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Abstract: For the design and description of the beam 
position. monitors for the HERA proton rir.g a complete 
n-port model was used. The model is valid for beams 
with trensverse electromagnetic fields and direc- 
tional couplers with constant impedances over their 
ent ire length. The n-port description is compared 
with the simplified lumped circuit model, the wall 
current model, and measurements made using HERA beam 
position monitors. 

Introduction 
Directional couplers are widely used as position 
monitors in large proton accelerators. Their fre- 
qliency response 1s well adapted to the bunch lengths 
of several tenths of a meter to several meters, and 
their directivity allows the separation of counter- 
rotating bunches without complicated timing consider- 
ations. 

Directional coupler position monitors consist of one 
or two pairs of quarter wavelength antennas within 
the beam pipe. Each antenna forms a stripline of 
constant impedance (typically 50 Q) with the beam 
pipe wall (see Fig. 1). The closer the beam to one 
antenna of the pair, the higher will be the induced 
electrical signal on this antenna relative to thn 
other. This fact is exploited for the position 
measurement. For the thorough understanding and 
design of the pickup a model is necessary. It should 
provide a quantitative understanding of the absolute 
signal strength on the antennas and of the dependence 
of the signal strength on the beam position and the 
Fourier component of the beam current, and must de- 
:;<:rib~ the directivity. A rather general approach is 
the description as an n-port. 
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Ftg. 1 Directional coupler pickup with two antennas 
(5 port) 

N-Port Model 
In this section we want to relate the input currents 
I and the input voltages 0. of the directional 
c&pler pickup with a simpli function Y(c) = f. For 
given termination admittances, all electrical proper- 
ties ~1' the pickup can be calculated as a function of 
the beam proper:ies. For the case of only transverse 
electromagnetic fields, lossless antenna signal 
tr-a?s7iission at the speed of light and <a. highly reln- 
tivist ic beam, WV have a linear device and the 
function Y is simply the following admittance matrix: 

(1) 
'C/tan R C/sin 8 

Y r -j-c* l 
\C/sir. e C/tan e k 

with c . . . . . . .._. speed of llsht 
c . . . . . . . . . . capaci t ante mat-r ix of t.he 

antennas and beam in the 
vacuum pipe 

0 %rrvl/c . . electrical length of the 
antennas 

” . . . . . . . frequency 
1 . . . . physical length of the antennas. 

Derivation of the admittance matrix 
For the purpose of illustration it is sufficient to 
restrict oneself to the case of a beam with one pair 
of antennas, i.e. a 6-port. The conventions are shown 
in figs. 1, 2 and 4. First we excite the device with 
6 different superpositions of voltages and calculate 
the corresponding currents. The currents may then be 
calculated for any voltage combination U=(U 
this leads directly to the coefficients of 
t.ance matrix. 

G&U, A - wJ5,% 
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Fig. 2 Convections for the 6 port description of thta 
two ar,tenna pickup 

A short review of the lossiess twir. conductor problem 
is helpful. Here one calculates the influence of two 
conductors which are electromagnetically coupled to 
each other (see Fig. 3). Using Maxwell's equations 
and some conventions one finds: 
U(Z) = U(~).COS k(l-z) + j I(l)/Yo=sin k(l-z) 

I(z) = I(l)*cos k(l-z) + j U(l)*Yo*sin k(l-z) (21 

*cl 
=Jgz =c-c 

with C and L the capacitance and inductance of the 
line (e.g. (81). 

I 1 I 1 * I 
0 2 I 

Fig. 3 Lossless twin conductors with TEM coupling 
{Y, = Gs = G1) 

Next let us excite the 6 port in a particularly sim- 
ple way: U = (-ul, ul, u 0, 0, 0), keeping in mind 
that we cannot set both $Ads of a conductor to zero. 
Using (2) we have for conductor A, i.e. the beam: 

0 = UA(Z’l) 

-u 
1 

= UA( z 0) = j 1*(7.-l )/Yin *sin kl 

(C A + 2c AD + 2Cnc) 
- cos k(l-z) 

Eliminating IA(z-lj Leads to: 

ilA(z) = j.ul*Y,A cos k(l-z)/ain kl. 
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For conductor B, i.e. the first antenna, there 
follows similarly 

Lab -j u1 YIB C~~nk~:-z' 

*lB : c ('18 + 2cA9) 

and for the third conductor accordingly. SC we know 
the currents on each par: for the first voltage 
vector. WP do the same for the other five voltage 
vectors (u *'-u2'~2'o.o,o)' ~u3,u3,-~3'o,o,o), 

(o,o.o,-u4~u*,u4)~ (o,o,o,~s'-u5'u5) and 

(o,o,o,~J6'u6'-u6). E':nally we get the admittance 

matrix Y as in equation (1) by combining the applied 
voltages and derived currents, where the capacitance 
matrix C is giver. by: 

/c 1-c 
C- 

i 

A AB+"AC -cAB -%c \ 

-CAB cB+cAB+cBC 
-c BC 

I 

', -'Al: 
-c BC CC+CAC+CBC i 

Fig. 4 Conventions for the capacitance matrix of a 
two antenna pickup 

Application to the directional coupler 
For the application of a directional coupler in an 
accelerator one is usually not interested in the 
admittance matrix Y as in (1) itself, but in the 
response of the pickup to a given beam, i.e. d 
current. So let us terminate the beam with an admit- 
tance GA and the anr.ennas with admittances G and G . 
Then for a voltage U2 at the beginning of thg antenEa 
A we have a current I2 

= -G .u 
B 2' etc. This permits 

elimination of all the currents of the r.h.s. of 
Y-a = i, except the beam input current. 
Next this complex system of linear equations has to 
be solved for the voltages. In general this has tc: b<~ 
done numerically. There is a simple closed solution 
only for the case of a single antenna and the bear. 
It was nriginally derived by Cris:al (3). Here it is 
even possible both to terminate the device properly 
and to get (theoretically) full directivity. The 
termjnating admittances GA, GB have to be chosen in 
th? followinq way: 

$-: ci.cA;c,.(c,.cB - CL) 

G2 2 2 
B c .C3/CA.(CA.CB - CL) 

One finds then an antenna voltage U2 of 

u 2 
7 -+ . . exp(i*arctg 

~C;;G, 

with k = CAB/G the coupling, and 

Us m: 0 (directivity). 

