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Abstract

A high energy particle accelerator can be used to test the
energy dependence of gravitational interactions between massive
particles at highly relativistic velocities. General Relativity
predicts that such interactions must be proportional to (2y282+1)/y
where y is the Lorentz factor and g=v/c is the relative velocity of
the interacting bodies. A test of this dependence could provide a
direct measure of the spin of the graviton. In addition, the
accelerator experiment also provides a means for setting limits on
other "anoma]ous* interactions at relativistic velocities. Such a
test was made at the Fermi National Accelerator Tevatron.

The Tevatron 1is a circular ring which accelerates 103 protons
to a peak energy of 800 GeV. The protons circulate in bunches
spaced at the frequency of the accelerating RF field. The resulting
structure of the beam provides a unique periodic source of gravity
with strong componénts at several harmonics of the beam revolution
frequency.

A superconducting microwave cavity transducer was used as a
detector for mechanical strains induced by the gravitational or
other possible long range interactions. The transducer consists of
a set of coupled TE;;, mode cavities operating at 10 GHz. The
cavity system has two resonant modes with the useful property that
mechanical perturbations at their difference frequency induce energy
transitions - between the modes. The detector was sensitive to

harmonic displacements of 10717 cm.
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The detector was placed at a distance of 20 cm from the beam and
was used to take 7 data sets during the January-April 1985 runniﬁg
of the Tevatron. At this time we set limits on the size of the
induced metric strain of 1.5x1071%, Given the mechanical properties
of the detector this 1implies a 1imit on the coupling GA of an
anomatous Jlonge range interaction GA ¢ 2x101° GN where GN is
Newton's constant. This shows that such interactions have an upper
Timit which is 17 orders of magnitude below the strength of
electromagnetic interactions. Finally, we made a test of Special
Relativity and showed that if Qe express the energy-momentum

relation as

the anomalous correction € must be ¢ < 0.017.
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Chapter 1

1.1 Mofivation

The bulk of our current understanding of nature assumes the
existence of four basic forces which can occur between physical
bodies, namely, the electromagnetic, strong, weak and gravitational
force. . Until the turn of lthe century, gravitation was
experimentally understood only in terms of celestial mechanics and
of a very 1limited number of experiments such as the Cavendish
experiment and free falling mass experiments.! £instein's Theory of
General Relativity predicts new phenomena such as the curvature of
space due to the presence of matter or energy and the radiation of
gravitational energy by accelerated objects.? This theory has met
with remarkable success in a number of extremely precise
experiments. The curvature of space induced by massive objects has
been verified by the gravitational light bending phenomencn and the
time delay of radar signals reflected off the planet Mars.? The
perihelion shift of Mercury in its orbit around the sun is also
remarkably close to the shift predicted by General Relativity.* The
equivalence between the gravitational and inertial mass which forms
the foundation of General Relativity has been verified to oﬁe part

in 102 by the extremely precise Edtvbs experiments.®



More recently, searches have been made for the presence of
gravitational radiation from distant star systems and supernovae
using sophisticated Weber-type bar antennas and interferometers,
These experiments however have not yet produced conclusive
results.® In general, most of these experiments involve celestial
bodies but as yet, no purely laboratory tests have been possibie.

The possibility of using a high energy particle storage beam to
test the enerqy dependence of the gravitational interactions between
massive particles has been discussed‘in the recent literature.ss10il
Such a test could provide a direct measure of the spin of the
graviton which is believed to be the exchange quantum mediating the
gravitational interaction. At present however, the detection of
these interactions at retativistic velocities appears to be beyond
the capability of the availabie technology.

The experiment described here was designed to test such a
gravitational detector by taking advantage of the highly stable
relativistic particle beams at the Fermi National Accelerator
Laboratory Tevatron. This test also sought to establish the Tlevel
at which background electromagnetic effects for such an experiment
become manifest. These goals were achieved and are discussed in the
thesis.

The relative strengths of the four known interactions are
depicted in figure 1.1. The large gap between the weak force and
gravitation prompts the question: Are there other forces of
intermediate strength which have no£ yet been detected? Such forces

must of course have classical 1imits and ranges which have prevented



Kod

|0% <— STRONG ae
+ =— ELECTROMAGNETIC a

~— WEAK  m2G

~— GRAVITATION  m? Gy

FicURE 1.1 RELATIVE STRENGTH OF KNOWN FORCES



their detection by all of the experiments previously mentioned.
Perkins'? has shown for instance that the E8tvbs experiments of
Dicke and Braginsky predict that a long range force which couples to
baryon number must have a coupling strength less than 10'96N where
GN is the familiar Newton Constant. These experiments involve
non-relativistic sources of gravity.

Alternatively, suppose that the "new" force has a highy
dependence (7=[1-v2/c2]"%) so that it fails to appear at Newtonian
velocities. Such a case however must arise only for forces with
ranges shorter than the impact parameter of the 1light bending
experiments since they already place stringent limits on the
allowable velocity dependence of the gravitational interactions
between a massive object and photons.?? The sensitivity of the
detector used in this experiment is adequate to test for such
unknown forces mediated by exchange particles of mass ~10-% eV which
corresponds to a range of ~20 cm.

From the data, the limit set for the coupling of any new long
range force between massive bodies with the same general
characteristics as gravitation (that is for tensor fields with 1/r
potential) is GA<101‘GN. The corresponding 11mi£ set on the size of

the electromagnetic background is

G m2
AP 5y 1010 o,
fic

where oy is the fine structure constant, ae=1/137. Finatly, the



frequency stability of the ramp cycle of the Tevatron beam allowed
an interesting test of Special Relativity. This is discussed in

detail in Appendix A.

1.2 Effects at the FNAL Tevatron

A high energy particle accelertator provides a highly stable
periodic source of gravitation and can be used to explore the nature
of the relativistic gravitational interactions between massive
objects. This discussion includes the expected effects at the FNAL
Tevatron.

Consider a single bunch of N protons circulating in the Tevatron
near a massive detector with a revolution frequency o, as shown in
figure 1.2. Since the mass of both the detector and the protons in
the beam is small, the gravitational potentials can be derived by
assuming that they are periodic perturbations on the locally flat

Minkowski metric denoted by nF¥.1*
pEY = gty o Y (1.1)

With this assumption, the nor-zero components of the potentials at

the position of the observer in figure 1.2b are

(. 2GNm_(2y2B2+1
hoo = 4 p(27?87+1)

{1.2a)
CZ (y2+728202t2 )% .
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) . 2GNm_(2y%B)
hot = pio = p

(1.2b)
c? (y2+723202 te )%

Here y is the lLorentz contraction factor and g8 the velocity of the
protons relative to the sbeed of light. These potent5a1s
essentially measure the strain of the metric due to the passage of
the beam near the detector. An observer at position M will receive

an average impulsive acceleration in the transverse direction given

by®?

F 2GNm
-} = —2 (1+2y282) . (1.3)
m yBbe

The detector used in this investigation will respond to two

distinct effects. The first is the direct coupling of the metric
| strain to the cavity fields. For our case, the detector had two
well defined orthogonal electromagnetic modes where U, and Y, are
the stored energy in the first and second mode. If initially U,=0
the coupling to the gravitational strain results inl®

Al

U, = eh2y, (1.4}

Here h is the metric strain and the coefficient « 1is dependent on
the detection scheme and will be characterized in detail in chapter
3. Thus, passage of the beam causes a local strain in the metric

which is harmonic and can couple to electromagnetic fields.



The second effect is the detection of the gravitational force or
the 1{mposed acceleration of the detector given by equation 1.3. In
this case, the assumption 1is made that the gravitational force
causes a mechanical oscillator of mass m to be driven into
oscillation at the precise revolution frequency of the proton bunch.
If the oscillator has a resonant frequency o, with mechanical Q=Qm
then these oscillations will build up to a maximum displacement of

the oscillator of

Al =2 "V (1.5)
max m [ o )

Now, if the osciliator has 1length 1 then the effective strain
induced is just A1/1. This will result in the conversion of power
from mode 2 to mode 1 according to equation 1.4 if we replace h by
Al/1. Thus, the effect of the mechanical Qm js to coherently store
energy from tﬁe gravitational coupling between the detector and the
beam and allow the enhancement of the total strain developed across

the detector.

1.3 Scope of E-723

The purpose of this investigation was to place the best 1imits

possible on the measured size of the gravitational strains and



accelerations produced by the proton beam and observe any anomalous
long range interactjons between the relativistic particle beam and a
massive detector. The detector was placed in the accelerator tunnel

at the (8 straight section and the detection electronics was housed

in the (8 Spectrometer room located on the main ring as shown in

figure 1.3.

The detector used was a two cavity parametric transducer
developed at the University of Rochester capable of measuring
effective strains of ~10-!3% or harmonic displacements of ~10-17 c¢m.
The bulk of the work of this investigation has been the operation of
this detector in the high radiation environment of the particle
accelerator at FNAL. This posed several technically difficult
probiems including ‘the remote control operation of the detector as
well as compliance with the safety codes for operation in a limited
access environment.

A first test of the detector was made in the spectrometer room
at a distance of ~7.6 meters from the beam. Fine tuning of the
detector as well as development of reliable remote control systems
were made and tested during the May-July 1984 running period. The
detector was installed into the tunnel at a distance of 20 cm from
the Tevatron beam during the September-November 1984 shutdown of the
ring. Finally, the data for this investigation was obtained during
the January-April 1985 running period.

The 1imit on the gravitational strain measured at this time was
3.96x10-1¢ with a corresponding effective acceleration of 6.8x10-5

cm/s?,
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Three different detection schemes were used to obtain the data
repprted during this running period., The first two configurations
yielded 5 data sets taken at a temperature of 4.2 K and represent a
total of 1,190 beam cycles.

During these runs, severa} erroneous noise signals appeared with
the proper frequencies and propagated through the detection system.
The origins of each of these signals were investigated and in each
case with the proper use of shielding and grounding techniques they
were systematically eliminated. The net result shown in the 5 data
runs yielded no unusual signals.

The last detection scheme wutilized the phase and amplitude
information for the detected signals and allowed for enhanced signal
to noise ratios. A sixth data set was obtained using the 1improved
signal processing fechnique but still without a conclusive signal in
the background noise. Finally, improvements in the electrical
properties of the detector were made for the seventh data run.
These results yielded our first real beam induced signal which can
not be immediately attributed to the pick-up and cross-talk problems
encountered previously. The exact origin of this signal is unknown
but appears to be beam related and represents our first hard
1imitation on the achieveable sensitivity of the detector in the
particie accelerator environment.

Chapter 2 deals with the characteristics of the Tevafron
particle beam and gives a detailed analysis of the time and
frequency.spectra of the beam. The basic operation.of the detector

and the sensitivity to mechanical strain is reported in chapter 3.
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The elaborate apparatus used in this investigation 1is c¢ited in
chapter 4 including the computer based data acquisition system.
Chapter 5 details the results of this research obtained during the
January-April running period of the Tevatron and includes the
measured limits on the effective strains and accelerations of the
detector system. These measurements are compared to the expected
gravitational strain and accelerations in chapter & where we also
discuss the 1imits placed on anomalous long range interactions. A
1imit on deviations from the predictions of the theory of specia}l
relativity 1is given in appendix A. Details of the Fourier analysis
of the beam distribution are given in appendix B and appendix C
presents a simulation of the signal processing using test data
obtained with the data acquisition system. Finally, appendix D
gives an analysis of the expected electromagnetic backgrounds at the

detector in the Tevatron environment.
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Chapter 2

Tevatron Beams

2.1 Introduction

This chapter discusses the nature and characteristics of the
accelerated beam at the FNAL Teva;ron. Since our detection scheme
relies upon the ability to measure beam 1induced effects of known
frequency and phase, it is necessary to understand and measure the
harmonic content of the proton beam.

Section 2.2 describes the basic operation of the Tevatron during
normal high energy physics (HEP) running periods. The next section
describes the basic periodic time structure of the beam during
acceleration and section 2.4 details the Fourier analysis of the
beam. Finally, in section 2.5 the concept of the "effective"

gravitational mass of the proton beam is introduced.

