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Abstract

The slotted waveguide slow-wave stochastic cooling
arrays are an integral part of the 4-8 GHz Debuncher
Upgrade at FNAL. Unlike the standard array of stripline
electrodes, these structures are designed to work when
the beam pipe can support many microwave modes. The
design theory and beam measurement results of this new
type of pickup structure will be presented in this paper.

1  INTRODUCTION
In previous collider runs at Fermilab, all of the

stochastic cooling pickup and kicker arrays consisted of
stripline or planar loop electrodes. The signals from
these electrodes are combined with a binary combiner
tree formed by microstrip or stripline transmission lines.
With a binary combining scheme, there must be no
waveguide modes traveling down the beam pipe that
would provide an alternate signal path in parallel to the
binary combiner tree.

The nominal Debuncher transverse aperture is 30 π-
mm-mrad (95% un-normalized). To account for closed-
orbit variations, the design aperture of the cooling arrays
was set at 40 π-mm-mrad. With lattice beta functions on
the order of 10 meters, the transverse dimensions of the
beam pipe will be about 40 mm which will propagate
waveguide modes above 4 GHz. The presence of
travelling waveguide modes in the beam pipe will limit
the workable fractional bandwidth of the cooling arrays.
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Figure 1: Conceptual drawing of a slow wave pickup

The solution was to divide the 4-8 GHz bandwidth
into 4 narrower bands with each band having a
bandwidth of about 1 GHz. The cooling arrays are built
with  slot  coupled "slow-wave" waveguide  structures as
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shown in Figure 1. The structure consists of two
rectangular waveguides that are coupled to a rectangular
beam pipe by a series of slots. The transverse signal is
derived from the difference between the two waveguides
and the momentum signal is derived from the sum of the
two waveguides.

The image current that flows along the walls of the
beam pipe due to a charged particle beam travelling in
the center of the beam pipe excites electromagnetic
magnetic waves in the slots which in turn excite
travelling waveguide modes in the side waveguides and
beampipe. Since the phase velocity of the unperturbed
waveguide modes is faster than the beam velocity, the
slots also act to "slow down" the waveguide modes by
multiple reflections so that the phase velocity of the
waveguide modes along the structure matches the beam
velocity.

2 MOMENT METHODS
 The structure can be analyzed using the moment

method technique.[1] Using the equivalence principle[2],
the slots in the sides of the waveguides can be replaced
with metal walls and an equivalent magnetic current
source as shown in Figure 2. The magnetic current
source is derived from the tangential electric field in the
slot.  The magnetic field in Region I is:
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where the first term on the RHS of Eqn. 1 is the
magnetic field as if the slot did not exist and the second
term is the field due to the magnetic current source
inside the slot. The magnetic field across the slot must be
continuous:
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This is the key equation of the moment method. Since
H(inc) is known, this equation can be inverted to
determine Et in the aperture. Because Eqn. 2 is an
integral equation, it is best solved by numerical methods.
Let the tangential electric field in the aperture be given
by:
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where θn(x,z) and ψn(x,z) are a set of orthogonal
functions. If the slots are very narrow in the z direction,
the x component of electric field can be neglected.
Equation 2 can be turned into a matrix equation by
multiplying it by a set of orthogonal weighting functions
φm(x,z) and integrating over the entire x-z plane.
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where:
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and:
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Equation 4 forms a set of linear equations, which can be
inverted to find the electric field coefficients Ezn. If the
electric field expansion functions, φ and ψ, are chosen to
be as close to the actual solution as possible then only a
few terms of the expansion will be needed and the size
of the matrix to be inverted will be minimized.

The electromagnetic fields leaving a region of sources
as shown in Figure 3, can be expanded in terms of
waveguide modes:
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where en and hn are the waveguide modes. Using Lorentz
reciprocity, the mode coefficients Cn are given as[3]:
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2

1
P (10)

For example, the magnetic field in a waveguide due to a
charged particle beam travelling in the +z direction
located at xb,yb:

( ) ( ) zj
bb

b eyyxx
2

i
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is given as:
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Figure 2: Equivalent magnetic source in slots.
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Figure 3: Elemental volume in waveguide containing
sources

3 ARRAY IMPEDANCE
For the transverse mode, the pickup impedance of the
array is derived from the relationship between the
difference in power excited in opposing output
waveguides as a function of beam current and beam
position traveling through the array:
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The kicker impedance of the array is derived from the
relationship between the transverse change in beam
momentum as a function of input power supplied to
opposing input waveguides:
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for a beam travelling in the -z direction. Since the ends
of the array are not well defined, the limits of this
integral are difficult to evaluate numerically.

Another way to evaluate the integral is to use Lorentz
reciprocity on the geometry shown in Figure 4. The
fields for the pickup case and the kicker case are related
by:
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where the k indicates the kicker fields an sources and the
p indicates pickup fields and sources. If the absorber
kills the pickup and kicker fields at ports 2 and 4 and
only the fundamental waveguide mode propagates in
ports 1 and 3, then the left hand side of the reciprocity
integral of Eqn. 14 is zero for ports 2, 3, and 4. The
integral is non-zero only at port 1. If a current
distribution:
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(which is unphysical) is substituted into Eqn. 14 and a
pickup impedance of the following form is defined:
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then the kicker impedance defined in Eqn 13 is given as:
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Figure 4: Slow wave array showing surface for
reciprocity integral

4 MEASUREMENTS
A vertical slow wave pickup centered at 6 GHz was
installed in the Debuncher ring. The pickup consisted of
50 slots. The length of each slot was 17.5 mm and the
width was 2mm. The metal spacing between each slots
was 3mm. The height of the output waveguide was 20
mm and the width was 40mm. The width and the height
of the beam pipe were 40 mm.
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Figure 5. Narrow-band signal of the slow wave pickup in
the difference mode at several microwave frequencies

Unbunched, coasting beam was injected into the
Debuncher and stored. The beam was transversely
excited with RF noise until the beam filled the transverse
aperture. The power spectrum was measured with a
spectrum analyzer at several frequencies as shown in
Figure 5. . The transverse aperture could be varied by
means of a mechanical beam-scraping device (scraper).
The transverse beam distribution was determined by
measuring the amount of beam current remaining as a
function of scraper position.

The impedance of the array was determined by
measuring the power spectral density with a spectrum
analyzer with and without beam. The resolution
bandwidth of the spectrum analyzer was set much

greater than the revolution frequency of the Debuncher
so as to average over the momentum distribution of the
beam. The sum mode impedance is:
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where Nf is the noise figure of the pre-amplifier, Stherm is
the power spectral density of white thermal noise (which
is equal to -174 dBm/Hz at room temperature), Idc is the
beam current, σ is the r.m.s transverse size of the beam,
and d is the transverse size of the beam pipe. The
quantity "g" is defined to be the ratio of the power per
revolution band when there is beam in the machine to
when there is no beam in the machine:
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The results are shown in Figures 6 and 7. The calculated
impedance had to be adjusted by 4 dB to account for the
measured cable and hybrid loss between the array and
pre-amplifier.
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Figure 6. Difference response of the slow wave pickup.
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Figure 7. Sum response of the slow wave pickup.
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