontal and vertical
beam-position and intensity have a rise-time of < 230 ps at the end of 160 m
transmission cables. The cable losses are compensated by computer-optimized
filters. The beam coupling impedance Z/n is max. 0.2 . The peak inlensity signal
is 2.7 V for the nominal beam intensity of 2.5 x 10 10 e*se™ particles per bunch.
At 40 mm off centre, the position signals equa! the intensity signal. A laboratory
test set-up allows the transverse displacemem of a rod or wire in a 3 m long,
cylindrical chamber. Time filtering is used to avoid disturbances by imperfect
matching at the end of the tube for off-centre wire positions. We present the
results obtained with the laboratory test set- up and with actual e~ beam when the
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was installed in the accumulator Tinig. Errors and limits are discussed.
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1. Introduction

A charged-particle bunch moving with a highly relativistic speed in a

well-conducting vacuum chamber is accompanied by a pure transverse electric
a

field. The induced charge distribution of the image current on the chamber wall
versus the beam position is well known:' =*
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The parameters are shown in Fig. 1, where the circular chamber is represented as
the unit circle in the x-y plane. The beam position is given by the vector

r=|rle™* . 2)
The charge density q appears over the azimuthal angle ¢. Figure 2 shows q versus
¢ [Eq. (1)] for six beam positions r on the real axis (x = 0). The integral

r
N

i a(r,p)de = IZr 3
is a constant for all beam positions r.
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2. Four-Point Pick-Up with Uniformly Conducting Ring

Fig. 1 Fig. 2

Knowledge of the chamber image current at the four axis points is suffici-
ent to determine the beam position and the intensity. These four currents are
measured by means of a resistive ring inserted in the vacuum chamber (see
Fig. 5). The four voltages Ua, Ug, Uc, and Up then appear over the resistive gap.

We consider the four charges q, (r = 1, 2, 3, 4) at the axis points where
¢ =0, x/2, v, and (3/2)x. Then from Eq. (1),

g = {1 = /{1 + = 2rcos (77D - 1) — x} . 4)

2.1 The difference charge between ¢, and g3 [from Eq. (4)] is

gy = 1 = @3 = [(1=rHdrcos x1/[(1 + %) = 4r cos? x] )
or in Cartesian coordinates with x = rcos y and r* = x? + y%,
| Agur (x, ) = [(1—x? = yH)ax]/(1 + v -hz\ i ; (6)
Figure 3 gives for illustration a three-dimensional presentation of Aqi;
The slope s is maximum { = 4) in the centre and decreases to the bordery = =1,
2.2 The sum of the four point-charges q = q, + ¢z — q3 + Q4 from Eq. (4)
yields® _
‘ Ta(r) = [A0 =™ -1 + 16r° cos? x - sin? x] . @)
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for small r. The maximum error® is about 5% for r
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2.4 The linearity error in the x direction with respect to the full scale Xpmax = 1,

= [{Aq/Eq) — X]/Xmax = (AQ/EQ) — rcosx , )
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3.1.1 Low-frequency limit for the difference signal. Figure 5a shows the
vacuum chamber with the heam in the extreme position near point A, Figure Sbis
a section through A and B. The induced signal U, generated in point A
immediately starts to propagate to point B on the two resistive ring lines via CB
and DB, If the travelling signals can be sufficiently damped so that no signals

eliir gnals surricently signals

appear in point B, then the difference
AU = Uy - Ug (10)

can be used to determine the beam position. This is possible for a lossy line above
a certain frequency limit. This limit will be determined below.
The general line propagation constant®

¥ = +j8 = VR +pL)IG+pC) an
(R = resistance, L = inductance, ,C =
length of line; p = jw) for R < pL and G » pC s1mp11fxes to
y=a+ 8= VPLO = VaL&/2 (1 +j) a2
and
a=8= wLGﬁ (13)
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riom puuua A to B (Fig. 5a) ihere are iwo lines of
open -ended double line; thus the ou

ength ¢in paraliel, forming an
tput signal Up generated by an input signal U,

is®
17w T1 Zoameh o0 i1 A
Ug = Ua/coshyf {14)

and, with Egs. (10) and (12),
ATT/TT =1 _ (1 /anch I71 A 01) 1L\
AU/Us =t — {1/cosh [(1 + jafl} (15)

At the lower-frequency limit where the difference voltage AU = Uy —Ugis 3 dB

attenuated with respect to U,,
AUl = [Ua — Ul = Ua/V2, . (16)
Combining Eq. (16) with Eq. (15) gives

1 — {1/cosh {(1 +j) af]]] = 1/V2 an
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with the solution®
of = 0.93 . (18)
Inserting Eq. (18) in Eq. (13) we get
0.93 = VwlG/2¢ (19)
and the lower cut-off frequency
fi = we/2m = (0.93)*/LGEx (20)

or with f = do/2 (d = diameter of the chamber)

fi = 0.111/LGd? . (21

The lower cut-off frequency of the difference signal decreases inversely to the
product LGd?. Ex.:d=10cm; L =3.5nH/cm; G=1/30Q-cm — fL = 9.51 MHz.