2.2 HEP Tevatron Beam Operation

In simple terms, the Tevatron consists of a'series of cryogenic

bending and focusing magnets used to guide the proton beam and a set
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of radio frequency cavities wused to accelerate the protons in
bunches to 800 GeV/proton. Beam is injected at 8 GeV from a booster
ring in a series of 13 booster‘batches which will be described in
section 2.2. The injected protons are accelerated to 150 GeV/proton
in the main ring which consists of normal temperature magnets and
then 1injected into the Tevatron. The Tevatron then accelerates the
bunched beam to its final energy in about 20 seconds. Figure 2.1
shows one complete beam cycle of the magnet ramp and the intensity
of the beam %n the Tevatron. The bending magnet current is ramped
so that the increase in energy of the beam is approximately linear
with time. A more detailed discussion of the energy ramp is given
in Appendix A. Ouring this time, the RF frequency of the beam has
increased from 53.112 MHz to 53.120 MHz to remain synchronous with
the basic beam revolution frequency of the protons which increased
from 47.712 kHz by 900 mHz. Once the magnets are fully ramped,
"flattop" operation begins where the particles are kept at constant
energy (800 GeV) and are extracted to various experimental areas.
During the next 20 seconds, the field in the magnets is returned to
the level needed for the next injection cycle to begin. Figure 2.1
also shows the particie intensity as a function of time during the
ramp cycle. Most of our data was obtained during the flattop

portion of this cycle.
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2.3 Beam Structure

Protons are injected form the booster ring info the main ring in
a series of 13 batches, one after the other. Each batch consists of
85 "buckets" or stable RF regions into which the protons can
coalesce. During normal HEP operations, only 12 of the 13 batches
are filled and injected into the main ring and then into the
Jevatron so that the resulting structure is as shown in figure 2.2a.
The Tevatron RF system is desiéned te have 1113 equally spaced
buckets around the ring or approximately 13 booster batches. One
such booster batch is shown in figure 2.2b. In this particular
case, only 79 of the available 85 buckets have been filled giving
rise to the narrow gap structure shown in figure 2.2a. During the
main running period for which the data was obtained the structure
consisted of 4 missing buckets with 81 buckets filted. This gap is
of extreme importance as will be shown in section 2.4 since it gives
rise to a strong 26th harmonic signal. The actual structure of
several individual buckets 1is shown in fiqure 2.2c and of course
follows the basic RF frequency of 53.1196 MHz. A description of the
beam pick-ups used 1to obtain the traces in figure 2.2 is given in
section 4.6.

Each bucket is approximately a 1 nanosecond wide (rms) gaussian
pulse {which corresponds to an rms length .of 30 cm.} Individual
buckets are separated by ~20 nanoseconds or 6 meters. As can be
seen from figures 2.2a and 2.2b the individual buckets vary somewhat

in size, but the overall structure remains essentiaily the same
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during a given running period. In addition, thg particle intensity
(total number of protons in the ring) may vary from cycle to cycle:
This is also true for the spill structure during the f]attop'
operation. The best results obtained and discussed here were for
beam intensities of approximately 9.0x10'? protons or ~9.3x10?

protons per bucket.

2.4 Fourier Analysis of the Beam Distribution

The periodic nature of the particle orbits gives rise to well
defined harmonics of the fundamental beam revolution frequency at
47,713.00+.01 Hz. Our detector had an available tuning range as
déscribed in section 3.2 from 1.19 to 1.34 MHz so that it could be

th, 27th, or

made sensitive to periodic perturbations at the 25th, 26
28th harmonic of the 47 kHz. We chose in particular to work ét the
26th harmonic at 1.24054093 MHz +25 mHz for the reasons given below.

A computer model for the particle number density was developed
to assist in the analysis of the harmonic content of the beam as
detailed in Appendix B. We assume that the individual buckets are

gaussian shaped pulses equally spaced around the ring so that the

time dependence of the beam can be written as follows.

1112

Frota](t) = Z A f,(t-t ) (2.1)
m=0
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where Am is the number of protons in bucket m and fo(t-tm) is given

by 3

1 H(t/o)?
e (2.2)

fo(t) =
270

We can decompose Ftota1(t) into its Fourier components so that
the nth harmonic of the fundamental revolution frequency w, given by
Flw) is

Fl{w) = € cos(na, t+o) (2.3)

where ¢ = arc tan (B/A)

and
Cn = ZJAn2+Bn2
where
1112

I=
n

2Rwim
n Z Amen(m)cos (1113)
m=1

(2.3a)
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1113
W3 e (22)
= A f, (w)sin | —
n mon 1113
m=1

The normalization was then chosen by dividing F(w) by the strength

of the nth

harmonic in the case where all of the protons are in a
single bunch.

The harmonic content of the beam was measured by mixing the
signal from the beam position monitor with a local oscillator signal
as shown in figure 2.3; The tocal oscillator signal was provided by
a Model HP3325A Synthesizer and the mixer was a Model MD-140 double
balanced mixer manufactured by Anzac Inc. The frequency of the
synthesizer was adjusted so that the desired output of the mixer was
at 10 kHz. This signal was then measured with a Model 8561A HP Fast
tourier Transform Analyzer.

The solid Vine in figure 2.4 shows the first 30 harmonics of the

47 kHz that were measured at flattop (along with the 1113th

harmonic
at 53.119693 MHz %5 Hz) during normal HEP operation with 12 booster
batches in the ring. The dashed curve is the computer model
assuming 12 5ooster batches with each booster batch having 81
equally filled buckets with 4 empty buckets between batches. This
same structure was measured directly from the beam position monitor
on an oscilloscope. From this analysis we see that the 26th
harmonic was particularly strong relative to the 2Sth, 27th, and the
28" narmonics so that the choice was made to tune the cavities to
the 26",

Figure 2.5 shows several computer models with different gap
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structure between the batches. This analysis shows that the
relative strength of the peaks at the 13" and 26" are directly
refated to the number of buckets missing between the booster
batches. In each case however we note that the actual size of the
26th harmonic does vary slightly, but the 1St and the 1113th remain
essentially the same.

Several different measurements of the 26%" harmonic were also
made with varying numbers of filled booster batches in the ring and
at varying intensity as depicted in figure 2.6. This figufe shows
the wide variety in signal levels of the 26th which is a result both
of the total intensity and of the distribution of protens in the
buckets around the ring. This figure also shows that the largest
26th harmonic is obtained for 12 booster batches and that the power
generally increases with increasing intensity for a given number of
batches.

A quantitative study of the dependence of the size of the 26th
harmonic on the total intensity was made using the 12 booster batch
data taken during the 7 data runs described in chapter 5. The
result is shown 1in figure 2.7 and demonstrates that the power
increases with the square of the particle intensity as expected.
The so0lid 1ine represents a linear fit to the data which exhibits a
slope of 2.3+.4.

In addition to measuring the varjous harmonics at flattop,
measurements of the frequency shift during the ramp portion of the
cycle for ;he 1113th harmonic were also made. Figure 2.8 shows one

such measurement with the 3561A FFT placed in a measure and update
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3th harmonic at successive time

mode so that it measured the 111
intervals. Ffrom this plot we can see that the fundamental RF
frequency changes by 1001:1 Hz from the start of the magnet ramp at
150 GeV to the start of flattop at 800 Gev. A detailed analysis of
this data s given 1in Appendix A and is used as a high precision

confirmation of special relativity.

2.5 Effective Gravitational Mass

The gravitational potential at the position of a massive

detector for a single particle of mass m as previously given is

2GNm_(2y282+1)
o = P

} (2.4)
c? (.Y2+728202t2) .

The actual particle density is gaussian so that for a single bunch,

m }t2 /g
o(t) = e {2.5)

a0

The Fourier amplitude of hy, at frequency w, is then

4Gm_¥N 2nyR
hyy = —P~— tog { — (2.6)
aRc? b |
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To obtain the actual Fourier amplitude at the 26th harmonic from the

6th

measured value h,, of the 2 harmonic from the beam position

monitor, we need only multiply hy, by the ratioc of the 26" harmonic

to the 1113%",

hae
(hoc)zs = huo(;—'—') {2.7}
1113

This is equivalent to calcuiating the “"effective" gravitational mass

Mops from the number of protons (N) in the beam.

-mN( ) (2.8)
1113
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Chapter 3

Operation of a Parametric Transducer

3.1 Introduction

The'extremely small size of the gravitational effects between
particle' beams and a massive detector necessitates a highily
sensitive transducer and careful use of a variety of signal
processihg techniques. As the primary stage of our detection scheme
we have 6hosen to use a superconducting , codpled cavity parametric
converter transducer.

The transducer is a resonant two-mode microwave cavity system
with a pkecise?y defined difference frequency between the two modes.
This system has the useful property that any harmonic time
perturbation 1in the inductance or capacitance of the system at the
difference frequency can couple energy from one mode to the other. .
In this application, we try to measure the transfer of energy
resutting from perturbations in the dimensions of the transducer due
to the ~passage of the bunched proton beam near the detector. The
detector itself has a sensitivity to small harmonic displacements of
1.3x10°17 cm.

The basic theory of operation of a parametric converter is given

in section 3.2 and a discussion of the sensitivity of the transducer
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to a given force is given in section 3.3. Section 3.4 describes the
noise limitations of the particular detection system used here and
outlines the techniques used to detect small signals in the presence

of noise.

3.2 Transducer

The cavity transducer consists of a set of TE;,, superconducting
Niobium cavities coupled together by an iris in a common endwall.
The resultant cavity system as shown in figure 3.1 has two~
orthogonal modes which we label f, and f,. The frequency splitting
AfN of the two modes 1is governed primarily by the coupling (K)
between the cavities and the unperturbed freguencies of the two
individual (uncoupled) cavities f,, and f,,. The coupling K depends
upon the geometry of the coupling hole between the cavities. The
dependence on f,, and f,, allows the precise adjustﬁent of the
frequency splitting by changing the Jength {longitudina) dimension)

of one of the cavity halves with a worm gear assembly {section 4.1).

The expression for afyis given below.

AfN = ‘/(fo:'foz)2+K2f§1foz (3.1)

From this expression we see that Af can be minimized by making

foy and fy, identical so that Afm1n=Kfo. For this investigation, Afﬂ
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was measured to be 1.18 MHz and the total tuning range obtainable
for Af was 1.18 to 1.40 MHz.

in a two-mode parametric converter, one mode 1is tuned to the
pump freguency: For our case, this was f,. Then, any perturbation at
Af in the common reactance of the cavity will pump energy from one
mode into the other. Reece! has shown thai the resultant energy U,
stored in mode 2 by parametric conversion from mode 1 due to a
cavity .endwali displacement of amplitude A} at the frequency fp is

governed by the foliowing relationship:

0 = U, Q2 Al af L F 1 (3.2
4 27.3cm AfN 1+4Q% A2

A is a detuning parameter defiﬁed as A=(AfN-fp)/f2.

In this expression we see that the energy of the upconverted
signal is proportional to the square of the loaded electrical (Q of
the cavity system. Hence, one would like as high an electrical Q as
possible. Also, we would like to keep AfN as close as possible to
Afmin’ and A as small as possible.

Since we are detecting the signal U,, we must introduce the
coupling parameters 8, and B, which describe the amount of available
power which can be pumped into and out of the cavity system. Then
the expression for the effective sensitivity of the transducer to a

harmonic displacement of a cavity endwall is given below.
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(A‘FN ) P 1 (B1)(3,41) () :
Al = 27.3 - {— (14402 a2)| (3.3)
P, 0,Q, B8, £,

Afm‘in 1]

P, is the total incident power going into the cavities and P, is
the signal power which we must detect. To maximize the output power
for a given displacement, we set 8,=8,=1.0. The functional

dependence of this expression has been experimentally verified.

3.3 Force Measurement

Now suppose that the cavity endwall can be modeled as a harmonic
oscillator subject to a displacement Al. The familiar Langevin
function for the displacement x- for a damped oscillator with

mechanical Q=Qm and frequency », is given by:?

. Mwg 1y
mx -(-—)x-i-mng =Fg(t) (3.4)

For our case, the driving term Fg(t) is the gravitational tidal
impulse imparted to the detector by the beam. We can solve for the

Fourier transform of x(t) to get
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= — (3.5)

Substituting 3.5 into 3.3 and solving for the average acceleration

and setting w=mp we get the following expression:

F (w) w_wpy t
S| = A | (w2 -w2)2+{-2—} (3.6)
m p Qm

This equation 1Jllustrates that the sensitivity of the detector
to acceleration increases with mechanical Q and for Wty oo That s,
for maximum sensitivify, the frequency of the gravitational force
must be precisely tuned to the mechanical resonance. Furthermore,
this frequency must coincide with the difference frequency of the
transducer. In practice, this was very difficult to do since it
would reﬁuire tuning the mechanical resonance of the cavity system
to precisely the revolution frequency of the proton  beam.
Fortunately, the mechanical response consists of a dense set of
resonances so ‘that effective coupling with sz103 was always
possibie. In addition, care must be taken in using equation 3.6
since it is not clear that the gravitational impuise couples to a

single well defined mechanical resonance of the cavity transducer.
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Equation 3.6 also assumes that the harmonic oscillator has reached
an equilibrium state. For long measurement times, or equivalently,

for small mechanical Qm (t)Qm/m“IO‘* sec) this is not a probiem.

