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Abstract. Resistive wall monitoravere designed anduilt for the Fermilab Maininjector
project. These devices measure longitudinal beam curmamt3 KHz to 4 GHzwith a 1 ohm
gap impedance. The new design provides a larger apartdracalibration port to improve the
accuracy of single-bunch intensity measurements. Microwave absorber material is resketo
interference from spurious electromagnetic waves traveling itiselbeam pipeSeveral types
of ferrite materialswere evaluatedor the absorber. Inexpensierrite rods were selected and
assembled in an array forming the desired geometry without machining.

INTRODUCTION

Resistive wall monitors have been built and installe@anh of the accelerators at
Fermilab. They are used teasure longitudinal bundhapescalculate emittance, and
diagnose instabilities. In the Tevatron, the signal is useitidoysampledunch Display
as well as thag~ast Bunchintegrator systems tomeasure and track the intensity of
individual bunches. Recentlyhey have beemsed tomonitor luminosityfor colliding
beams operationAlong with monitoring bunch manipulationsuch as cogging and
coalescing, all of these functions will be useful in the new Main Injector.

An explanation ohow aresistive wall monitoworks along with a description of
new features incorporated into the Main Injector design are described below.

HOW A RESISTIVE WALL MONITOR WORKS

A resistive wall monitor measurdBe image charge th#fiows along the vacuum
chamber following thddeam.The image chargkasequal magnitude but opposeen.
Depending on the bearelocity, the image charge will labehind and be spread out
along its path. Theltimate bandwidth of such detector is limited byhis spreading of
the electric fieldlines between the beaand the insidevalls of the beampipe. The
spreading angle is approximately fdr relativistic beamsy(is the ratio of total energy to
rest energy). The estimated bandwidth limit from spreading is 47 Gidpeetion to the
Main Injector for a 3 cm radius pipe and=@V proton energy. Ipractice, the detector
response is difficult to maintain above the microwave cutoff frequency dfetapipe,



measured to b&.5 GHz forthe elliptical beanpipe used inthe Main Injector. Above
cutoff, the characteristic impedance of the beam p@pd the impedance of nearby
structures such as bellows or changes in geometry can effect accuracy.

FIGURE 1. Resistive wall monitor showing circuit board and ferrite.

In order to measurthe imagecurrent,the beam pipe is cwnd a resistive gap is
inserted (Figure 1). Various ferrite cora® used toforce theimage currenthrough the
resistive gap rather than allowing itflow throughother conductingaths. Inaddition
to imagecurrent,other currentare oftenfound flowing along the beanpipe. The gap
and cores are placed inside a metal can to shunt these “noise” currents arouriamather
through the resistive gap. The inductance of the cores and the resistance offtirengap
a high pass filter with a corner frequencyRi2mi, typically a few kilohertzAbove this
frequency, cores act to minimize the net current through their center by inducing a current
through the resistive gap that just cancels the beam current.

The gap impedance is chosen to be well belmvimpedance of theores inside the
shielding can. Several types of ferrite and microwave absorbers are usaxrtoze the
impedance andninimize resonances withitthe desiredbandwidth.The Main Injector
shielding carhas anmpedance greater than 8dms withthe ferritecores. Inparallel
with the 1 ohm gap impedance, 30 ohms can cause frequency dependent ettds8wf
or 0.15 db.

If the charge density around the circumference of the gap isnifoirm, the voltage
acrossthe gap willvary aroundthe circumference. The gap wdlct as an azimuthal
transmissionline transporting charge untithe voltageequalizes.The time domain



response of the detector would be distorted during this time. Position detectobebave
made by exploitinghis effect.The ellipticalshape othe MainlInjector pipe aggravates

this problem (Figure 2). To overcome this problem, a round geometry is used for the gap
and the signals from several monitor poietgially space@roundthe circumference are
combined to form a single output.

charge density
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FIGURE 2. Cross section of Main Injector beam tudrad chargedensity versus horizontglosition
induced by a line charge at the center.

