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ABSTRACT

Planar slotline and microstrip configurations on the same dielectric sub-
strate are elements of MICs (Microwave Integrated Circuits). It is proposed to
use similar structures for pick-up and kicker applications for stochastic
cooling. In this case slotlines on a metallized ceramic substrate (Al,03) are
positioned at a given distance from the beam with their axis transversely or at
a fixed angle to the image current. The slotlines may be terminated by
slotline-microstrip transitions for further combination of the output signals
with a microstrip combiner board. Assuming matched transitions, only travelling
waves, launched by the image current (Pick-up) occur 1in the slotlines
(Transverse Travelling Wave Structure, TTWS). It seems that in this case, for a
single slotline, a high bandwidth (decade) together with good sensitivity can be
achieved. An interesting aspect which should be pointed out is that for TTWS of
this kind, the sample slice of the beam is tilted and the tilt angle is
determined by the propagation constant of the slotline and its orientation
relative to the beam. For narrow bandwidth (octave) a transverse standing wave
structure (TSWS) might be more effective since higher sensitivities may be
obtained. For slotline arrays the lateral distance between the slots is limited
by mutual coupling. The frequency range of application is between ca 100 MHz and
30 GHz using present technology on alumina substrates.

1. INTRODUCTION

For pick-up and kicker applications in the GHz range stripline directional couplers
or loop structures are widely used. These devices give a high beam coupling impedance over
a frequency range of about one octave and can be operated both in the sum and difference
modes. Nevertheless, their mechanical construction becomes difficult (microscopic) towards
frequencies higher than, say 5 GHz. Therefore, at high frequencies slot pick-ups consist-
ing of a metal plate with an array of slots transverse to the image current are prefer-
red!. They exhibit a bandwidth similar to loop pick-ups (resonance of slots) but generally
have a lower beam coupling impedance per unit length, their mechanical problems being less
severe than those of loop pick-ups. Waveguide-type structures, such as Cerenkov pick-ups
and corrugated wall pick-ups have been built, and show a good performance, but have rather

small apertures for high sensitivities.

It is the purpose of this paper to discuss a new type of construction consisting of

slotlines transverse to the beam (not to be confounded with transverse slots = Faltin!

type pick-up'). The slot pick-up of Faltin may be described as a line propagating a
TEM-like wave in the beam direction coupled to the beam by slots in the outer conductor.
In contrast to this the slotline pick-up to be discussed here propagates a beam-excited
TEM-like wave along a slot between conducting planes perpendicular to the beam direction.
The main advantage should be the rather simple fabrication process (double layer planar
structure) and thus very well defined mechanical tolerances. Also due to the

photolithographic process very small structures and thus high frequencies can be reached.

2. PROPERTIES OF SLOTLINES

For a practical approach some aspects of present slotline technology shall be dis-
cussed now. Of course, slotlines may be realized as a simple slit in a metal plate. But
most slotline applications make use of the dielectric properties of some low loss dielec-
tric material (e.g. Al203). The reason is that slotlines are seldom the only element in a



circuit (MIC = Microwave Integrated Circuit), but allow some interesting and elegant solu-
tions in conjunction with microstrips. Since alumina is a very widespread microwave sub-
strate material and also often chosen for accelerator applications (low outgassing, radia-
tion hardness, low electrical loss, mechanical strength) in the following mostly slotlines
on alumina are considered. Figure 1 gives an idea of the field and current distributions
of a slotline on Al,03 substrate. Substantial transverse current densities might occur
(Fig. 1c) and formally the E-field across the gap can be replaced by a magnetic current
(Fig. 1d). Slotlines are the dual structures to microstrip lines (electric currents -
magnetic currents). Note that the coordinate system used in Figs. 1 - 7 is different from
that employed in egs. (1)...(5). Figure 2 shows the influence of the substrate
permittivity on the lateral decay of the fields. The dielectric material tends to
concentrate the electromagnetic energy close to the gap thus reducing the lateral field
spread but also lowering the characteristic impedance and propagation velocity. But with
increasing dielectric constant the coupling to an adjacent slotline at a given distance
will be reduced. For a fixed coupling the lateral distance decreases. Figures 3 and 4 give

an idea about the practical limitations of Zp, and ey eff and also about the dispersion.