3.4 Minimum Detectable Signals

The smallest detectable signals which can be measured with our
detector depend not only on the parameters described in section 3.2
but also on the techniques one chooses to observe a given signal.
Since the signal of interest is most likely smaller than the noise
which is present, we must resort to 'statistical methods of
analysis.® We will assume that the noise is random both 5n amp]itudé
and in phase and that it is independent of frequency (white). This
1ast assumption is valid if the amplifiers, mixers and‘cavit1es are
broadband compared to the overall bandwidth of the detection system,

The noise figure F for a system is defined as the ratio of the

stgnal to noise at the input to the signal to noise at the output.t

F = (3.7)
So
(%)

The input noise N1 is Jjust the available thermal energy at
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temperature Tg multiplied by the effective bandwidth {B) of the
system. Solving for the smallest detectable signal from a narrow

band detection system we get the following expres§ion:

S
Spin = KT 8 (E) Frot (3.8)

This expression shows that the smallest detectable signal is
directly proportional to the total noise figure of the system as

well as the detection bandwidth. The total noise fiqure is given by

F,-1 fy -
Frop = Fit —— + -ov R S (3.9)
Gl Glez"'G" .
where F1 and G1 are the noise figure and gain of the 3th amplifier.

At first glance, it appears that the smallest detectable signal
can be achieved by simply integrating the output power of the
detector over the longest available time period, and hence achieving
the smallest bandwidth possible. However, this is not the case
since the signal of interest has some small but finite bandwidth.
[f the detection bandwidth 1is smaller than the signal bandwidth,
then no improvement in the signal to noise ratio can be achieved
since the total available signal power will be distributed over a

band of frequencies and hence, the signal power at a given frequency
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will decrease at the same rate as the noise. Thus the limitation on
the effective bandwidth is governed by the bandwidth of the signal
of interest.

The output signal to noise ratio is usuaf?y assumed to be
greater than or equal to cone for a "“reasonabie" experiment and in
particular for a single measurement. However, this need not be the
case, if several equivalent measurements can be ma&e and an ensemble
average performed.

For our detector two different statistical averaging techniques
can be used to establish the best possible output signal to noise
ratio.®* For both techniques, we assume that the output signal is a
voltage V{t) which consists of a gaussian random noise signal N(t)
and the deterministic signal S(t) that we are interested in. The
noise signal is assumed to have zero mean and a variance ¢. Thus the

detected voltage is

V(t) = S(t) + N(t) (3.10)

Both S and N ére assumed Lo be periodic at the frequency of interest
and we are interested in analyzing the narrow band output spectrum
of the detector.

The first averaging technique is based on the power average of k

records as defined below.
k

{Powery = EZ Vi (t)

s
I=1
=
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K |
(Power) - Z {szi(t) + N (t) + Si(t)Ni(t)} (3.11)
i=1

The last term vanishes for large k since S(t) and N{t) are

uncorrelated, so that

VD =K% + (N

where
k
1
2w ()
k
i=1

A
Now, we define the average noise power to be the variance & of the

noise voltage since the average noise voltage is zero. Since each
measurement is equivalent (assuming all parameters remain fixed for
each measurement) the actual magnitude of the random noise power
given by o? 1s constant so that the signal to noﬁse ratio is also
constant. fhus, there 1is no improvement in the signal to noise
ratio when power averaging is performed. However, wé cou]d_estimate
the maximum size of a signal in the presence of noise if we could

subtract o? from the average power in the bin of interest.

(sg) = <v2> - a2 (3.12)
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Now, we do not know o? exactly since we only observe a finite
number of spectra, but we can estimate ¢ with the following

estimator (%3):

kIVZ-(3V. )2
?2 - -...._._—..._._] 1 (3.13)
k{k-1)
This statistic can be shown to have a Chi-squared distribution® so
A
that we can define a confidence interval for <82> as foliows: For a

(1-¢)100% confidence estimate of ¢2 from a random sample of size Kk,

(k>30)

(k-1)82

)

k-1)$2
<8< <y=> . 2) (3.14)
X2

Xiows

The other avaiiab1e analysis option utilizes a voltage average
of the output signal from the cavity transducer. Since the signa]r
voltage is periodic in time we must have a method of averaging the
voltages in such a way that the signals of interest S{t) all add in
phase. This can be accomplished by using a second noiseless signal
at the same frequency which has a constant phase re1ationshib with
the desired signal of intérest, or in other wordé, we must have a

signal which is correlated in time with the signal of interest.” For
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this investigation, the beam intensity signal is correlated in time
with the expected upconverted signal and thus provides the noiseless
signal with which to correlate the detected signais. We could for
such a case add successive time records together such that we start
at the same point in the period of the waveform for each record. In

this case we have,

(”M>=EEZ$MM*“MM} (3.15)

and

1
=D S(e) = S()

Again however, the average noise voltage is zero but the noise power
js defined as the variance in the noise. From the theory of maximum

1ikelihood® , we can show that for k records averaged together,

of = - (3.16)

where o2 is the variance in the voltage for one record. Thus
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<N> =0_E (3.17)

Powev
Here, the signal to noisg{?ﬁfﬁ;anmroves and is given as follows:

S .
el (3.18)
N

Thus the minimum detectable signal is given below.

kSE
Smin = kT8 (;‘ F {3.19)
0

Alternatively, we can calculate the coherence function & between
the output of the detector and the beam intensity signal.? This
procedure is outlined below. We assume that the output of the
detector 1is given by A{w) and consists of the desired deterministic

signal X{e) and a noise term N{w).

Afw) = X{a}tN(w) ' (3.20)
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The corresponding output of the beam pick-up is denoted by B{w) and

has the form
B{w) = k(w)}X(w) ' (3.21)

swhere k(w) is a well defined function. The coherence coefficient &

is defined at each frequency as!®

* *
B AXAB

g2 = (A*AXB*B> (3.22)

The brackets dndicate an ensemble average for each of the

quantities. The average power in signal A is

W * * * *
(A A) = (x x) + <N N) + (AN > + <A N> (3.23)
The last 1two terms in this expression vanish for sufficiently large

averages since the noise is not correlated with the expected signal.

The average cross term for A and B is

(AB*> = k(x"x) + k(NX‘f) (3.23a)



so that the coherence function squared for large averages is

Sx*xz
E2 = <X*X>+<N*N> (3.28)

From this expression the average noise power is

N{w) = (1-62)<A*(m)A(m)> (3.25)

and the desired signal is

S(w) = 52<A*A> (3.26)

The power signal to noise ratio of this analysis is then given by:

S g2
- = (3.27)
N (1-8%)

In order to take advantage of this scheme a detection system
needed capable of measuring both signals A(e) and B{
simultaneously. Such a scheme was developed and is discussed

section 4.7.

46

is

w)

in
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The minimum detectable acceleration can be derived by assuming
the driving term in the Langevin equation to beAgiven by the energy
in the thermal bath surrounding the detector.l?® For such a case, the

average available noise power is just

<N2(m° )> = ?:_T {3.28)

where m is the mass of the mechanical oscillator of frequency f, and

1 is the relaxation time of the oscillator given by

= 2 (3.29)

Substituting this result into equation 3.6 yields

3
lNztmu)
A (w) = L $(3.30)

wl-u?)? jﬁ}zr "
[( § -w?) +{Qm

On resonance, w=w, so that the average thermally induced fluctuation

in A? per Hz% for our detector is given by :



AV {w) =

2Q

Mw§

k Tmw,
V Q

g

4kT

Mg

(3.31)
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Chapter 4

Experimental Apparatus

4,1 Introduction

The operation of the superconducting parametric cavity
transducer in a high energy accelerator environment posed many
challenging problems. High radiation tevels from the particle spray
of the beam prevented access to the cryostat during HEP (high energy
physics) runningfperiods. This necessitated the development of
reliable remote control systems for tuning of the cavity system and
control of the microwave electronics.

Figure 4.1 shows a top view of the position of the detector in
relationship to the tunnel housing the Tevatron and the (O
Spectrometer Room. In order to provide 1limited access to the
microwave controls and to the cryogenic control system during HEP
operation of the beam, the microwave electronics, storage dewars,
and vacuum pumps were placed behind a 15 foot thick concrete shield
inside the CO Spectrometer Room. This also prevented possible
radiation damage to the solid state circuitry that was part of the
detection system. The computer and data acquisition system as well
as the bulk of the detection electronics were housed in a Porta~-Kamp

located near the spectrometer room roof.
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The first section (4.2) describes the microwave cavity system
sthe microwave transmission ilines which couple energy into and out
of the detector and the remote control system. Section 4.3
describes the microwave control electronics and in particular, the
waveguide hybrid tee used to discriminate the pump freguency from
the upconverted signal. The next section details the cryogenic
apparatus needed to transport the cryogens from the spectrometer
room to the cryostat safely and efficiently.

Calibration of the response of the detector to various
mechanical excitations was achieved with the use of strain gauges
and a piezoelectric crystal mounted on the cavities. These devices
are described 1in section 4.5. Section 4.6 discusses the beam
position monitor which provides &irect information as to the
“effective” gravitational mass of the beam as well as the phase
information needed for the correlation of beam induced signals with
the passage of the beam near our detector.

The three basic detection schemes used in this investigation are
described in section 4.7. The total gains and noise figures for
each scheme are tabulated.

Finally, the computér based data acquisition system is outlined
in section 4.8. A basic description of the off-line data analysis

for each of the three detection schemes is also given.
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4.2 Microwave Cavities and Transmission Lines

The microwave cavities consist of two right circular cylinders

placed end to end and coupled through an iris in their common
endwall as shown 1in figure 4.2. Coupling to the cavities is
accomplished through two coupling tubes with flanges welded in
place. The cavities are each 1.55 inches 1in length and have an
inner diameter of 1.55 inches so that they have a resonant freguency
of 9.94 GHz in the TE;,, mode. One of the cavity halves has an
“endwall which is slightly flexible to allow for the precise tuning
of the cavjty difference frequency. A worm gear assembly was
mounted on this endwall which was designed to displace the endwall
in ordér tb change the length dimension of the cavity in either
direction. The rotating shaft of the worm gear assembly extended
through a vacuuh tight Cajon Connector on the top of the cryostat
from wherglit could easily be adjusted.

The opposite cavity half had an endwall which was .279 cm thick
and designed to resonate mechanically at about 600 kHz when driven
longitudinally by a piezoelectric transducer ﬁounted on the outside
end. A1l of the cavity pieces were machined from “"reactor grade"
Niobium stock and were electron beam welded under high vacuum. The
cavity suffaces were cleaned and polished using several techniques!
to.achieve unloaded electrical Qe as high as 1.0x10°%.

The two modes of the cavity system were measured to be 9.94438
GHz and 9.94562 GHz with electrical Q, of ~6x107 at 1.89°K and
~2x107 at 4.2°K.
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The transmission lines to the cavities were mounted on flexible
bellows at the top of the cryostat with high-vacuum SMA feedthrough
connectors as shown in figure 4.3. Remote control positioning of
the lines was accomplished by mounting D.C. stepping motors with a
worm gear assembly attached to the end -of a threaded screw
adjustment. The motors were driven by a Camac Module 044 driver
which optionaily could be controlled via computer. This module was
used to control a stepping motor driving circuit designed
specifically for D.C. steppihg motors. With this system, it was
possible to precisely contko? the probe positions to within
(1.0:.1)x10‘5 cm per moior pulse with an average change in position
of (7.4:1.0)}x107% cm per pﬁ?sé; Limit switches were fastened to the
probe adjustment assemblies to restrict the total travel of the
probes and prevent. damage fo the bellows.

Remote control of the af iuning was accomplished by mounting a
similar motor with another Qorm gear assembly on the tuning shaft
(of the worm gear assembly used to position the moveable endwall
outside of the ¢ryostat. During operation, this provided for ~50 Hz
per pulse tuning of the difference frequency with a total tuning
rénge of Af of 220 kHz. The assembly was carefully adjusted so that
the difference frequency was approximately 1.2405 MHz at the center

of its available tuning range.
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4.3 Microwave Stabalized Oscillator Control System

The microwave control system is shown in figure 4.4. The
generator for the microwave power consisted of a varactor-tuned Gunn
effect osciliator model VSX¥9011«NF manufactured by Varian
Corporation.  This generator. was phase locked to the cavity mode
resonant at 9.945620 GHz. The oscillator provided 200 mW output
power and was mechanically tuneable over a 500 MHz range and had an
electronic tuning range of 30 MHz centered near 10 GHz.

The oscillator output is protected from large reflected signals
by a ferrite isolator. A Model 8430-1240 high speed PIN switch made
by Microwave Associates was remotely controlled and could be opened
or closed electronically with a switching time of less than 30 nsec.
As shown in the diagram, part of ‘the power is then split off with a
6 dB directional coupler and fed into a 3 dB hybrid splitter. This_
provided the necessary +7 dBm local oscilator power for both the
phase locking microwave mixer and the signal detection mixer. The
small signal at the delta poft of the splitter was used to drive a
HP5342A Frequency Counter.