3.1.2 The low-frequency limit of the sum signal. This limit would be zero
without external closure of the gap.

3.2 Upper-Frequency Limit
Figure 6 shows the resistive ring line of impedance Z with the distributed

current sources (arrows)
di = q(6)de . (22)

XAl | | TyX

. )du
A “"\ ~
di {

From each source di alone, there is one wave going to the left and one to the right
(each di/2). The voltage generated at the output point x by the source di/2 at a
distance ¢ is

du = Ze "(di/2) . (23)
As each current source can contribute not only from distance ¢ but also from ¢ +
NA (A = circumference, N = 0, 1, 2, ..., »), integration to infinity is required.

Assuming a symmetric current density distribution q(¢) with respect to x-x’ (beam
on the x axis), the left-going and right-going waves give the same contribution, i.e.
by superposition

U=2Z{e Yg@)dr. (24)
0

3.2.1 A centred beam with current I has a constant charge and current
distribution versus £(¢ = ¢ for r = 1):

q) = I/x (25)
and generates an output voltage [Eq. (24)]

Up) = Z-(I/N)-{e”"de ; (26)
0

integrated, it gives

Up) = Z-.(/N-(1/y) . Q@7

Inserting into Eq. (27), the characteristic impedance®
Z = V(R +pL)/(G + pC) (28)
and the propagation constant v of Eq. (11), the factor (R + pL) cancels and

Up) = 1(p)/[(G +pOIA] = [I(p)/GA} {1/[1 +p(C/G)T . (29)

FEquating the real and imaginary part of the denominator leads to the
high-frequency limit for a centred beam

fuc = wuce/2x = G/2xC . 0y

Example: C = 1 pF/em; G = 1/30Q-cm; — fuc = 5.3 GHz,
A Dirac current input pulse delivers an output signal which decays with T =
C/G = 30 ps time constant.

3.2.2 An off-centre beam with the current distribution of Eq. (I) and r # 0
delivers with Eq. (24) a less simple integral.

But considering the propagation time t, = df/dw (for distance ¢ in Fig. 6}
which determines the rise-time of the output signal U, we find® that the effective
length of the contributing lines from left and right shrinks with frequency. As a
result, the high frequency limit of the difference signal is approximately equal to

that of the sum signal, i.e. s
fH[) = fHC J
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3.3 Gap Line with Lumped Resistors

Replacing the uniformly conducting ring by many equal lumped resistors,
evenly distributed in a gap of the vacuum chamber, offers some advantages:
i) The impedance of the four connection cables can be included in the resistors.
i) The inductance & of the resistors
r; can be used to emphasize the
high frequencies, whicn allows
compensation for cable losses. > =
iii) Simpler manufacture. \

L - Ferrite
P Ring

However, the introduction of the e — — 7l.
series induction f to the resistors R —
rs changes the equations: G must (

be replaced by 1/(rs + pé). R
Furthermore, the monitor gap
should be closed to the exterior to

avoid interactions (Fig. 7). This Fig. 7
introduces a further time constant
Ti = Lo/R.

The final transfer function for the sum signal (derived in ref. 5) is

Fi(p) = U@YIP) = R [(1+pTQH/(1+pT +p*T?QY] [pT:/(1+pT1)) ’(31)

withR = ry/A, Ly = &/A, Cp = C-\, Ty = Lp/R, T = R-Cp, and Q = VL,/Cp/R
(A = circumference of chamber, L, = inductance of external closure with ferrite).
The transfer function for the difference signal is

Fua(p,x) = AU(p)/1(p) = Ka(x)F5(p)[1 — (1/cosh VpTo)l \ (32)

with K14 = position dependence (Kiqa o x), and T, = LG-(\2)%.
4, Signal Transmission and Optimization

The signals appearing at the four axis points are connected to wide-band
hybrids H which deliver the sum and difference signals (Fig. 8). Three filters Fi
correct these signals before they are transmitted over 100 m of high-quality cables
(7/8-inch Flexwell, 50 Q) to the observation point.

av
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Fig. 8
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Fig. 9
Figure 9 shows a block diagram of the transmission with the transfer tunction
F(p) = U(p)/S(p) = Fi-Fo-F5-F4-Fs , (33)

where for the

monitor: F,, see Eqs. (31) and (32);
hybrid: F2 = (pT2)/[(1 + pT2) (1 + pT3)] (approximated) ,
filter: Fy=1/2+Y(@+2Z) + (¢/2)] ;
¢ = R/(1+pTy) , Y = pCi/(1 +pTy) ,
Ts = R1C1, Ts = R2Cy
belonging to the circuit of Fig. 10, and
cable: Fa = exp (—~pTo) i To = (af)?/nf 2

oscilloscope:  Fs = exp [(pTs)*] (approximated).
More details have been given elsewhere.’

