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I. Introduction 

The slot coupled TEH line has been employed at 
CERNl as a pick up electrode in the GHz range. It 
is a compact and broad band device, end Kill be 
quite attractive if the coupling efficiency is com
petitive with an array of quarter wave loops.' In 
this paper, we study various properties of such a 
structure. 

Fig. 1 shows the geometry of a general slotted 
coupler. The bottom region is the beam pipe, and 
the top part is the TEH line which picks up the 
electromagnetic energy from the beam particles. 
Energy transfers from beam to line through a seri»s 
of identical slots which connect the two regions. 

PIS. 0 ) S E O M C T K y OF A tSENEKAL 
surr-eourLED neie UP. 

A slotted pickup structure is a special case of a 
general class of travelling wave couplers. In such 
a device, the signal voltages add in phase when the 
beam velocity v matches the line velocity v.. 
The pickup impedance can thus be large 1f the 
structure is long. However, it turns out that the 
Impedance .contains a factor T , • 1 - B L^ 
• l-(v,/c) , and the signal in the-synchronous case 
is weaker than the one obtained from an equal length 
array of loop couplers. In this paper, we derive 
the response of the slotted line in a general 
non-synchronous case, and explore the possible ad
vantages of designing the coupler with reduced velo
city to increase the coupling efficiency. 

II. Theoretical Analysis 
Some assumptions are necessary to analyze the 

system In a simple way. We assume that the slots 
are sufficiently far from each other so that they 
can be treated separately. We also assume that the 
slot dimensions are sufficiently small so that 
Sethe's small slot theory^ is applicable, which 
means that we can replace each slot by effective 
magnetic and electric dipole moments. 

The phase velocity of the slot-loaded TEH line, 
v,, is in general different from tne smooth-line 
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velocity c. This is due to the wave scattering at 
slots, and the effect can be computed analytically 
from the results of Bethe's theory. 

Our approximation treats the presence of slots as 
a perturbation on a smooth conducting wall. The 
quantities of interest In the smooth wall geometry 
are 
D" 1 . Electric field at the location of the slots 

on the TEN line wall per unit voltage on the 
line.* 

E c « Electric field at the location of the slots 
on the beam-pipe wall induced by the beam 
current. 

Since the above quantities are defined in the 
absence of slots, they can be calculated by solving 
the two-dimensional field equations. 

With the help of these quantities, the results of 
a detailed calculation? are as follows: First, 
consider the case where only one slot 1s open. The 
voltage on the TEH line induced by the beam current 
is: 

• - ' * . J± e) 
2D' (I) 

Here to- »/c • 2>f/c is the free-space wave num
ber, Z • Z(./377S , z L . characteristic impedance 
of the pick up line, o m and o a are the electric 
and the magnetic polarizablllties of the slots, res
pectively, and B • v/c, v being the velocity of the 
beam particles. 

For the full slotted structure the results are as 
follows: the phase velocity of the pickup line is 
changed from c to v^ by the amount 

a» L - 1 - B L - I - * L/c ' 7 (« m - « e)/2D 2d , (2) 

where d is the spacing between slots. We assume nott 
that the pickup line is terminated properly at both 
ends to avoid reflections. The voltage induced in 
the line of length L is 

V(L) .-1(k„L)(OEJ 
4(kL+k) • L (3) 

Here k . »/v, k,_. u/v L > e . (kL-k)L/2, 

T L " f 1 - »(_ ) ~ 2 i»L • 

Thus, the pickup signal is a strong function of the 
line velocity v.. When the line velocity 
matches exactly The beam velocity, v. - v, 
sin»/e becomes unity. In such case, 1t is easy to 
show that V(L) becomes simply Vj times the total 
number of the slots apart from the obvious phase 
factor. Because of the factor T.-2 in Eq. (3), 
however, the signal from a slotted coupler of a 
reasonable length is small in the extreme rela-
tivlstic case. We shall return to the question of 
the optimization later in this paper. 



To compare with experiments. It Is convenient 
to Introduce the pickup Impedance Z p as 

•J^-KV)!' 1 
2 T L 

-1» sine (4) 

Here Z - 0E<./Ib Is a quantity Independent of the 
beam current 1 D, and 1s of the order of the line 
Impedance. 