The primary signal from the output port of the 6 dB directional
b0up1er was fed into a directional coupler foliowed by the symmetric
port of the hybrid tee.

The hybrid tee split the 1incoming signal into two equal
amplitude and equal phase signals which in turn fed 24' sections of
RGS0 waveguide. Each section of waveguide had a microwave phase

shifter on the end which was located in the shielded C0 Spectrometer



58

SOINORIOATY TOYINOY) GNV NOILVLIOXH FAVAOUIIN %% TUNIY

iy

J430NpsSueRL) A 1Ap)

10499390 J8ij1ys
1048K2) soyd
331 QNaAH
d) _mﬂ_ | m
>< r -+
01 44 u.v .vﬂ
A MW
P 1911044u0)
\% Ty < |- 4l
01 J9XIN PLQAH aro|X "
. y ogl" V ~° at
Vo220 | (MW OL) o
(MWS 0) Yalimg s04pj0%|
Nid
23j4uno)
Kouanbaay
1313 1dwy doo) %207 asOUd butuny A1ddng 1amod
puo 020D buiun) = 10J2D0A 50
104D)}19S0

199}}3-uung



59

room area. The waveguide cafried the microwave signals into the CO
tunnel area and to the transmission lines of the cavities. C(Coaxial
stub tuners were used to prevent excessive reflection of the
microwaves due to the 1impedance mismatches 1in the lines. The
overall attenuation between the output ports of the hybrid tee and
the input ports of the transmission lines was measured to be 4.84 dB
for one of the lines and 4.94 dB for the other.

Refilected power at 9.94562 GHz from the cavities travelled back
out the symmetric port of the hybrid tee and was spiit off with the
10 dB directional coupler. This signal was then fed into an
attenuator followed by a phase shifter and finally a microwave
mixer. The output of the mixer carried the necessary phase
information for the reference 1ocking system and was fed into a
phase lock loop amplifier (PLLA).Z

The PLLA had a low fregquency gain of O to 80 db selectable in 20
dB steps and variable high frequency gain. The output of the PLLA
could be remotely controlled because the module was located in the
C0 spectrometer room near the microwave control equipment. The
output of the PLLA provided the electronic tuning for the Gunn
oscillator. The frequency drift of the oscillator was observed to
be “10 Hz/30 min with 80 dB low frequency gain and ~10 Hz/min with O
dB gain. The corresponding long term drift was ~50 Hz/hr.

The microwave hybrid tee used to feed the microwave lines to the
cavities served another important purpose. The signal produced in
the upconversion process is 180° out of phase with the incoming

signal 1into the cavities. The hybrid tee is designed to allow the
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signal applied to the symmetric port to be split into equal
amplitude equal phase signals as already described. The upconverted
signals travel from the two ports back out the waveguide 1lines and
recombine at the delta port of the hybrid tee. By carefully
balancing the phase and amplitude of the output arms of the hybrid
tee wusing the phase shifters and stub tuners, it was possible to
achieve ~75 dB isolation between the I and A ports of the tee at the
input frequency to the cavities. The ability to discriminate
against the input frequency at the delta port of the tee was
essential to prevent saturation of the low noise amplifier used to

detect the upconverted signal.

4.4 Cryogenic System

The microwave cavities were mounted and cooled inside a 6 inch
diameter Model CSM-60 dewar manufactured by Cryofab Inc.. The dewar
was located inside the tunnel and near the proton beam line as shown
in figure 4.1. My metal was placed around the dewar in order to
attenuate magnetic fields and avoid flux trapping during cooldown of
the detector.

The microwave cavities were mounted on a flatplate Tlocated at
the end of two 3" stainless steel tubes. The tubes housed the
microwave transmission lines and provided the high vacuum pumpout
ports for the cavities. The cavities were then evacuated to ~6x107®

Torr with a Varian 30 1/s Vac-Ion Pump. Indium wire 0-rings
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provided the necessary vacuum seal between the cavity f]anges and
the flatplate and allowed the system to be thermally cycled from 4°

to room temperature repeatedly without any noticeable vacuum
Teaks.

The 1tiquid Helium was transported by a 20 foot transfer line
which extended from the storage dewar in the (0 spectrometer room
into the cryostat in the tunnel. Warm gas from the cryostat was
vented through a 2" diameter copper 1line connected to the CSM-60
dewar. This Tline also provided the pumpout port for the Helium
space in the cryostat during low temperature operations.
Temperatures_of 1.89° K were achieved by pumping on this line with a
85.5 cfm Rooés Blower Pump located in the spectrometer room. During
a typical éﬁ]d run, the pump could evacuate the entire system and
reach temperatures below the lambda point of Helium in less than two
hours.

A very inéxpensive and reasonably efficient 1liquid Nitrogen
transfer 1line was constructed from 3" copper tubing surrounded by
two layers of aluminized mylar followed by common household pipe
insulation. The entire assembly was housed inside a 2" copper pipe
which extended into the tunnel.

The Ttevel of liquid Nitrogen was automatically controlled using
a capacitance probe and a LN, level controller. The level of liquid
Helium inside the dewar was monitored by a KE-10le Helium level
meter énd the bath temperature was monitored using a Germanium
resistance thermometer manufactured and calibrated by Lake Shore

Cryogenics Corp.
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A diverter valve was constructed to make possible the refiitling
of the dewar without excessive boil-off of the remaining liquid
Helium. The boiloff is due to the flow of the warm gas from the
Helium transfer produced as the line is cooled down during the first
stages of transfer. Fiqure 4.5 shows the construction of the
diverter valve. The valve consisted of an intake port which
connected to the LHe transfer line and two exhaust ports which could
be remotely controlled using two solenoids. One exhaust port
directed the 1iquid cryogen to the bottom of the dewar while the
other ended in a stainless steel U-tube connected to a baffle tube
at the top of the dewar as shown in figure 4.3. Thermal isolation
of the LHe bath was provided by two stages of baffles consiéting of
alternating layers of G-10 and Aluminum. |

The baffle tube consisted of a G-10 tube 5 inches long and ~1.25
inches wide with interleaving baffle plates'inside. These were
spaced so0 as to allow the separation of two-stage Helium during the
transfer process. The 1iguid Helium could be directed to the bottom
of the dewar during initial cooldowns or diverted to the top of the
dewar without disturbing the Helium bath below it. ODuring a typical
"cold" transfer, only 1 or 2 liters of the Helium bath would be lost
during the 30 minute cooldown of the transfer line. The consumption
rate of liquid Helium was typically 1 1liter per hour during the
running periods and approximately .5 T1iters per hour with the

microwaves turned off.
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4.5 Piezoelectric Crystal and Strain Gauges

In order to perform a calibration of the sensitivity of the
detector to effective mechanical strains on the cavity walls, a
piezoelectric ceramic disk (PZT) was mounted on the moving endwall
of the cavity as shown in figure 4.6. in addition, three strain
gauges were mounted in the positions shown on the outside of the
cavity surface. The PZT was a flat disk 3.81 cm in diameter and .1"
thick constructed of a ceramic material commonly called PZT-5A (lead
zirconate~titanate) manufactured by Valpey Fischer Corp. The PIT
mounting scheme is detailed in reference 3.

The strain gauges were made froﬁ the same material and were
gfued to the cavity using GE Electrical Varnish. Each strain gauge
was connected to individually shielded, twisted lead pairs of wires.
During a calibration run, the signal from the beam position monitor
was amplified and filtered at the 26th harmonic and connected to
each one of the strain gauges or the PZT. The resuiting upconverted

signal was measured and recorded on tape.

4.6 Beam Intensity Monitor

The beam intensity monitor consists of two 18 em long copper
electrodes mounted 1inside a 10.2 cm diameter stainless steel beam
pipe as shown in figure 4.7. €fach electrode is bent in a 3.5 cm
radius curve and subtends 110° centered around the axis of the beam

pipe as shown in the diagram‘
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When a bucket travels between the pick-ups along the beam pipe
axis, an electromagnetic signal is induced on the electrodes which
1s proportional to the intensity of the beam.* Typically, the output
of the position monitor was 5:.5 Volts peak to peak for an intensity
of {B.5+.5)x10'2 protons in the Tevatron beam.

The output of the pick-ups are connected to two RG-8 foam cables
which are phase balanced to ~1° ét 53.11 MHz. The output of the
pick-ups provided the necessary information concerning the harmonic
content of the beam as wel) as the necessary phase information for

the 26th harmonic.

4,7 Detection Electronics

As previously described, the 180° phase difference betwéen the
two modes of the coupled cavities allowed us to detect the desired
signal at the A-port of the hybrid tee. The first three stages of
all of the detectiqn schemes are the same as shown in figure 4.8.

The output of the A-port was monitored by a HP8555A Spectrum
Analyzer to ensure proper balancing of the hybrid tee prior to
amplification by the low noise amplifier. The signal was then
amplified with a WJ-5310-532 GaAs FET Ampiifier manufactured by
Watkins Johnson Company. The amplifier had a gain of 42.1:.3 dB
with a measured noise figure of 4.9 dB and an available output power

of 20 m.5

Once the signal was amplified, it was fed into a circulator
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followed by a WJ-44C microwave mixer. The local oscillator port of
the mixer was fed with +7 dBm at the input frequency to the cavities
so that the IF port of the mixer was precisely at the intermodal
difference frequency of the cavities. This signal was again
amplified in a Model AM-110 low noise amplifier manufactured by
Anzac Inc. It had a gain of 32 dB with a noise figure of 6 dB in
the frequency range of .5 to 500 MHz, For this expe?iment, the
output was at the 26th harmonic of the beam frequency namely,
1.240540 MHz +30 Hz. Table 4.1 shows the gains and 1osses of the
components used in this system.

The detection of the IF signal was accomplished by one of three
different schemes using a one channel or a two channel Fast Fourier
Transform Analyzer (FFT). In the first scheme, as shown in figure
4.9, the output of the Anzac amplifier was mixed with a 1.230 MHz
signal from a HP3325A signal generator in a Mode! MD-140 Anzac IF
Mixer. The IF output from this wmixer was then precisely at a
frequency of 10 kHz. The output signal was then mixed and amplified
by 76.6 dB 1in a Model 5206 Lock-In Amplifier manufactured by
Princeton Applied Research Corp.

The reference for the lock-in ampiifier was provided by a second
HP3325A Synthesizer which was phase locked to the first synthesizer
and set to 10007.000:£.001 Hz. The resulting output at 7.000 Hz was
measured by a HP3561A FFT Spectrum Analyzer.

Table 4.2 shows the gains and losses of the IF detection
elements used in this system. The overall noise figure for this

system was 4.9x.1 dB resulting primarily from the WJ~5310-536
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Table 4.1

Gain of Detection Electronics

Device Gain Output Signal Noise
' dB Frequency Figure
Coaxial Transmission Lines -2.0 G.94438 GHz falaleidabalade
Microwave Wavequide Lines -4.6 9.94438 GHz fulalababebalade
WJ5310 GaAs FET Amplifier +42.1 9,94438 GHz 4.9 dB
WJ77C Microwave Mixer 5.5 1.24054093 MHz 5.5 dB
AM-110 Anzac IF Amplifier +32.1 1.24054093 MHz 6.0 dB
Total Gain 62.1:.5 dB
Total Noise Figure 4.9:,1 dB
Table 4.2

Gain of Stngle and Two Mixer Detection Schemes

Device Gain Qutput Signal

dB Frequency
Gain of Initial Stages 62.0 1.24054083 MHz
MD-140 Anzac IF Mixer -4.7 10.0000 kHz*
PAR5206 Lock-In Amplifier +76.6 7.000 Hz
HP3561A FFT kol 7.000 Hz
Total Gain ' 133.9:x.5 dB
Total Noise Figure 4.9:.5 dB

* For the two mixer beam reference scheme this frequency was 75 kHz.
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Amplifier. The overall gain for the system was 133.9:.5 d8B.

In the 2-mixer version of this detection scheme shown in figure
4.10, the reference for the lock~in amplifier was provided by making
~use of a beam synchronous reference signal. The beam in the
Tevatron is phased Tocked to one part in 10® to this signal at tﬁe
fundamental beam RF frequency of 53.109 MHz. It therefore provided
an extremely precise reference signal with which to compare any
upconverted signal present in our cavities.

The beam sync signal was mulitiplied in freguency to' the 26th
harmonic at 1.240 MHz in a phase Tock Toop amplifier. The output of
the phase lock loop was then mixed with a reference signal from the
second HP3325A. In this case, the 15t and 2™ synthesizers were set
at 1.165541 MHz and 1.165548 MHz ({+.001 Hz) respectively. The
output of this second mixer was thus at 75 kHz and was filtered in a
simple LRC filter network and then applied to the reference port of
the Jlock-in amplifier. The noise figure and overall gain for this
system was the same as the one mixer mode. This system had a
- measured frequency stability between the beam synchronous reference
signal and the beam position monitor better than 50 mHz.