The difference between F(p) and an ideal, theoretical transfer function
T(p) = U(p)/S(p) = Ke > ¥

which has constant group delay 7 and amplitude K (¢ = initial phase), is the
complex error vector

(circle in Fig. 11) ,

e(p) = F(p) ~ T(p) (34)
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shown in Fig. 11. The sum of the modulus |e(p)]* at many frequencies m in the
desired range is a measure of the total error:

m m
E= E‘ leGen)* :fl [F(p) — TP (35)
which is a real function of all known and unknown variables, has been minimized
with the computer program MINUIT’ and thus led to the optimum values of the
filter elements. There exist several optima. (Example: (Fig, 10) R; = 179Q; Ry =
17.1Q; Cy = 205 pF; C; = 47.3 pF; Q = 1.5 for the sum channel.)

The output of the different optimum settings was studied in the time domain
with the LAPLACE program?® for different input signals S(p) (Fig. 9):

i) Dirac pulse Sy(p) = 1

ii} rectangular pulse Sa(p) = [1 — exp (- pnl/p; {7 = pulse length)
iii) triangular pulse Sx(p) = {1 — exp (—p-7/2))*/p®
and the best setting of the parameters was retained.

5. Mechanical Design

Figure 12 shows the monitor with three 180° hybrids (ANZAC H9, 2 MHz-
2 GHz). The hybrids are connected to the resistor ring by four coaxial cables
(RGS58) of equal length. The ring is composed of 96 resistors, 32 in parallel of 3 in
series on the periphery. The three series resistors (3 X 10 Q, MF) bridge the gap of
4 ¢m width. A ceramic tube (3 = 100 mm) of 5 mm thickness makes the gap
vacuum-tight. The outer cavity contains two ferrite rings (2E8 PHIL).

-
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Fig. 12

6.Test-Bench Results

The measurement device is a 3 m long brass tube (2 = 100 mm) into which
the monitor is inserted. Rectangular flanges at both ends allow linear transverse
displacements of an inner wire (1 mm) or tube (& = 20 mm). A fast-pulse or
step-pulse generator feeds the inner conductor through one flange. The reflections
at the flanges are sufficiently well separated from the signals by the relatively long
propagation time in the tube (time filtering).

AH 74=210ps

L 7,4 =230ps

200 ps/div
2 mV/div

Fig. 13

Figure 13 was obtained with a 35 ps rise-time pulse generator (TDR sampler
552/7S12 TEK). It shows the A and T signals from the monitor, via hybrids, filter
and 100 m cable attenuation (200 ps/div.}. The rise-time corresponds to about
1.5 GHz.

7. Results with the Beam

Typical bunch signals of the monitor, installed in the e*/e™ accumulator
(EPA), are shown in Fig. 14 (oscilloscope: TEK 7A29/7104; cable length =
e~ beam

100 m}).
A AV

Fig. 14

L  Stacked

500 ps/div
1 V/div
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£ AH

5 8 beam positions
(I\ll 500 ps/div

x

A 50 mV/div

Figure 15 demonstrates eight superimposed horizontal beam-position signals
(range = 20 mm) obtained by varying a dipole current,

Figure 16 shows a ‘mountain-range’ display of a coupled bunch instability
which starts at = 2 x 10'! total particles for eight circulating bunches, and
produces, at 4 x 10" particles (Fig. 16), coherent phase oscillations as displayed.
(The noise on the base lines comes from the ‘mountain-range’ trigger unit.)

z
coupled
bunch
instability

2 ns/div
1 Vidiv

Fig. 16

8. Characteristics

The characteristics of the total system, i.e. monitor, hybrids, filters, and
100 m cables, are as follows:

2.7MHz-1.5 GHz

9.4 MHz-1.6 GHz

1.26 mV/mA

1.1 V/10'° particles per bunch
< 5 x 10° particles per bunch

1

Bandwidth (intensity)

Bandwidth (position)

Sensitivity (beam current)
Sensitivity (intensity, 40 = 2.8 ns)
Resolution (intensity)

- Total gap resistance 0.94Q

- Sensitivity (position} 40 AU/ZU mm
- Resolution (position at 10% particles per bunch) 0.5 mm

- Linearity error for [r] = 20 mm < 5%

- Coupling impedance |Z/n| 0.2Q

~ Rise-time (intensity signal) 230 ps

~ Rise-time (position signal) 210 ps

Closing Remarks

~ The lower-frequency limit f, of the position signal could be further decreased by
increasing the monitor aperture, the inductance, and/or the conductance of the
transverse gap line. Doubling the diameter would reduce fi by a factor of 4.

- The inductance L of the gap line increases with the gap width. Trials to increase
L by ferrite loading of the gap have been less effective.’

- The high-frequency limits are, for R = 0.94 Q, essentially given by the hybrids,
the transmission cables, and the cable connections to the gap.
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