For the case depicted here the frequency range is between 200 MHz and more than 15 GHz.
With special thin alumina substrates the upper limit can be pushed above 30 GHz (also for
microstrip). Using quartz substrates, microstrip circuits for more than 100 GHz have been
realized, but quartz is much more brittle than alumina and may cause outgassing problems.
The lower frequency limit may be below 100 MHz, if sufficient surface is provided. In
contrast to microstrip lines the dispersion is considerably higher, which is due to the
fact that for increasing frequency the energy of the slotline wave is being concentrated
towards the near vicinity of the slot (Fig. 2). Broadband well-matched microstrip-slotline
or coaxial cable-slotline transitions are an essential element of microwave integrated
circuits (Fig. 5). They are also limiting the relative bandwidth to about one decade. The
spiral configuration in Fig. 5 is reported to have a VSWR less than 1.1 in the 1-10 GHz

frequency range.

Another limiting effect for pick-up and kicker applications is the mutual coupling of
slotlines (Fig. 6). If more than one slotline is needed, the question arises about the
minimum lateral spacing to(obtain a given beam coupling impedance per unit length. Coupled
slotlines can be treated theoretically as a directional coupler. To describe a directional
coupler one needs the odd - and even - mode impedance and the odd - and even - mode phase
velocities (Fig. 6b). Another name for two coupled slotlines is the "Coplanar Wave Guide"
(Fig. 7). Using coplanar wave guide data is a means for checking the odd-mode coupled
slotline results.

A comparison of practical Zg limits for different planar transmission lines isfinally
shown in Table 1. Looking at microstrip and slotline limits it turns out that the range 50
Q-100 Q would be possible to realize without additional transformers. For low noise
pick-ups the losses are very important. Since the microstrip attenuation increases with Zg
and the slotline losses decrease for higher Zp (Fig. 1) an optimum is to be expected
around 70 Q.



3. THEORETICAL MODEL

Consider a charged particle beam (Fig. 8) propagating in +z-direction between two in-
finite metallic planes at x = +d. The image current density distribution 32 [A/m] may be
described as:

3(x = td) = az' f(x = ¢d, vy, z, t)

» . . . . . .
u; = unit vector in positive z-direction.

A transverse (with respect to the beam) slot (width s) of infinite length in ty-
direction in one of the conducting planes (e.g. at x = *d) could be described in terms of
a slotline. This slotline, since it is not (yet) backed by a dielectric material other
than vacuum would have a propagation velocity vgijot = ¢ (TEM case). For a slotline on a
dielectric substrate, in general a frequency dependent propagation velocity vgjot(w) ¢ c
would be obtained. In the following considerations it is assumed that vg)o¢, and also the
slotline characteristic impedance 2y, are independent of frequency (neglecting the di-

spersion). Thus each current element 3z would "see" two parallel resistors Zj and launch

waves in ty-directions. The voltage across the slotline Vg then then turns out to be:

Vg = Jg - dyo - 21/2 (2)
assuming J, not to be perturbed by the slot.

As a first approximation we assume that for a single current element at a source

point x = d,y¢,0 32 may be written as:
3(a,y0,0,t) = 8(yq) - £(t)Uz = g(x=d,y,z,t) - ﬁz . (3)

Let us remark that:

J(d,y0,0,t) = J(drYOJZrt"'z/vbeam)

whatever J is, an observer at any position x = d,y, z = O,t sees:

+oo
Z Y - Yo
Vgly t) = 2—L f J (Yn. t - Jm"‘)dh (4)

rewritten as:
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y
iy, Y - Yo 21, Y - Yo
Vsly,t) = 5= /dYo J (Yo. t - Valot ) t 5 / dyo J(Yu. t+ Valot > (5)
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With the present assumption the image current distribution g(x=#d,y,z,t) and the
transversely (ty) travelling waves in the slotlines are propagating both with v = ¢
(Vbeam = Vslot = €) perpendicular to each other. The observer at y will measure a
voltage across the slotline which has been raised from an image current distribution along

the line:
Y - Yo = 2 * Vslot/Vbeam
(dashed line in Fig. 8 ) for slotline waves in +y direction and
Y - Yo = -z * Vslot/Vbeam

(dotted line in Fig. 8 ) for slotline waves in -y direction.