The final detection scheme 1s shown in figure 4.11. In this
case, the second stage mixers labelled A and B were driven by the
same HP3325A synthesizer at a frequenncy of 1.239522 MHz (:.001 Hz).
The output containing the signal of iﬁterest at 1019.00+.03 Hz was
then amplified with a Model TM503 Tektronics amplifier and finally
fed into channel A of a HP3582A Dual Channel FFT Analyzer. The

reference channel for the analyzer was provided by the output of
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Table 4.3

Gain of Dual Channel FFT Detection Scheme

Device Gain Output Signal
dB Frequency
Gain of Inftial Stages 62.0 1,24054093 MHz
MD-140 Anzac JF Mixer -4.7 1016.0 Hz
TM503 TEK Amplifier +23. 18 1019.0 Hz
HP3582A FFT ekl 1019.0 Hz
Total Gain 80.4 dB! Total Noise Figure 4.9 dB
(+.5 dB) (¢.1 dB)

! These values reported for the 4.2° K data run.
For the 1.89°K data run the gain of the TEK amplifier
changed to +17.1 dB for an overall gain of 74.4 dB.
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mixer B as shown. In th%s way, the exact phase relationship between
the upconverted signals and the beam pick-ups could be measured for
each given beam cycie and hence the techniques described in section
3.3 couid be utilized.

Table 4.3 shows the gains and losses for this detection syStem.
The overall noise'figufe remained essentially the same, but the gain

was 80.4:.5 dB for data taken at 4.2° and 74.4+.5 dB for the data

taken at 1.89°K,

4.8 Data Acquisition

The data acquisition system "was based on a Digital POP-11/34

Computer manufactured by Bigital Equipment Corporation with a DEC

Magtape TU16 9 channel tape drive, a Model IV Bison Control Interupt

Box, and two RLOIK disk drive units. Other peripherals included a

DEC-10 Decwriter teletype, a LSI Model ADM-3A Video Display Termina)l

and a Versetec Matrix Printer. A block diagram of the system is

shown in figure 4,12,

The interface between the computer and our detection system was

based on the Camac System. A Model 70A type Al Crate Controller was

conected to a Jorway Model 411 PDP11/Camac Interface. The Jorway

Crate Controller was used to address a Kinetic Systems Modeil 3388

GPIB Interface which in turn addressed the FFT.

The system software was the RT-11 system wmonitor for PDP
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computer systems and the actual data 1ogg{ng software was a version
of the MULTI Data Acquisition System with slight modifications to
atlow for cohputer-controi of the HP Models 3561A and 3582A Fast
Fourier Transform Analyzers.

We were primarily interested in logging dataAduring normal HEP
operation of the Tevatron. This was éccomp]ished by making use of
the various trigger signals provided by the main control room via a
Camac Controls Model 178 Card located in a second Camac Crate near
our detection system. These trigger signals were used to initiate
the acquisition and storage of the data on S;type § track high
density magtape.

During a typical beam cycle, the computer would initialize the
FFT to its proper settings and wait for the first trigger signal to
arrive. Upon receiving this signal through the Bison Interupt
Controller, it would then trigger the FFT to begin taking data. A
second interrupt signal would then allow the computer to read the
data from the FFT and write it on the magtape in 16-bit words and
the éyc]e would be repeated.

Off-1ine analysis of the data .tapes was performed on the
Fermilab NOS-2 Cyber Computing Facility. We used a modified version
of the MULANA software program developed at Fermilab to analyze data
logged with the RT-11 MULTI Data Acquisition System.® Further
processing of the data was then performed using the faciiities of
the Cyber Network. Appendix C describes the algorithm used to

analyze the data tapes.



79

References

P.J. Reiner, Report No. UR-807, Department of Physics and
Astronomy, University of Rochester, Rochester, N.Y. (1983)
{unpubiished).

C.E. Reece, Report No. UR-867, Department of Physics and
Astronomy, University of Rochester, Rochester, N.Y. (1983)
(PhD. Thesis, unpublished).

C.E. Reece, Ibid. pb62-64.

R.E. Shafer, R.C. Webber, and T.H. Nicol, IEEE Transactions
on Nuclear Science, NS-28, No. 3, (1981) 2290-2.

J.T. Rogers, Report No. UR-873, Department of Physics and
Astronomy, University of Rochester, Rochester, N.Y. (1983)
{unpublished). ’ '

A. Kreymer, R. Pordes, B. Ritchie, FNAL Appiication Note
"Mulana," PMO041.2 (unpublished).



80

Chapter 5

Results

5.1 Introduction

The results reported here are divided into two groups, the first
of which consists of measurements which characterize the detector
properties while the second set consists of the actual beam {induced
data that was obtained. The electrical characteristics of the
detector are included in section 5.2 along with measurements of the
Tinearity of the upconversion process with different mechanical
excitations. Section 5.3 presents data which characterize the
mechanical .structure of the detector and measurements of the
mechanical Qm for various resonances of the cavity system. Finally,
section 5.4 presents the beam induced data and is divided into 3
subséctions. The first subsection includes data taken with a single
channel FFT (one mixer mode) without the 1inclusion of phase
information from the beam intensity monitor. The next subsection
presents data obtained with the two mixer mode in which the
frequency of the beam is precisely tracked during the measurements.
Finally, section 5.4.3 describes the data obtained with the Dual
Channel HP3582A FFT and represents the best data taken to date.
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5.2 Electrical Characteristics

A1l of the detection schemes rely upon the upconversion process

as given in equation 3.3 restated here for convenience.

Afy P, 1 (B, +1)(8,*1) (f,
Al = 27.3 — ~ (1+4Q] A?) (5.1)
Afmin PI QIQZ Bt Bz fl

The electrical Qe for each mode of the cavity system was measured by
focking onto the desired resonance and ob;erving the decay time of
the radiated power as the microwaves were syitched off with the high
speed PIN switch. The Q values were then ﬁeasured as a function of
probe position as shown in figure 5.1. Therunloaded Q values along
with the coupling factors 8, and 8, could then be determined as a
function of probe position

The wunloaded § was also measured as a function of temperature
and is shown in figure 5.2. The solid curve in this figure
represents the theoretical maximum derived from the BCS theory of
superconductivity and the dashed curve represents the measured
values. The data 1indicated by dots was obtained in Rochester in
1983 immediately after the cavity was annealed in an ultra-high
vacuum furnace at Brookhaven National Laboratory. The data
indicated by triangles was obtained during this investigation. This
graph shows that the unloaded § has degraded somewhat over the two
year period. The large discrepancy between the predicted values and

the real data at 1ow temperatures can be attributed to resistive
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tosses in the cavity due to surface contamination of the Niobium.

Critical coupling of the cavities occurs when the loaded Q is
exactly half of the unloaded Q so that B,=8,=1. Since upconversion
data was taken at two separate temperatures 4.2°K and 1.89°K, the
probe positions were first set for critical coupiing at 4.2* K and
then were vreset for 1.89° K operation by mechanically moving the
probes while monitoring the decay time of the power stored in the
cavities. Hence, for operation at 4.20°K Q,={1.24+.02}x10" and
Q,=(1.29:.02)x107 and at 1.89°K Q,=3.0x107 and Q,=3.1x107. For both
temperatures g,=8,=1.0.

The difference frequency Af of the cavities was measured by
locking onto the input microwave frequency and observing the‘peak
due to the phase noise of the oscillator which excites the second
mode. Figure 5.3 shows a typical trace of the microwave power in
the region of the second resonance obtained by measuring the ~output
stage of the first IF mixer with the HP3561A FFT. The output of
this mixer prov%des a precise measure of the difference frequency by
comparing it to the frequency of the input power to the cavities.
For all data sets, the difference frequency was set to the Zsth
harmonic of the beam revolution frequency at 1.24054093 MHz +.025
Hz. Adjustments to Af were made by using the remotely controlled
endwall tuning mechanism. The minimum difference frequency of the
cavity system was also measured and found to be 1.18 MHz. Since the
difference frequency was always maintained at the expected
excitation frequency of the cavities, the last term in equation 5.1

was unity (a=0).
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The input power to the cavities was measured at 5.58+.05 mi.
The signat at the deita port of the hybrid tee at the input
frequency to the cavities was maintained below -50 dBm by carefully
adjusting the phase shifters on the microwave feed lines to maintain
proper phase and amplitude balancing of the hybrid tee. The
microwave system was Jlocked onto the aﬁtisymmetric mode of the
cavity system and adjustments were made to the BC tuning 1level of
the phase Jock loop circuitry as needed to maintain locking to the
cavity mode.

A check of the linearity of the output power P, of the detector
with the effective strain {41)}? was made by applying known voltages
at 1.240 MHz to each of the strain gauges and the PZT and monitoring
the upconverted signal Tevel. The apparatus used is shown in figure
5.4. This detection scheme {is similar in operation to the one shown
in figure 4.9 except that the second HP3325A synthesizer is used to
excite the desired strain gauge or the PZT mounted on the resonant
endwall of the cavity.

The results shown in figure 5.5 depict the linearity of the
upconversion process for each of the transducers. From this graph
we can readily see that the detector appears to be most sensitive to
excitations produced by strain gauge 1 and least sensitive to

strain gauge 2.
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5.3 Mechanical Characteristics

The physical structure of the detector 1is complex 1involving
several different shapes and sizes of a variety of materials such as
Niobium, stainliess steel and Aluminum. This gives rise to an
extremely complex set of mechanical resonances which are difficult,
if not impossible, to resolve in terms of specific modes of
vibration. When the excited mechanical resonances fall within the
bandwidth of the electrical difference frequency (af) of the
detector, they excite the second cavity resonance and hence produce
upconverted power at the symetric mode. This effect can be
measured with the apparatus shown in figure 5.4 where the frequency
of the synthesizer driving the strain gauge 1is swept around the
center frequency at 1.240 MHz. The result of the PZT excitation (at
fixed voltage) is shown in figure 5.6 with upconverted power versus
excitation frequency. This data was obtained with a PZT voltage of
10.0x.1 volts peak to peak. The envelope of this graph is
determined by the electrical Q of the cavities so that the largest
upconverted power of the detector occurs near the center of Athe
electrical resonance. |

Figure 5.7 shows a similar measurement with several different
voltages applied to the PZT. The frequency sweep in this case is
narrower than in figure 5.4. The bottom trace in this figure shows
the exact location of the cavity difference frequency. This figure
shows the reproducibility of the detailed mechanical structure of

the detector. The measurement of this structure is possible because
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the stability of the difference frequency of the microwave system is
less than 1 Hz out of 1.24 MHz even though the cavity resonances are
~1 kHz wide.

The fact _that the upconverted power decreases uniformly with
decreasing excitation levels of the PZT (or of the strain gauges)
for several different frequencies indicates the linearity of the
upconversion process for several different modes of vibration.

The response of the detector to a mechanical excitation was

derived in equation 3.6.

F ®_ b
fgt®) =41 | (w2 -mz)z+{£} (5.2)
m P Q

In this expression we assume that the mechanical system is a bar
oscillating in its ]ongitudiha] mode. Oue to the complexity of the
mechanical couplings in the detector it is not possib]e to verify
this equation 1in detail. However, an estimate of the effective
mechanical Qm can be made for the resonance of interest at 1.240541
MHz. We define the mechanical ( as wusual as the width of the
resonant energy peak at half the absorbed power level divided by the

resonant frequency.

Q, = — (5.3)
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Table 5.1

Mechanical Q Meésurements

Peak No. Bandwidth Frequency Qm
(Hz) {MHz)
1 300 1.238600 4130
2 250 1.238900 4960
3 380 1.239400 3260
4 250 1.239900 4960
5 300 1.240700 4140
6 300 1.241250 4140
7 420 1.241400 2960

NOTE: The frequency measurements and the bandwidth measurements
are all +100 Hz due to the fact that the bandwidth was
190 Hz for each measurement.
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A few selected peaks are shown 1in figure 5.8 and the
corresponding estimate of the mechanical Qm is given in table 5.1.
These estimates reflect the smallest alfowed value for the
mechanical Q and are Jimited by the 190 Hz bandwidth of the
electronic system wused to measure the peaks. It is important to
note that the peaks measured may in fact be a superposition of
several different resonances which add together to produce the
observed excitation. However, measurement of these peaks resulted
from the endwall being driven primarily in a longitudinal mode at
the measured frequency. Hence we can say that if a gravitational
impuise also drives the endwall in the same way as the PZT, then it
-wi1]'produce the same structure in the upconverted power as a

function of frequency.