DESIGN IMPROVEMENTS

Circuit Board

The resistive gap is formaslith 112 equally spaced22-ohm 1%ceramicresistors
mounted on a flexible circuttoard wrapped arourttie outside of aeramicgap. The
boardmaterial isRogersRT/Duroid 5880 and is020 inches thick with coppetlad on
both sides. The outside rings on the ceramic gap physically support the circuit board, and
are platedwvith a conducting layer tmake electrical contaetith the pipe. The voltage
acrossthe gap is measured faiur equally spaceghositions anccombined with ashunt
resistive combinerusing microstrip transmission lines othe board. Keeping the
transmission lines as short as possible redtieeeffect of small terminatioarrors and
insures a flat frequency response.

A calibration portwas incorporated on théviain Injector resistive wallmonitor.
Similar to the combiner, microstrip transmission lines and series resistive splitters inject a
calibration signal at four points evenly spaced between the mguaitots. Resistive “L”
padsare used toterminate the microstrip lines into theohm gap impedance. These
resistorsreduce thd@ransmission fronthe calibratiorport tothe outputport by 40 db.

The capacitance of the ceranaied the gap impedandienit the calibration bandwidth.
This was extended slightly byshunting two ofthe series resistors with amall
compensating capacitor.



On-line calibration is important to maintain accurbterch intensity measurements.
Small errors caused bgnpedance mismatch or changes in measurement electronics can
cause significanerrors. Desired accuracy dfunch intensity measurementhstter than
1% or 0.09 db. This fidelity is required over large bandwidths to asoats caused by
changes in bunch lengtne hundredfeet of 7/8 inch diameter foam dielectrisolid
jacketed cable isised to transporthe signals fromthe beamenclosure.The cable
attenuation at GHz is 1.31db/100ft and must be accountéat when calibrating the
signal. The VSWR ofthis cableand connectors is specified to lessthan 1.2, which
can generate frequency dependembrs aslarge as20%. The calibrationport allows
automatic calibration between beam pulses to correct these effects as wellcablamy
component changes.

Ceramic Gap

A ceramic vacuum break was used at the gap to isolate the ferrite anchatieals
from the vacuum. The geometry was carefully designed to agew@hanceslThe image
current produces woltageacrossthe insidesurface ofthe gapthat propagatesadially
out to the resistors on the surfadée radialthickness othe ceramic id/4 wavelength
at 5 GHz.The permitivity of ceramic isbout10, making the characteristic impedance
120 ohms per square. For a 1-ohm impedance, the optimum lentyh adramigap is
0.14 inches (circumference*gap impedance/ohms qugrare).Three ceramigings are
used to fornthe gap tanake them easier tmanufactureThe centering isolates the
vacuum and the outsidengs help balance théorcesexerted by differential expansion
betweenceramicand metal asthey are heated and coolédm brazing temperature. A
round geometry was chosen toobtain more uniformimage currentaround the
circumference and is significantly cheaper to build.

Noise Reduction

Othercurrents not associated withe image current majow along the beam pipe
and interfere with its measurement. The current divider formed between the shielding can
and thel-ohm resistive gap redudbe amount allowed tdlow throughthe gap by
100 db, the ratio of theirimpedances. This requiresare in making theelectrical
connection between the shielding can and the beam pipe to insurelaweénypedance.
The cores insidghe shielding can further reduce theise current allowed tdlow
throughthe gapfor frequenciesabove0.03 hertz.This corner frequency isstimated
from the resistance of the shielding can (aboutudms) andthe inductance of the
cores.

