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Introduction

Measured longitudinal and calculated transverse beam impedance is presented for the short kicker
magnets being installed in the Fermilab Recycler. Fermi drawing number ME-457159. The
longitudinal impedance was measured with a stretched wire and the Panofsky equation was used to
estimate the transverse impedance. The impedance of 3319 meters (the Recycler circumference) of
stainless vacuum pipe is provided for comparison. Although measurements where done to 3GHz,
impedance was negligible above 30MHz. The beam power lost to the kicker impedance is shown for a
range of bunch lengths.

The measurements are for one kicker assuming a rotation frequency of 90KHz. Seven of these kickers
are being installed.

Longitudinal and Transverse Impedance

The longitudinal impedance is measured with a wire stretched along the beam path. The wire forms a
coaxial, or TEM, transmission line. Attenuation is measured with a network analyzer and used to
calculate the longitudinal impedance. The characteristic impedance of the 0.010” tin plated copper wire
is about 277Q. Resistive L-pads are used to match the wire to 50Q allowing measurement with a
network analyzer. Corrections for the L-pad and the skin effect losses on the wire are calculated as
shown in the appendix. Longitudinal impedance is extracted from the attenuation (S,;) measured
through the device. The rotation frequency is assumed to be 90KHz for the Recycler.
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The kicker has a 38” long ceramic beam tube 2”’x4”” OD with 0.23” wall. Thin copper strips 0.25” wide
are adhered at the center of the top and bottom outside surfaces. Resistors can be attached at both ends
to allow beam image current to travel on the strips in order to reduce beam impedance. Both 50 and 200
ohm resistors at all four ends of the two strips where measured. The amplitude of the kicker induced
currents in the strips may require higher values.

The kicker plate is about 30.25” long with 50 ohm coaxial connections at each end. The input, or
downstream end, is driven through a 50 ohm cable from a high impedance source located in the service
building. The upstream end will be terminated in 50 ohms. Measurements where made with the
upstream end terminated and the downstream end open. The open ended cable to the power supply will
reduce the impedance at frequencies where it is an odd number of quarter wavelengths long.

The Main Injector beam pipe is 4.84” wide, 2.09” tall, and the resistivity is 74 p€2-m. Using a machine
circumference of 3319m and pipe radius of 1.05” the impedance becomes 10.2Q at 90KHz.

For a circular beam pipe with radius b, and resistivity p:
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L P 0 = skin depth = 2P
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Z, =10.2Q at 90KHz

The transverse impedance can be calculated from the longitudinal impedance. The Panofsky equation
was derived for a round pipe but is often used to estimate transverse impedance for more complex
shapes.
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Figure 1. The peak impedance (Z/n) is 0.5 ohms with one end of the kicker plate terminated in 50 ohms.
The impedance can be reduced further by terminating the copper strips on the ceramic beam tube, 50
ohms was used here.
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longitudinal and transverse impedance (1 kicker)
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Figure 2. For this measurement, 200 ohm resistors were used at both ends of the two copper strips and
the kicker plate was terminated in 50 ohms at one end. The wire was moved horizontally to reveal some
position sensitivity. Estimated transverse impedance of one kicker is shown on the right. The black
trace indicates the impedance of 3319m of 1.05” radius round stainless pipe in both plots.

Beam Power Loss
The beam power lost to the real part of the kicker impedance for a Gaussian bunch can be calculated as
shown below.
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beam power (1 kicker)
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Figure 3. Separate real and imaginary components of the longitudinal beam impedance for one kicker is
shown on the left. Only the real part contributes to beam power loss. The power loss is 153 watts for
6e13, Insec sigma, in 500 bunches per turn.

Discussion

The kicker plate forms a 50ohm transmission line with roughly 48nsec delay. The beam current enters
one end and exits the other separated by the beam time of flight. At frequencies where the plate
electrical delay minus the beam time of flight is 180 degrees, the voltage at the ends combine
constructively resulting in an impedance peak. The 48nsec kicker plate delay and 2.6nsec beam time of
flight produce an impedance peak at 11MHz. At higher frequency, losses in the ferrite conceal this
effect. The electrical delay of the kicker plate likely changes with frequency. Other reactive impedance
could shift the peak contributing to the perceived electrical delay.