5.4 Upconversion Data

5.4.1 Single Mixer Mode

The data reported in this section was obtained using the single
mixer mode detection scheme described in section 4.7. The reference
frequencies of the mixer and the lock~in amplifier were selected so
that the desired signal was maintained precisely at 7.000+.025 Hz
during each measurément. The temperature was maintained at 4.20°K

and two successive averages were taken for every beam cycle., The
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HP3561A was set to take a single 16 second spectral average starting
at the beginning of flattop and then a second 16 second average
starting at the end of the flattop for each beam cycle. The
resulting bandwidth of the detection system was 62.5 mHz.

In order to calibrate this system, one of the outputs of the
beam intensity monitor was filtered and amplified to give a strong
signal at the 26th harmonic of the beam revolution freguency and
applied to the PZT. Figure 5.9 shows the resulting calibration peak
with -15.0+.5 dBm applied from the beam pick-ups at 1.24054093 MHz
£.025 Hz. This calibration peak shows that the desired signal has a
width which is less than 62.5 mHz and therefore resides in a single
FFT fregquency bin at precisely 7.000+.025 Hz {see section 4.7). The
dashed line shows the calibration when the beam intensity was zero
and gives a measure of the noise background during this run.

The actual upconverted data for this system is shown fn figure
5.10 on an expanded frequency scale centered about the bin of
interest at 7.000+.025 Hz. This data represents the average of two
seperate runs with 301 averages in the first set and 194 averages in
the second set. It should also be noted that the first data set
spanned the frequency range of 0.0 to 25 Hz and the second freguency
span was adjusted so that the desired signal was 1in the center
frequency bin. The 495 averages were obtained by shifting the two
data sets so that the signal of interest was in the same frequency
bin. The data was taken with 12 booster batches in the ring at an
energy of 800 GeV per proton. The average intensity of the beam was

(6.62£.05)x10*2 protons (with a corresponding average 26th harmonic
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measured at -50.46+.50 dBm). The dashed line in this figure shows
the 495 averages of the ramp down signal when there is no beam ieft.
in the Tevatron after the spill. A direct comparison o? these two
figures shows that there was no obvious upconverted signal due to
the passage of the beam by the detector.

The average detected signal (power)} level at the frequency bin
of interest for this data was ~25.87 dBm per channel (in a single
frequency bin). The total power gain of the system was 133.9+.5 dB
so that the actual signal level at the cavities was -158.77 dBm or
(1.05+.06)x10-1°  Watts, The corresponding bandwidth of the
detection system was 62.5 mHz.

The second data set was obtained Qith fhe averaging time set to
20 seconds for a corresponding bandwidth of 50 mHz. The calibration
curve for this data 1is shown in figure 5.11 with -17.0+.5 dBm
apptied to the PIT from the beam pick-~ups. The actual data is
graphed in figure 5.12 with the signal of interest at 7.000:.025 Hz.
The average beam intensity for this data was (5.94£.02)x10*2 (with
an average 26th harmonic size of -49.14+.50 dBm). The average
upconverted signal! was -25.60 dBm corresponding to =-159.50 dBm or
{1.12+,.10)x10-1®* Watts in a 50 mHz bandwidth. The total number of

averages for this data set was 168.

5.4.2 Two Mixer Mode

The data discussed here were taken with the two mixer detection
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scheme described in section 4.7. - This detection system had the
advantage that it accurately tracked the frequency of the beam
throughout the entire ramp cycle so that the output signal at the
FFT was always precisely at 7.000:.025 Hz. Thus longer integration
Limes and hence narrower bandwidths could be achieved than with the
single mixer scheme.

The first data set consists of 301 averages with an averaging
time of 40 seconds each beginning at the start of the magnet ramp.
The corresponding bandwidth was 25 mHz. The overall gain of the
detection electronics was again 133.9:2.5 dB with an input power to
the cavities of 5.58+.05 mi.

The calibration for this run is shown in figure 5.13 and was
obtained by applying -19.6 dBm from the beam synchronous signal at
the 26th harmonic into the PZT. The data is plotted in figure 5.14
and has an average signal at the bin of interest level of -34.30:.50
dBm. The resulting level at the cavities was (1.51:.11)x10-2¢
Watts. The average intensity was 3.20x10'2 protons (with a measured
average 26th harmonic size of -56.8:.5 dBm).

For the second data set obtained with the two mixer scheme the
integration time was 1250.0 seconds which spanned 15 consecutive
beam cycles with an equivalent bandwidth of 800 uHz. The expected
beam induced signal does not arrive with the same phase for every
beam cycle and furthermore, the beam only appears for 50% of the
total beam cycle. The result is that the signal to noise ratio does
not improve by 1increasing the integration time beybnd 40 seconds. .

This is demonstrated in figure 5.15 which shows the output from the
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beam pick-ups applied to the PZT with a bandwidth of 800uHz. The
calibration signal now appears to be spread out over several
frequency bins as expected. The bandwidth of the upconverted signal
was estimated from this curve to be ~25 mHz., The 11 mHz structure
which éppears is due to the fact that the cycle time was 90 seconds
and thus introduces a corresponding beat frequency at (1/90)=11 mHz.

Figure 5.16 shows 10 averages with the signal of interest
centered at 7.000:.025 Hz. The average intensity for this data was
(5.39:£.02)x10*2 protons. The upconverted signal level in the bin at
7.000+.025 Hz was -44.67 dBm corresponding to {1.39X+.4)10°21 Watts
in a 800 pHz bandwidth. Thus the power over the 25 mHz width of the
signal is approximately 3.5x10-29 HWatts.

One final data set for this system was measured with an
integration time of 7.8125x10° seconds and is shown in figure 5.17.
The corresponding bandwidth was 128 pHz. The average signal level at
the frequency of interest  was -61.2:3.0 dBm or (3.08£3.0)x10-23
Watts at the cavities and represents the smallest measured output
power to date. The average intensity of the proton beam was
(4.0£.1)x10*2 with a corresponding 26" harmonic of -56.0:.5 dem.
The total frequency span of this measurement is twice the bandwidth
of the expected upconverted signal so that no general conclusions
about 1imits on the size of such a signal éan be drawn from this

measurement.
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5.4.3 Dual Channel FFT Detection Scheme

The data presented here was measured with the dual channel
spectrum analyzer scheme shown 1in figure 4.11. The advantage of
this scheme is that the upconverted signal can be directly compared

6th harmonic.

and correlated to the beam pick-up signal at the 2
This scheme takes full advantage of the knowledge of the constant
phase relationship between the beam induced signal and the passage
of the beam near the detector. Any spurious uncorrelated signal can
thus be effectively eliminated by using the analysis techniques
described in section 3.4.

The data 1logged using this system consisted of 25 second
averages beginning 5 seconds before the start of flattop. The
desired signal frequency was chosen to be 1019.00+.04 Hz and the
HP3582A frequency span was adjusted so that a signal at 1019 Hz
would appear 1in the central frequency bin {64). A calibration run
for this scheme at 1.97°K was made by placing the output from the
beam syncronous signal into strain gauge 1 and is shown in figure
5.18. The first data set consists of 410 averages taken at 4.20° K
with a bandwidth of 40 mHz. The average intensity for this run was
(8.41+.02)x10*2 protons. Figure 5.19 shows the size of the.
upconverted signals measured by channel A of the HP3582A FFT. The
top curve represents a straight power average of channel A and the
jagged curve below 1is the corresponding voltage average. _This
average was performed by first shifting the phase of channel A by

the corresponding phase of channel B bin by bin. This graph clearly
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shows that the noise background has decreased for the phase shifted
average (voltage average) and that the power average has a smaller
relative varianck in the background level. The size of the 260"
harmonic measured simultaneously by channel B is plotted in figure
5.20 as the solid curve and the dashed curve represents the measured
coherence between the two channels. The shape of the 26th harmonic
results from averaging over 5 seconds of the ramp cycle before the
start of flattop for which the frequency changes by approximately
SHz. The largest value of channel B occurs in the 64th frequency bin
of the FFT precisely at 1019.00:.04 Hz as desired. The coherence
function plotted in figure 5.20 by the dashed cufve is a relative
measure of 'the cross correlation between the two channels and is
calculated as described in chapter 3. This figure shows that it s
uncertain that a signal exists at the desired freguency which is
coherent with the beam pick-up signal at 1.240540 MHz.

The gain of this system was 80.4:+.5 dB so that the signal
measured for the phase shifted average was -181.1:3.0 dBm or
(7.8:7.7)x10-22 HWatts in frequency bin 63 and -184.1+.5 dBm or
(3.923.6)x10-22 Watts in frequency bin 64. The bandwidth of the
detection system in this case was 40 mHz so that each frequency bin
also spanned 40 mHz. The rms (root mean square) power average of
channel A was -159.1:.2 dBm (1.2+.1)x10°!? W in bin 63 with a
coherence of £=.09+.01 and (1.2:.1)x107'9 W in bin 64 with a
coherence of £=.062.01. We can use equations 3.25 and 3.26 to
calculate the average noise background and the maximum size pf the

desired signal.
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For bin 63,
N, (w) = (1-52)<A*A> = (1.2:.1)x10"*% Watts
S, 4 (0) = £2<A*A> = (9.7:.5)x1072% Watts

and for bin 64,

NSH

(1.2£.1)}x107%% Watts

Sev = (4.3£.5)x10-22 Watts

Note that these measurements refer to power in a 40 mHz bandwidth.

fhese results are in agreement with the values obtained from the
phase shifted voltage average for both freguency bins.

The run was repeated with the cavities at a temperature of
1.89°K and the overall power gain for the system was 74.4:x.5 dB,
The results are shown in figures 5.21 and 5.22. The average
intensity for this data was (7.87:.02}x10'? and consisted of 12
booster batches 1in the ring with 4 RF buckets missing in the gaps
between the batches. Data cuts were made for this and the preceding
data run to exclude spectra for which there was little or no beam in
the Tevatron. The results contain the average of the remaining 112
beam cycles. The average signal level was -91.7 dBm so that the

corresponding power ievel upconverted at the cavities was -161.0+3.0
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dBm or (2.5:2.4)x10°2% Watts in bin 63 and -168.0:3.0 dBm or

6th harmonic - in the

(1.611.5)x10*2° Watts in bin 64, The average 2
same bin was -48.9:2.0 dBm. The rms (root mean square) power -
average of channel A was -156.1 dBm (2.5:.1x10-%% W) in bin 63 with
a coherence of £=.30:.05 and (2.1:.1x10-1°* W) in bin 64 with a
coherence of £=.25:.05. We can again calculate the average noise

power and the maximum size of any upconverted signal.

For bin 63,
N, (w) = (1-52)<h*A) = (2.35.1)x10°19 Watts
S5 (w) = £2<A*A) = (2.3:.1)x1072° Watts

and for bin 64,
Neo = (2.02.1)x10-1? Watts

.3£.1)x10-2% Matts

3

Seu = {

From figure 5.21 we see that a signal appears with the phase
shifted voltage average at the desired frequency. The coherence
function is plotted in figure 5.22 (dashed curve) and shows that a
~ beam induced signal is present. A discussion of the origin of this

signal is given in chapter 6.
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The only detector parameters which changed for the data run at
1.89° K compared to the run at 4.20° K were the electrical Q of the
cavities and the overall gain of the detection systems. We assume
for this discussion that the mechanical structure has not changed
significantly between the runs. Since the power in the 26th
harmonic was essentially the same, we expect that any beam induced
signal detected by the transducer must also be the same.

Now let X,2=§%1S; and X,2=f}S, be the expected signals for the
4.2° and the 1.9° run respectively where S, and S, are the
upconverted power levels and £,?2 and §,2 are the corresponding
values for the -coherence squared. .If all other parameters are

constant 1.e. X,2=X,%, It must hold that.