For a small coupling k we wculd have: 

IV21 = k/-B + IsinfJI(l + 1/2k2cos2e) (41, 

i.e. even for relatively large couplings one has a 
simple sinusoidal frequency dependence. 

Capacitance Matrix 
In the n-port descriptior: of the directional coupler 
all the geometric information is contained in the ca- 
pacitance matrix and the antenna1 length. For the de- 
termination of the capacitance coefficients we used 
an SOR code and for a particular monitor we used the 
method of conformal mapping. Comparisons with meas- 
urements show an uncertainty of s-10% in the coeffi- 
cients. The other problem is the effort of doing all 
the necessary capacity calculations for the full 
matrix. 
The relat-ions between the monitor geometry and thr 
pickup response to the beam in the context of the 
n-port model is summarized in Fig. 5. 
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Fig. 5 Procedure to calculate the pickup properties 

Other models 
There are two approaches commonly used for the quan- 
titative description of the behaviour of a direc- 
tional coupler position monitor (see e.g. [l], [2]): 
a lumped circuit model, which describes the frequency 
dependence of the output signal on the beam, and the 
wall current model, which describes the total output 
voltage itself and its dependence on the beam posi- 
tion. Both models refer to a directional coupler 
without cross coupling between the antennas. They 
will be described for the case of one antenna with 
the conventions of Figs. 1, 2. 

The lumped circuit model 
In this model one replace!; t.te ends of the antenna by 
current sources and the antnrna itself by a trans- 
mission line (see Fig. 6). No further coupling is 
assumed. Here we have 

5 ic /sin(iinvl/c:)l and U 5 3 

with i ii c:onstar!t alrrent 1.:) bc determined by 
ann?.he:! method. 'This i s exactly the n-port model 
result for the case with only one antenna and zero 
coupling, k = CAB/]6?!B =O, see Equation (4). 

i2 
I 

i,t GO 

?1g. 6 Pickup in the lumped circuit mcdel 

For the HE- position monitors 161, 171 k is 8%, so 
both the 4-port and the lumped circuit model give 
virtually the same results, but the presence of the 
extra antenna has a large influence on the transfer 
function (see Fig.7 and in [7] Fig.4). Due to criti- 
cal and imperfect input matching in our measurement 
set.up, we do not. inciude a comparison to laboratory 
data. 
For the case of large coupling k:-0.5 (see Fig. 7b) 
there is less influence of the extra antenna, bet, as 
expected, a larger deviation between the 4 port and 
the lumped circuit models; see Equation. (4). 
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Fig. 7 Pickup response as a function of frequency 
(transfer function) - a) HERA monitor I.61 
b) Large coupling k=SO% 

The wall current model 
For this model one assumes a highly relativistic 
beam, transverse electromagnetic fields and a com- 
pletely shielding vacuum chamber. Then one calculates 
the current in the vacuum chamber, which shields the 
oppositely flowing beam current, both absolute and as 
a function of the beam position. Next one assumes the 
antennas are only a small perturbation of the vacuum 
chamber and the ar.gle equivalent 
flowing on them. 

yCR3 R 

X,Y 

x CR1 

amount of current is 

beampipe radius 

beam coordinates 
in units of R 

Fig. 8 Conventions for the wall current model 

Current distributions in round vacuum chambers are 
calculated by Cuperus [4] and Regenstreif [5] with 
different assumptions. Roth lead to a current density 

IA l-x2-y2 
iw(e) = - * 

Znl? l+x2+y2-2xcosQ-Zysin$ 

The comparison of this result integrated over the 36O 
antenna width with the 4 and h-port calculations and 
the measurement is shown in Fig.9 and in [7], Fig. 5. 

Va.,‘Vb in in. dB 

-250200158100-50 00 50 100150200250 

5 in mm 
Fig. 9 Pickup response as a function of beam 

position for HERA monitor [6] 

All approaches give similar results, especially in 
the most important central pickup region. Here the 
following slopes are found: 6 port 1.20 dB/mm, 4 port 
1.24 dB/mm, wall current 1.24 dB/mm, laboratory meas- 
urement 1.143 dB/mm, measurement in a small electron 
accelerator 1.2 dB/rmn. One finds the largest differ- 
ences between the models at beam positions close to 
the antennas, where the exact antenna geometry is im- 
portant. For the warm position monitors [7] the dif- 
ferences between the models are larger due to the 
antennas not bulged into the vacuum chamber. The best 
description is given by the n port model. 

Conclusion 
A full n-port description of a directional coupler 
pickup for a highly relativistic beam is given in the 
present paper. This is the only way to calculate 
cross coupling effects between antennas. For a de- 
scription of a monitor with low coupling and anten- 
nas, which hardly disturb the vacuum chamber profile, 
the lumped circuit model together with the wall cur- 
rent model is sufficient and practical, though less 
accurate. From a theoretical point of view the 
coherent description with the n-port model is mOre 
satisfying. 
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