As mentioned, the drive cable will reduce the impedance when it is an odd number of quarter
wavelengths long. A 364nsec cable could be exploited to reduce the peak at 11Mhz.

The 0.0625” wall thickness of the stainless vacuum tube is one skin depth at 100KHz. Below this
frequency, impedance can be affected by things outside of the vacuum. Thus, the first few tune lines are
exploring impedance of things like magnet laminations.

The amount of beam power, 153 watts for 6e13 in 500 bunches with 1nsec sigma, is not significant for
the kicker. However, it is not known how much of that will be dissipated in the 200ohm resistors
terminating the copper strips on the ceramic tube. When the spare kicker becomes available this could
be measured. One feature of the design is that the strip terminating resistor can be changed without
moving the kicker or opening vacuum.

Measurements provided here are for one kicker. The total impedance for the seven kickers being
installed is shown in Figure 4 below.
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longitudinal impedance for all seven kickers
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Figure 4. Longitudinal impedance of seven kickers for horizontal beam positions 0, 1, and 2cm from
center. The black trace indicates the impedance of 3319m of 1.05” radius round stainless pipe.
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Appendix 1: Skin Effect Losses in Coaxial Cable

R+ joL . ; :
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high frequency approximation R«wL and G«aoC
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The inductive impedance equals the real impedance in a good conductor.
Z 1+)=R" (1+
7 (airﬁ b1, j( =50+

‘a’ 1s the diameter of the outer conductor and ‘b’ is that of the center conductor. (the impedance is
generally dominated by the losses on the small center conductor)

5= |2P

U

or %n = CIQZO‘/ %(‘) for a measured at f;

A good approximation is to calculate the attenuation at 1GHz and assume the actual attenuation is
proportional to the square root of the frequency.

Vo‘ut =e" mag=e ang= o pld
Vin v,

skin depth in good conductor:

It was interesting to see a knee in the attenuation versus frequency using 0.010” (30 gauge) tin plated
copper wire. Below 200MHz the attenuation corresponds to the resistivity of copper (1.74e-8(2-m) at
higher frequencies it matches the resistivity of tin (11.4e-8Q2-m). The skin depth at 200MHz in tin is

.00047”, about the plating thickness.

Wire Data:
wire tin plated copper (30 gauge)
wire diameter 0.010”
wire resistance <200MHz 104 ‘Q/m@1GHz’ (Cu - 1.74e-8 Q-m)
wire resistance >200MHz 26.6 ‘QYm@I1GHz’ (Sn — 11.4e-8 Q-m)

skin depth in tin @200MHz .00047”
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Appendix 2: (useful equations for beam impedance measurements)

Longitudinal Beam Impedance from stretched wire

lumped impedance:
ZL
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high frequency approximation:
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at high frequency R«wL and G«wC
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estimating beam Impedance

Resistive Wall impedance: (from beam pipe resistivity)
For a circular beam pipe with resistivity p, radius b, and beam displacement x,;

Z ; 2
Lo P 1+2x—2 0 = skin depth = P
m  02xb b wu
Panofsky equation: (estimate transverse impedance from longitudinal measurement)
2
Z, = —bcz Z, for radius b and Z, measured at the center
@

Zy 2 Z, 2c p

m  wb® m b’ 827h

2
(1 + 22—2} for beam offset x,

Impedance Matching
R1/2
R1 R2/2
_ Z2 Z1 Rl=,Z1(Z1-2Z2)
% R2 Z1 R2/2
R = Z172
R1/2 Rl
ideal resistor values:
db db/100°
Z1 Z2 R1 R2 OHz 1GHz d D
coaxial 277 50 251 552 26.07 4.96 01”7 1.07

coaxial line:

Zo= [* 1P _eom?2
2T\ € d d

Z0=277Q For 0.010” diameter wire in a 1.0” pipe:
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