In the above, the effect of the waveguide modes 
1n the beam pipe are neglected. In a general case, 
the waveguide modes could be excited by the pickup 
line wave and vice versa. We have studied such a 
case and the results are as follows 5: When the 
phase velocity of the waveguide mode Is suffi
ciently different from the pickup line wave, the 
coupling of the two can be neglected. The case 
where the two velocities are close to each other can 
be treated by a degenerate perturbation theory. One 
then decomposes the waves Into the sum mode and the 
difference mode. For the sum mode, the velocity re
duction becomes twice that given by Eq. (2), while 
for the difference mode it is zero. Hence, the 
increased kg would be used in Eq. (3) to obtain 
the signal voltage. 

Eq. (2) states that the line velocity v, 1s 
independent of the frequency. This behavior Is a 
direct consequence of Bethe's small slot coupling 
theory. In a realistic case, the slot has a non
zero aperture and the theory breaks down as the fre
quency becomes large. In particular one expects a 
resonance behavior as the wave length approaches 
twice the aperture width. The resulting dispersion 
is one of the limiting factors of the pickup per
formance. 

It is instructive to illustrate the results of 
this section by a simple example. Consider the case 
of a coaxial line coupled to a round beam pipe. Let 
a(b) • the radius of the inner (outer) conductor of 
the coaxial line and g - radius of the beam pipe. 
Then, 

D - b in (b/a) and z' - Z. £ . (5) 
Thus Eq. (4) becomes 

p o L g 
1 77 -i» sine (6) 

For a rectangular aperture the electric and magnetic 
polarizabilities are 

.216 w c 2 + .044 W 'IS* (7) 

In the above* w and £ are the lengths of the aperture 
along the direction transverse to and parallel to 
the beam direction, respectively. 

in. A 50-51 ot Coupler 
We have built and tested a model coupler shown in 

Fig. 2. The dimensions in the figure are in cm. 
Two pickup lines, top and bottom, are coupled to the 
rectangular beam pipe. Pickup response of up to 50 
slots was measured. 

Let us first compute the theoretical prediction. 
In the model, the slot width w is made large to In
crease the coupling. Therefore the quantity 1/02 
varies over the slot aperture. In the present 

analysis, this is computed by solving the two dimen
sional Laplace equation and we take the average over 
the aperture. We obain 

/ X \ - ,65/(.5)2i 
<?>• (a) 

Next we compute the polarizabilities. For a rtc-
t angul ar slot, one obtains am - a e - . 516 cm 3 

from Eq. (7) using the values w - 1.9 cm, jt - .326 
cm. However, the slots in the model coupler are 
rounded at both ends, for which the results of 
electrolytic tank measurements yields 6 o m - a e * 
.4776 cm 3. One then obtains, from Eq. (2) and 
Eq. (3) the results 

a s L - .066, (9) 

Z - 58.6 x sin (.462 ^ f) ohms. (10) 
and 

Here f is the frequency in GHz. N is the number of 
the slots exposed. 

Tests carried out using a modulated electron beam 
at ANL 7 showed the expected dependence on fre
quency and on the number of slots exposed as given 
by Eq. (10). In particular, the maximum response 
for 50 slots appeared around 3 GHz, to be compared 
with Eq. (10) which has a peak at 3.4 GHz. However 
the first minimum was at 4.6 GHz, instead of 6 GHz, 
Indicating a considerable dispersion in the slotted 
line. The experiment lacked a calibration of 
overall response sensitivity because of the severe 
beam divergence. Thus the coefficient in Eq. (10) 
could not be compared directly with experiment. 

The amount of the phase velocity change was mea
sured by another experiment in which the pickup line 
is coupled to another identical line. Measurement 
of the phase lag shows a dispersion of &B\_ from 
tei - .04 at f - 1 GHz to ABL - .065 at 3 GHz. 
This is in reasonable agreement with Eq. (9) 
considering the crude nature of the approximations. 

Finally the pickup response was also measured by 
replacing the beam by a 0.050" diameter wire. We 
obtained a maximum Z D * 43 n at 2.75 GHz to be 
compared with the prediction of Eq. (10) which gives 
56.0 il . There are many possible reasons for this 
discrepancy. In particular, the wire may not behave 
the same as the beam current. 