Microwave Absorber

When the bearpasses a discontinuitglectromagneti@nergy is launched into the
beam pipe. This energy can travel in either direction but typically traleiserthan the
beam. The resistive wall monitor cannot differentiate between currents induteary
and those induced bglectromagnetieenergy traveling along thbeam pipe. In the
FermilabMain Ring, this spurioussignalwas adarge asl0% of the beamsignal. To
reduce these signals, a microwave absorber is placed inside the beam pipe at both ends of



the resistive gap. The transition from the elliptical beam pgeel inthe MainInjector to
the round gap is done with the microwave absorbers.

In previous resistive wall monitors, the absorber material was selected for its vacuum
properties as well as its microwave absorbing characteristicsapplisation required a
size that couldhot readily bemade.Placing inexpensive absorberade from ferrite-
loaded epoxy outside a ceramic pipe was tried, but, the required Bugimesexcessive
because the material had to be placed out in a low-field region.

Several types of ferrite material that could be placed in the vawaaren obtained for
testing. The material eventually selectedhs purchased in375 inch diameterrods
7.5 inches long. Amrray of 74rods held in position atachend with rexolitedisks
workedwell (Figure3). The insideclearanceconformed to theelliptical Main Injector
beam pipe. The assembly attenuated microwave signals traveling through a test set-up by
30 db.The amount opower deposited bthe beam is estimated to baly 1.2 Watts
assuming 10protons in 2 nanosecond long bunches and a continuoi#Hz3bunch
rate.

FIGURE 3. Microwave absorber made with an array of ferrite rods.

TESTING AND RESULTS

The most accurate method of measuring the fidelity of the resistive wall monitor was
done by forming a 50-ohm transmissitime through itscenterwith the appropriate
diameterconductor.The ends weregradually tapered to a standard typecdhnector.



Transmission through thige was flat to +0.5 dbbelow 4 GHz. Coupling from the

transmissionline to theoutput port is proportional téthe ratio of the 1 ohm gap
impedance to the 50 ohm characteristic impedance dintaeor —34 db.The signal at

the outputport wasflat to £0.5 db whennormalized by the signgdassing through it
(Figure 4).
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FIGURE 4. Outputnormalized tothe signal passing through the test set-up. The nominal level is
given by the ratio of the 1 ohm gap impedance to the 50-ohm test line, or —34 db.
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FIGURE 5. Coupling between the calibration port and the output port. Nominal coupling is given by
the ratio of the 1 ohm gap impedance to the 100-ohm series resistor, or —40 db.
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FIGURE 6. Transmission through an absorber watidwithout ferrite materialinstalled. Thecutoff
frequency of the test set-up is 1.2 GHz.

The results are somewhat misleading ithat the presence of the largeenter
conductor significantly increases the cutoff frequefarymicrowavemodes.The Tk,
modehasthe lowest cutoff frequency angdlas measured al.5 GHz inMain Injector
beam pipe. The amount of coupling between the gap and microwave modesgasilgot
measured. TM modesan induce longitudinaturrentsthat would flow through the
resistive gap and thus be strongly couplédwever,the higherorder TM modesave
an odd symmetry around the circumference and #ifgct is reduced by combining the
four equally spaced pick-off points.

The microwaveabsorber wasneasured by comparing the coupling betwesrall
loops ateachend throughthe pipewith and withoutthe ferrite absorbing material
(Figure 6). Testsndicate that$600 offerrite provides 30 db of attenuatiobetter than
$7,500 of the previously used microwave absorber material.

CONCLUSION

It is virtually impossible to build a deviceith sufficient fidelity, accuracy, and
stability to measure bunch intensity 186. Furthermorefrequency dependerdrrors
would require the calibration to depend on bulesigth. The calibratiorport will allow
simple corrections to provide greater accuracy egldbility for measuring bunch
intensity as well as easliagnosis of system error§he most cost-effective solution is
to build agood device and correct measuremensh calibration. This approach is
commonly used to obtain optimum performance from test equipment.

Stacking up inexpensive ferriteds allowsflexibility in the shape ofthe absorber
without expensive machining. Tests demonst®@860 of ferrite worked better than
$7,500 of microwave absorber used in previous detectors.
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