[ V2]
[

= (5.3)

\f"llm
ran

[t ]

(72l
~

In accordance with equation 5.1,

5)-&)
= }={ - (5.4)
E] Q]_ )

where Q, and Q, are the electrical Q values for the 4.2° and 1.89%9°

data runs respectively. Thus for bin 63,
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£\ /.30 \2
£ .09

whereas,

n
h

QI:) 1.24
For bin 64 we obtain,

£, \? .25 \?
()-(%)-
£, .06
whereas (Q,/Q,)? has the same value as before. While these signal
levels show the correct tendency the estimated systematic errors are
too large to establish quantitative agreement. We therefore treat
the corresponding signal levels (given by £25,) as an upper limit on
a possible upconverted signal,
The results of the data runs are summarized in table 5.2 and the

corresponding 1imit on beam induced displacements Al are given in

table 5.3.
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Table 5.2

Measured Upconverted Power

Data Set Description Averages Bandwidth Intensity Yﬁr in
(m.ﬂg) Harmonic

(1) 16 second averages 495 62.5 6.62x1012  -50.46

{2)* 20 second averages 168 50.0 5.94x10t12 -49.14

(3)2 40 second averages 301 25.0 3.20x101 2 -56.80

(84)2 1250 second averages 10 .800 5.39x10t2 -56.0

(5)% 7812.5 second averages 1 .128 4.00x10'2. -56.0

{6)3 25 second averages 410 40.0 8.41x10*2 -48.04

(7)% 25 second averages 112 40.0 7.87x1082  ~48,90

! fixed frequency reference power- average
2 beam frequency reference power average _
3 fixed frequency, phase sensitive voltage average ; -

*

Data Set Power Gain P, P, .- P/Py

at FFT dB (dBm} (Watts)
1 -38.87 133.9 -159.77 1.05x10-1? 1.89x10-17
2 -38.60 133.9 -159.50 1.12x10-1° 2.01x10-17
3 -47.30  .133.9 -168.20 1.51x1Q0-20 2.71x10713
4 -57.67 133.9 -178.57 2.20x10-2¢ 3.94x10-18**
5 -74.22 133.9 -195.12 3.08x10723%*%  —mmmenea
6 (bin 63) -113.7 80.4 -181.1 7.76x10-22 1.39x1073¢
6 {bin 64) -116.7 80.4 -184.1 3.89x10-22 6.97x10-20
7 (bin 63) -104.7 74.4 -166.1 2.45x10-2°0 4.40x10718
7 (bin 64) -106.6 74.4 -168.0 1.58x10-20 2.84x10718
* P;=5.58 mW

** The average power for this data set is calculated by multiplying
the observed power by the ratio of the signal width (25 mHz) to
" the detection bandwidth (.800 mHz).

*** This data set was taken with a .128 mHz bandwidth and can not be used
to estimate the effective strain applied to the cavities.



Measured Limits on Effective Harmonic Displacements*

Data Set Q,

1 1.24x197 1
2 1.24x107 1
3 1.24x107 1
4 1.28x107 1
5 1.24x107 1
6 (bin 63) 1.24x1(7 1
6 (bin 64) 1.24x107 1
7 (bin 63) 3.0x107 3
7 (bin 64) 3.0x107 3

* A1} values for Al are

P,
Al = 57.4 ] —
Pl

Q,

.29x107
.29x107
L29%107
< 29x107
.29%107
29%107
.29%x107
CIx107
L1x107

calculated from the following equation:

()

Tabie 5.3

Bandwidth
(k3

62.5
50.0
25.0
.800
.128
40.0
40.0
40.0
40.0
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Al
in cm

2.0x10"1s
2.0x10~1»
7.5x1071s
9.0x10715
FeRkdR AR
1.7x10-15
1.2x10-1%
4.0x10-1%
3.2x10715

* W
Error
+cm

+Hx10-16
+9x10-16
+6x10-16
+1.3x10-15
JrJe dode e e de W i
+1.6x10"1%
+1.2x10-15
+3.6x10-15
+3.1x10-1%

** Errors are calculated from the variance o associated with each measurement.

o

Error =
Zm)
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Chapter 6

Conclusions

6.1 Overview

The 1imits on the coherent signal observed in the detector were
" presented 1in the previous chapter. In order to place iimits on the
size of other possible long range forces, we must assume a
particular form for the interaction. We choose a form identical to

that of the gravitational interaction, namely & 1/r potentiatl.

where GA is the "anomalous” coupliing constant. The interaction is
then proportional to the mass of the beam particles (protons) and
the mass of the detector. Since the gravitational and inertial mass
of the detector are presumed equal, the acceleration of the detector

is

F 1
a=-=«6G..mN- - 6.2
o= G, ﬁ(r) (6.2)
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where N is the number of protons in the beam. The expression above
is valid in the 1imit of Newtonian velocities and has to be modified
as discussed in chapter 1 {equation 1.3) for relativistic
velocities. Llet <aG> be the average acceleration arising from the
gravitational interaction, namely from the potential of equation 6.1
with GA replaced by WNewton's constant GN' If the 1imit on the
observed average acceleration is <a>] then we c¢an Dplace the

following 1imit on GA'

GA § observed> WA (6.3)
RO

or

<a>} : )
Gy < 6y z—-—- (6.3")
ag>

An alternate interpretation of the results is to consider the
direct coupling of the long range force to the electromagnetic field
in the detector. We know that such a coupling exists for the
gravitational field as discussed in chapter 1. In that case, the

average perturbation of the metric is given by equation 1.3.
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If the tong range interaction couples to the stored electromagnetic

field the same way that gravity does,

G <h >
_A _ _“observed [ (6.5)
Gy, <hyg > <hgp 2
or
<h).I
Gy < Gy — (6.5")
AN by,

The 1imit obtained through equation 6.5' is weaker than that‘of
6.3". This is because the mechanical resonant structure of the
detector amplifies the effects of the imposed acceleration.

It is important to stress that the anomalous long range
interaction must reduce to a level below that of gravitation in the
static 1imit regardless of the form of the interaction or the model
chosen. Otherwise there would be a contradiction with the
experiments discussed in section 1.1. If the range of the force has
macroscopic dimensions but is not infinite, then the Cavendish type
experiments and other experiments testing for- deviations in the
gravitational force law would be able to detect such interactions.?

In order to compare the coupling strength of the assumed
interaction with that of electromagnetism, it is convenient to think
of the potential of equation 6.1 as arising from the exchange of a
massless gauge particle "a" with coub]ing g between two massive

particles. In that case,
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N N
__“_EH___ _
g g
N N
gz
V= — (6.6)
dqy

where the dimensionless quantity g2/hc characterizes the strength of

the coupling. Comparing equation 6.6 to equation 6.1 we find that

G m 2 gz
AP (6.7)
$c 4vhc

assuming the interaction is between baryons. For electromagnetic

interactions
g2 e? 1
= — =g = — ~1("2 {6.8)
dahc hc 137

For the gravitational interaction

GNm z

fic

=0.6x10-3% ~10-38 (6.9)

Equations 6.8 and 6.9 clearly show the extreme difference 1in the
strength of the two known long range interactions.

In concluding this section we mention briefly other possible
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long range forces that have been considered in the literature. The
fact that tﬁe QCO color force is mediated by massless gluons implies
that the force must be of long range. Such a force is not observed
because only colortess (color singlets) particles are presumed to
exist 1in nature. However, we can consider the possibility that
higher order effects such as the exchange of muitiple gluons will
give rise to Van der Waal's color forces.? Such forces would have a

rapid r dependence

N-1
VN(r)ziﬂ (E) (6.10)

r r
where ry~1 Fermi is of the order of the nuciear scale, and 1<N<7.
Values of N<3 can be éxc]uded by existing experiments but there is
no 1nformétion for N between 4 and 7. The energy dependence of
these forces is expected to be linear so that it is difficult to see
how they can give rise to an anomalous interaction with strength of
the order reported here.

Another possibility is related to the existence of very light
particles that have been postulated to account for ihe symmetries of
the strong and electroweak interaction. These particles are then
exchanged between quarks and thus give rise to forces between
etectrically neutral mafter. A particularly detailed model has been
given for “"axions" as an example.? However, in thé static 1imit the
strength of these forces is below that of gravitation. Furthermore,

since the axion is a pseudo-scalar particle, the energy dependence



127

is 1/&€ or in terms of our experimemt, the coupling strength
decreases with 1ncrea$ing y. Another interesting possibility is
related to the existence of light majorons.* These could give rise
to a coupling of strength comparable to that of the gravitational
interaction without violating existing evidence.

A different class of long range forces are those dependent on
spin effects. Since matter is generally not polarized, these
effects are absent from the well known tests of the gravitational
interaction. Thus they can have considerably stronger couplings.
However, since neither the proton beam nor the detector are
polarized, the present experiment can not set 1limits on their

strength.

6.2 Limits on Tidal Accelerations

The results of the 7 data sets reported in table 5.3 will be
analyzed under the assumption. that the differential tidal
acceleration acting on the cavity sets it into mechanical vibration.
As previously discussed, this will in general be a complex motion.
However we have demonstrated that only mechanical vibrations at the
difference frequency of the cavities can give rise to parametric
conversion. The frequency difference of the cavities was carefully

h harmonic of the beam revolution frequency so that

tuned to the 26
only perturbations near this fregquency (f,=1.24054093 MHz) will
contribute to the observed signal.

The average acceleration imparted by the beam on the detector is



128

-m_..6
<a> = SfE N o ap24) (6.11)
nybR

where R is the radius of the Tevatron ring (it appears in this
expression because of the periodicity of the beam) and b is the
distance from the beam to the detector. Mes is the fraction of the
total mass in the beam that contributes a sinusoidal signal at the
frequency of interest. As discussed in Appendix B, tHe effective
mass can be determined from the ratio of the harmonic content of the

beam at the 26th harmonic to that at the 1113th harmonic as follows;

_ CZS - CZB
Moff = Mygam™ = n$N (6.12)
C1113 C1113

with N the total number of circulating protons. The 1113th harmonic
is of course the frequency at which the individual buckets pass by
the detector and give rise to the acceleration as calculated in
equation 1.3. From the Fourier analysis of the beam as well as from
difect measurements, it was found that "%ffznbeam/ls's for all of
the data sets.
The measured 1imit on the size of this acceleration depends on
the mechanical response of the detector at the Zﬁth harmonic.
Information on the mechanical response was obtained from the PZT
excitation of the cavity as shown in figure 5.8. From that data we
estimate that in the vicinity of the 261 harmonic (1.24054093 MHz}

the detector had a mecﬁanica1 resonance located at 1.240700 MHz with
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mechanicat § factor szaooo. Then for an observed maximum

displacement A}, the average acceleration is given by equation 3.8,

. t
<a> = a1 | (w -w;)2+{-gfﬂ} (6.13)

m

It is important to note that this equation is derived assuming that
the tidal accelerations produce longitudinal vibrations in the
detector as discussed previously. For all of the data sets, the
detector was at a distance of 23.3t.5 cm from the proton beam. The
data was obtained at an energy of 800 GeV so that y=853 (8=1). The
limits placed on GA as obtained from the data of table 5.3 through
equations 6.13, 6.11 and 6.3' are shown in table 6.1 for the seven
data sets. For sets 6 and 7 we give the corresponding limit from
two adjacent frequency bins.

The best limit is that obtained from data sets 6 and 7. Taking
an average of these measurements we can state that

6, < 2x10t? GN

A
at the 90% confidence 1imit. This result is indicated as a

dimensionless coupling GAm;/hc on a togarithmic scale in figure 6.1.

6.3 Lim%ts on Metric Strain

In this case we consfder the direct effect of a perturbation in

the locally fiat metric of space~time on the electromagnetic field.
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The 1imit obtained from this effect is generally

weaker than that established in section 6.2. This is due to the
fact that these perturbations are what give rise to coherent
mechanical accelerations impétred to the cavities. The mechanical
structure of the cavities then allows the longitudinal displacement
to build up in accordance with equation 6.13 and this enhancement is
absent in this analysis, We place a timit on the metric strain from
the measured limits on the cavity endwall displacement with the use

of

Aly,
~_ Himit
<h] o | (6.14)

where 1 rep}esents the physical length of the cavity 1=8 e¢m. From
equation 6.5' we can then place a limit on GA/GN' This calculation
has the advantage of unambiguous interpretation since it does not
depend on the complex mechanical response of the detector.

The expected metric strain can be calculated using equation 2.6
which we note was derived from equation 1.3 by assuming the particle

bunch to be Gaussian shaped and averaging over the beam revolution

period.
Thus, _
4Gym 2Ry
(h”) = —2ff 14q (6.15)
wRe? b

where R is the radius of the beam orbit and b is the distance from

the beam to the detector. Again, we must use equation 6.12 to
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determine the effective mass of the beam which contributes to the
26th harmonic. The results are summarized in table 6.2.

An interesting interpretation of these data is that the metric
in the vicinity of the proton beam remains locally flat to one part
in 10181 |

We see that these limits are weaker than those of table 6.1.
The ratio of GAm;/hc to Gy (ue is the fine structure constant) is
typically of the order 10-*! for the direct measurement and 10-*:7
for the results in table 6.1. This is a measure of the shielding of
the cavity fields from the electric fields of the ¢irculating

protons. A qualitative analysis of this effect is given in Appendix

6.4 Sensitivity Limits

From figure 6.1 we see that the observed strength of the
interactions are 19 orders of magnitude above the expected
gravitational signal strength and 17 orders of magnitude below the
electromagnetic interaction strength. For the first six data sets,
the sensitivity of the detector is limited by the background
microwave nbise level. The last two data sets contain a signal of
unknown origin that represents a new limitation on the detection
sensitivity. Of course, other factors such as higher electrical Qe,
higher mechanical Qm and better beam harmonic content would all

contribute to an improved limit.