IV. Optimization 
The factor sine/a in Eq. (3) 

v[_ » v. On the otherhand ss is maximum whei 
the factor T t"" 

then becomes very small for o realivistic beam. 
Therefore the optimization of the coupler parametars 
needs to be studied more carefully. 
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A sensible >iy to optimize the paraaeters 1s to 
maximize power per unit I§L, I.e., the quantity 

„._5_ ..uhP. J & I 

From Eq. (3) , we obtain 

_ / z ' Z k k, 
VF . ^ 3 - j - „(x. L), x . ^ - 4 

Here u is the function 

u(x,L) -• (-»!• 

(11) 

(12) 

(13) 

where x is the free-space wavelength. For a given 
velocity mismatch x, the maximum value of u is 

u - um(x) . .8514 • 

and this occurs when 
i^*T 

LJ"> 1.1655 e> . lx-1) 

(1*) 

(15) 

Now consider the corresponding expression for the 
loop coupler picknc which produces a voltage 
V . Z L V 2 in a length L - x/4. Here a 1s a 
geometric factor of order unity. Computing R using 
the definition (11), one obtains 

(16) - A ! j= • 

. 0.5642. (17) 

A pickup device based on the slot coupled TEM 
line is attractive because of the structural simpli
city, especially at higher frequencies whee the 
system of the loop couplers becomes very intricate. 
Optimization of the theoretical response formula of 
the slot-coupled device Indicates that its coupling 
could be made comparable to the loop couplers. 

However, as one Increases the size of the slot to 
Increase the coupling, the slot-loaded TEW line be
comes dispersive because the simple derivation based 
on Bet he's theory fails. Dispersion is apparent in 
our model coupler. More information on line 
dispersion 1s needed to proceed with design 
optimization. 

Table I 
Performance of Maximized and Synchronous Couplers 

X «L«»/x •»'» um "syn 
1.01 .9846 36.9 .2622 .1188 
1.02 .9750 18.4 .3034 .0840 
1.03 .9655 12.3 .3431 .0686 
1.04 .9562 9.22 .3790 .0594 
1.05 .9471 7.83 .4116 .0531 
1.06 .9382 6.15 .4414 .0485 
1.07 .9294 5.26 .4489 .0449 
1.08 .9208 4.61 .4944 .0420 
1.09 .9124 4.10 .5184 .0396 
1.10 .9041 3.69 .5409 .0376 
1.11 .8959 3.35 .5622 .0358 (loop 
1.12 .8879 3.08 .5824 .0343 \ 0.564 

- 9.5 

Table I gives values of u m, the line velocity, 
and Lmdt) for a range of x for a relatlvlstic beam 
with B * 0.9945. A synchronous coupler would depend 
on length according to 

u 5 y n - u ( x . l , L ) . ( l - . 2 ) ^ r (18) 
and values of this are also given for the lengths 
Lm. Even for the longest case, the detuned pickup 
is stronger and improves as line velocity de
creases. Beyond x - 1.11, the slotted coupler be
comes superior to the loop coupler, but since some 
space is necessary between the shorter loop coup
lers, the slot coupler may become attractive when 
x >, 1.07. It appears t!*en that a series of short, 
velocity-detuned slot couplers can be competitive 
with an array of loop couplers in a stochastic cool
ing system. However, the dispersion effect of the 
loaded TEM line will alter the response of the slot 
coupler. The dispersion increases as x increases 
because the slot aperture must Increase accordingly. 
Our tests indicate that for fl|_ l e s s t n a n « 9 5« d f s ~ 
persiva effects may limit the useful bandwidth. 

Conclusion 
In this paper, we have analyzed the slot-coupled 

TEH line using simplifying assumptions. The results 
are in rough agreement with the tests carried out 
with a 50-slot model coupler. The experiments are 
still in a preliminary stage, and a more thorough 
investigation is necessary to understand the limita
tions of the simple theory. 

1. L. Faltin, Nucl. Inst, and Heth. 145, p. 449 
(1978). 

2. F.V. Voelker, et al., "An Array of Stochastic 
Cooling Electrodes for 1 to 2 GHz", Paper W25, 
this Conference, Lawrence Berkeley Laboratory 
Report LBL-15146. 

3. H. Bethe, Phys. Rev. 66 (1944) 163; see ?lso 
R. Collin, "Field Theory of Guided Wav^s"*, 
McGraw-Hill, N.Y. (1960). 

4. This quantity was first introduced by F.E. Mills, 
Fermi lab Notes, unpublished. 

5. K.J. Kim and G. Lambertson, to be published. 
6. S.B. Cohn, Proc. IRE., p. K16 (Nov. 1951), 

p. 1069 (Sept. 1952}. 
7. J.S. Simpson, et. al., "T_-it Facility for 

Relativistic Beam Pickups", Paper K47, th^s 
Conference. 



This r.port was done with Support from the 
Departnv,nt cf Energy. Any conclusion* or opinions 
expressed in this report represent solely those of the 
authors) and net necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 