Thus by separating the +y and -y travelling slotline waves one obtains at a given
time t the superposition of an image current distribution along a %45° line (Fig. 8c) if

Vheam = Vslot Or more generally:

\
slot (6)

tga =
Vbeam

Under the further assumption that each surface current element can be attributed only
to charged particles travelling perpendicularly above or below it one might interprete the
signal Vg(y,t) as being raised from a particle population in two sample disks of the
beam tilted by ta to the z-axis. Separating the +y and -y propagating slotline wave (e.q.
by measuring Vg5 (y,t) at a distance y where ’32' x 0) a pick-up signal corresponding to

a single tilted sample disk of the beam can be found.

4. EXPERIMENTAL SLOTLINE PICK-UP STRUCTURES

The first mask, which was used to investigate the properties of a slotline pick-up,
is reproduced in Fig. 9a (scale 1). It contains (from left to right) one line with
Zr, = 150 @, 3 lines 2, = 100 Q and 3 lines Z = 50 Q on a 3 mm alumina substrate. The im-
pedances were calculated for f = 1.5 GHz. Slotline-coaxial cable transition are provided
at each end of the slotline, soldering a semirigid cable on the metallized substrate sur-
face with the inner conductor across the slot next to the circle (= open end). For the re-
alisation of all masks shown here, the "MICROS 3" CAD programmeS has been used. It turned
out that already for this very simple approach reasonable electrical properties could be
obtained and that this structure is well suited to investigate the mutual coupling between
slotlines, effects of mismatches, radiation and attenuation. Figure 11 exhibits the S-par-
ameters for a single 50 Q slotline with two transitions to 0.141" semirigid cable. The S-
parameter Sq1¢1 (reflexion coefficient) and Sz1 or Sq2 (transmission coefficient) are de-
fined as the complex ratio of the reflected wave/incident wave and transmitted wave/inci-
dent wave, respectively. In the frequency range 1-4 GHz the transmission characteristic is
reasonably flat and about half the transmission loss (ca 1 dB) can be explained by mis-
match (-10 dB). Since the transmission loss a amounts to roughly 3 dB/m (see Fig. 1), the
radiation loss would be below 0.2 dB (2 dB/m). It should be pointed out that the intended



interaction mechanism with the beam is not due to radiation (since slotlines or slots are
often used as radiating elements in antenna arrays). It rather works like a transformer,

where the image current produces some voltage in a given load.

If more than one slotline is provided, mutual coupling will take place (Fig. 12).
Here the behaviour of a directional coupler can easily be recognized. The directivity
turns out to be about 10-15 dB (1-4 GHz) and the forward coupling gives a relatively flat
response in the same frequency range. A good theoretical treatment of slotline couplers

and microstrip couplers can be found in [2] and [7].

For measurements of the pick-up response the field of a beam is simulated by a wire
closely mounted (= 2 mm) above a conducting ground plate which forms a 50 Q transmission
line, where most of the energy is concentrated between the wire and the ground plate. For
quantitative calibration reference measurements were carried out with 50 Q and 100 Q A/4
loop (or stripline) pick-ups positioned at the same distance h (h 3 10 mm) from the ground
plate as the slotline metallization. Here the structure from Fig. 9b was mainly looked at,
because resonant slotlines give a response more similar to loop pick-ups than travelling
wave slotlines. The length of these slots in Fig. 9b approaches A/2 at 1.5 GHz, Zp = 509.
For an image current element passing in the middle of that array, each short circuit
transforms into an open one at A/4 distance from the short circuit and the entire struc-
ture should have an impedance of 8 » 50 Q. Considering a beam close to the surface in the

middle of the array, one may assume that nearly all the image current is passing over the

slotline at y = O (Fig. 8b), thus resulting in a power extraction of Ifasap/4 * 400 @ which
is equivalent to a beam coupling impedance of 100 @ for a single pick-up plate. The
results of these measurements (Fig. 13) prove that a single resonant slotline (TSWS) has a
pick-up response comparable to a single A/4 loop (centred beam). If the outputs of either
side are combined in a 4 to 1 power combiner (proper delay for each output provided), a
smoothing effect can be found (Fig. 13b) and slight losses due to the combining network
have to be accepted. For an off-centred beam, however, one might obtain deep notches
(Fig. 14a) in the response characteristic due to interference effects on the slotline
(vglot 1is only 0.5 c). The shape of the curves in Fig. 13 were also confirmed by
measurements carried out at Argonne National Laboratory with a 22 MeV electron beamé. For
these measurements the distance of the beam from the pick-up plate was 15 mm and with the
combined signals of the 8 slotlines the maximum coupling impedance was found to be about
50 Q. The missing factor 2 (or 3 dB) can be attributed partly to losses in the 8:1 power
combiner (= 1 dB) and 8 times 2 metre coaxial cable. The other part is due to the fact
that not all the image current passes over the centre of the slotline since the beam is

already 15 mm apart.

The staggered slotlines (100 Q) in Fig. 10 have been realized in conjunction with a
microstrip combiner board containing Wilkinson power combiners. Microstrip-slotline tran-
sitions with a through hole (Fig. 5a) were applied in this case. The distinct ripple and
rather poor sensitivity (compared with results for Fig. 9) is a difficulty linked to stag-
gered slotlines. But with an average signal level 6 dB above the response of a single A/4,
100 @ loop (Fig. 14b : 3 dB loss in the matching resistor(50Q coaxial line - 100Q loop))



approximately the same beam coupling impedance per unit length in the frequency range 1-2

GHz as such a loop has been obtained.

5. CONCLUSION

The theoretical and measured results on planar slotline pick-ups indicate that these
structures might become an interesting alternative to both the well known stripline or A/4

loop pick-ups as well as the slot pick-ups on Faltin type structures.

Present fabrication methods allow very small dimensions in the surface pattern on the
alumina substrate. The process involved is relatively easy and returns a very good repro-

ducibility with tight tolerances.

Resonant slotlines (TSWS) could have a higher beam impedance than stripline A/4 loops
for a centred beam, but for an offset beam a faster lateral decay in sensitivity should be
taken into account. Resistive losses are about comparable to loop pick-ups. Travelling
wave slotlines (TTWS) offer the possibility of various sample choices on the beam. For a
transverse slotline with v(slot) = c¢/2 and a beam (v(beam) = c) the normal vector of the
sample disk would be at 63° to the beam axis (45° for v(slot) = c¢). By changing the angle
of the slotline nearly any angle of the sample disk can be set. This also applies for
"slow" beams e.g. heavy ions. Since the slotline must not necessarily be straight a
variety of sample disks may be chosen. For a TTIWS the beam diameter is not limited to
about A/2 at the center frequency since the slotlines interact mainly with the TEM-like
wakefield of the beam. Possible waveguide modes in the beampipe may be suppressed by means

of absorbing material.
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Transmission Line Lower limit Upper limit
for Z, (ohm) for Z, (ohm)
Microstrip 20 (m) 110(d)
Slotline 55 (d) 300 (m)
Coplanar waveguide 25 (m, d) 155 (m, d)
Coplanar strips 45 (m,d) 280 (m,d)

Comparison of Z,, limits
(e, = 10.0, h = 25 mil and frequency = 10 GHz)

e Loss (dB/em)
Transmission line
50 ohm 100 ohm
Microstrip 0.04 0.14
Slotline 0.15% -
Coplanar waveguide (h/W=2) 0.08 0.28
Coplanar strips (h/W=2) 0.83 0.13

*¢ =16, Z, =75 ohm.
Comparison of loss for
various lines (e, = 10.0, h = 25 mil
and frequency = 10 GHz)

Table 1 - Comparison of Zp limits and loss (from [3]);
d = limitation by dimensions; m = limitation by modes