Table 6.2

Limits on GA/GN from Measurements on Metric Strain at 800 GeV

Data Set Bandwidth
(mHz)
1 62.5
2 50.0
3 25.0
4 .800
5 .128
6 (bin 63) 40.0
6 (bin 64) 40.0
7 (bin 63) 40.0
7 (bin 64) 40.0

Expected
Strain

8.2x10"42
7.3x10-* 2
3.9x10-*2
6.6x10-+2
ek de sk e ek e
1.0x10-1
1.0x10-%:
9.7x10-+2
9,7x10-*2

Observed
Limit

2.5x1018
2.5x1071%
9.3x10-1¢
1.1x10-38
dedededede dede ek
2.1x10-1¢
1.5%x10-16
4.9x10-16
4.0x10Q-1¢

Limit on
GA/GN

3.0x102¢
3.4x1028
1.3x102¢
1.7x102¢8
T ——.
2.1x102%
1.5x102s
5.1x102s
4.1x1025



135

The microwave noise arises from the phase noise of the
stabilized oscillator at the pump frequency populating the
upconversion mode and thus propagating through the detection system
with the proper frequency. This noise is random in phase and hence
the noise power level depends on the detection bandwidth. The exact
tevel of this noise fluctuated due to the wideband standing wave
structure of the long coupling lines and the changes which occurred
in the phase balancing of the hybrid tee from one data set to
another.  However this background ievel was carefully measured for
each detection scheme and is enumerated below in Table 6.3,

If we form a logarithmic average we can determine the effective

detector temperature TN from

<P> = 4kaB (6.16)

where kK is Boltzman's constant and B is the detector bandwidth.

p
<-> = 147 dBm/Hz = 2.22x10-1% Watts/Hz
B :

E3 TN = 40,000°K

This can be compared to the overall noise temperature of the
detection electronics which for each case was ~650° K {corresponding
to a noise figure of 4.9 dB). Thus we see that the effective noise

temperature is dominated by the phase noise of the oscillator. A
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_ Table 6.3
Background Microwave Noise Spectral Density

Data Set Bandwidth P, Spectral

{mHz) {dbm} Density

{(dBm/Hz)
1 62.5 ~-159.77 -148
2 50.0 -159.50 -147
3 25.0 -168.20 -152
4 .800 -178.57 -148
5 .128 -195.12 -156
6 40.0 -159.10 -145
7 40.0 -156.10 -142

NOTE: A1l spectral density measurements are :3 d8.
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plot of equation 6.16 is shown in figure 6.2 for a noise temperature
of 40,000° K along with the measured values for the data sets. We
see that the noise generally decreases with decreasing bandwidth.
The departures from the theoretical values are a result of the
standing wave structures of the transmission 1lines and the
subsequent difficulty in phase balancing the hybrid tee.

Another 1imitation on the sensitivity of the detector is the
Brownian noise associated with thermal mechanical vibrations of the
detector. This noise manifests itself as endwall displacements
induced by the thermal bath energy at the detector.

The Brownian noise associated with a measurement of Al is given

by equation 3.31.

2Q Titko, ‘/b' AkT
Al{w) = / = [— /-—- (6.17)
mwd Q ™ r\'lmu2

For a 1 Hz bandwidth measurement with Q,=4140, f,=1.240700 MHz,

temperature T7=4.2° and assuming that the mass which resonates is

that of the resonant endwall, ms60 g , we get,

Mg rounian = 2-89x10716 cm//fiz (6.18)

For the best measurement at 4.2° the bandwidth was 40 mHz so that,

AT = 5.78x10-17 cm (6.19a)

Brownian
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and for 1.89 K,

Al = 3.88x10717 cm (6.19b)

Brownian

These effects are a factor of 10?2 smaller than the observed
displacements given in table 5.3. This shows that Jowering the
phase noise power will improve the sensitivity of the detector but
eventually it will be limited by the Brownian motion of the endwall
for a given bandwidth. The detection sensitivity can be improved by
increasing the integration time of the detector or equivalently
decreasing the bandwidth of the measurement scheme. A different
approach to improving the sensitivity of the detector to
acceleration measurements is to decrease the mechanical frequency of
interest and/or increase the mechanical Q of the detector. This is
evident from equation 6.13. |

Operation of the detector in the high radiation environment
presented other possible sources of noise to the detector. The
first to be considered is the electromagnetic coupiing of the beam
to the cavity fields. This effect arises from two possible sources.
One 1s the propagation of a time dependent electric {or magnetic)
field from the beam into the detector. One could consider the
direct excitation of the second mode by the electromagnetic fields
of the beam. However, ,=9.945 GHz and the closest harmonic of the
beam RF is 187X53.1x10%=9.930 GHz. This is a highly suppressed

harmonic and differs from mode 2 of the cavities by 15 MHz. A more
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likely possibitity is the 1induced Coulomb force exerted on the
endwall due to the time dependent electromagnetic fields of the
beam. Such a case 1is treated qualitatively in Appendix D. This
effect will arise due to the 26th harmonic of the electromagnetic
field of the beam but will be attenuated by the stainless steel beam
pipe as well as the metal in the dewar.

from the analysis given in Appendix D we find that the maximum
electric field at the cavities is

E=2.7x10"2 ¥/m
and the correSponding force which causes the cavity to 'vibrate at
the 26t harmonic is

F - 8x10726 N
resulting in a diéplacement of the endwall of the order

Al - 10722 em
Thus we see that this effect is too small to be detected by the
present cavity.

Yet another possibility is the effective displacement produced
by the excitation of the PZT due to the 1induced electric fields
across its electrodes. We show in the appendix that such an effect
would produce maximum displacements of the order 10-1 to 10717 cm
and would be dependent on the strength of the 26th harmonic.

Further tests on the origin of the signal in the last data set
are needed to establish its source. The most 1mportant test is to
measure the eﬁergy dependence of this signal during the energy ramp
of the beam cycle. For an electromagnetic signal there should be no

energy dependence whereas for the anomalous effects described in
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chapter 1 one expects dependence of the form y” where n22.

In conclusion we state that the origin of the signal in the
final data set is unknown but most 1ikely due to the electromagnetic
pick-up by the PIT or one of the strain gauges. Further
improvements in the sensitivity of the detector in the accelerator
environment are needed to explore the origin of this signal. In
addition, 1t appears that no new longe range forces appear for

highly relativistic massive particles at the level

G
LI | (6.20)
Gy
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Appendix A

A Test of Special Relativity

One of the fundamental postulates of the theory of special
relativity 1is that the velocity v of a particle of rest mass m is
always less than the velocity of 1ight (c¢). The velocity is related

to the momentum p and the energy E of the particle through

£ vpZci+mict

s — = (A.1)
mc? mc? .
and
1
Y S ar—— ) (A.Z)
...BZ
where
_ v
8 - -
C

Thesé relationships were first tested using relativistic electrons
from nuciear beta decay where typically y~2-3. High energy particle
accelerators shere y~1000 or higher can be used for more precise

tests of eguation A.2. The fact that accelerators operate as
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designed is itself a confirmation of the theory.

The energy ramp of the proton beam from 150 GeV to 800 GeV per
proton a11bws a unique test of special relativity. Ouring this
portion of the beam cycle, a series of RF cavities with electric
fields oriented along the particle trajectory are used to accelerate
the protons during each revolution around the ring. At the same
time, the field strength of the dipole magnets which guide the beam
along its nearly circular orbit must simultaneously be increased so
that the radius of the beam orbit remains fixed. We can thus treat
the dipole fields as a single uniform homogeneous magne£ic field
which generally increases as a function of time. We.aiso will
assume that the particle orbit is circular. The motioﬁ of the
individual protons is then governed by the Lorentz forcef1aw given

below.

P=qgv xB (A.3)
q is the charge on the proton and v is the velocity of the
trajectory - through the magnetic field B. The condition for a stable

circular orbit is met when this force is balanced by the centripetal

force on the proton.
QvB = or P = gBR {A.4)
R

where R is the radius of the circular orbit. The result of equation



145

A.4 remains valid for relativistic momenta p.

In order to make a precise test of equation A.2 we compare the
change in the revolution frequency f of the particles with the
change in magnetic field. We can.estab1ish the relation between the

frequency and the magnetic field as follows;

BC v :
fze—= — (A.5)
2eR 2#R

Solving A.2 for v and'substituting into equation A.5 we get

c £ 1\
f=_.(1-._) - (A.6)
2%R y?

Now from equation A.1 we note'thét

E = ’p202+m20‘| = yme?

For the Tevatron, E is always greater than 150 GeV and m is the rest
mass of the proton so that E >> mc? and y >> 1. We then make the
approximation that

E=pc or pcs= ync? (A.7)

Since y >> 1 we can expand eguation A.6 as follows:



146

ot 1
fea—f1-=—=—=+... {A.8)
27R 2y?
so that the change in frequency during the ramp cycle can be written
C 1 1
Fo-f, = e f = = - (A.9)
xR \ v 7}

Now since Expc=ymc?, substitution into equation A.4 yields the

relationship between y and the magnetic field namely,

RgB
y = — (A.10)
mc : :

For the Tevatron, 8 1s Tinearly related to I, the current in the

dipole magnets. In the Vimit y >> 1,

Rgl
y @ — (A.11)
mc : ‘

Finally, substituting the result in equation A.9 we get the desired

retationship,

1 1
":2...‘f1 = @ —— - — (A-}.Z)
1213
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where o is a constant which can be determined experimentally.

The actual magnet current during one particular ramp cycle was
measured and 1is plotted in figure A.1 as a function of time. This
figure also shows the derivative of the magnet current and thus
shows that the energy of the proton beam is slightly non-linear with
time. We can independently measure the time dependence of the
revolution frequency of the beam with the beam position monitors
described in section 4.7. Thus we can compare the expected
frequency shift of the beam given by equation A.12 with the measured
data and test our hypothesis.

A measurement of the revolution frequency at the 1113 harmonic
(53.1 MHz) was made and is shown in figure A.2. From the magnet
current data obtained simultaneously, the frequency shift was
calculated where the extreme points at 150 GeV and 800 GeV were used
to determine the constant « in equation A.12. The ﬁa]cu1ated points
are compared with the data (solid curve) in figure A.3. ‘

From figure A.3 we see that the largest deviation between the

calculated and observed values is of the order
sf € 10 Hz (A.13)

We can use this information to set a 1imit on the deviation of
equation A.2 from the exact form of special relativity. HWe assume

that



148

66700 00°kS 008k 002 oo..wnmazco%%..ozm u::oo..ﬁ_& 00 81 _ 00l 00°0
| | ,_ 8
1 ! L .

" “ i
t ! __
} | -
! | ! / L
| | #_ O
: “ b .
I I +i
{ ] C..w
! ! \\ z.m
i | Lm
_ ! BN
! l o
! } \\ ?VW—
] 1 L=
1 I ; P
! { 2
| I =
~ _ TO?
| i O
] i wm
| | o2
! .‘.ub
1 F — N . o
: ! IN3YYND 40 ATLYAIYIQ = —=mm |,
; | INIJENI 13INOVW = ——r T4
[ i
! I Y1iYU INFHYND 13INOYW .
! I !

| ! | L.%
SN |

g “n

ML) dAVY AVIG ONINN([J LNIYYND) LANIVIN T°V d4no1y 9




149

AONANOAYA

ZH 008 2 . ZTHS'L 'hg =4 008
N 7 A\ m/\urw““
. Y 4 Seor p
> =V
V=Y.
ARL
AA

o
) =
=
:
o
008

10K dNVY LINOVIN ONINN( AONEN0AY] Y 'V Ju4N9If

VN tY
(3snvd 1SNLvis AP T¥- :30NVY



150

SUNDI3S N1 1L
00" 0% 00°81 069} 001 0021 0g-0! 00°8 00°9 00-p

L 'y
T ¥

Yivad d34nSyIu=
Yiva G31lyMmMi1v¥d =3NI11 oﬁqom

103343 DJ1LiSIALLYI3Y

ALY dWVY LINOVIY

— ONI¥A( JINOWSVH HLET] 40 LIIHG auzmaommm €'V TYN91J

efoRd's]

oL

og

0% -
4 39N3Y34410

co o
(ZHM) iONBnOBﬂg

0.




151

1
g% = [1 - -TE;ET] {A.14)
Y

Then we can write

¢-+‘
I
“h
8
——
—
1
* |
—
no
+] =
[ ]
j —
-~

and
1 1
f=fql - E;TE;:T - & 5 (A.15)
where
C
foo = noee—
2#R
with n the harmonic number. Since e << 1 we can write
1 1
f=foll - e« et 4 foe—.elny} (A.16)
' 2y? 2y?

The first term on the right hand side of equation A.16 is the same
as given by equation A.12 and used to calculate the points in figure

A.3. The second term represents the anomalous correction due to the
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form introduced in equation A.14. Thus

1
8f = fo.—-.eln{y) s 10 Hz
2yt

We finally note that

so that

&f = (fo-f)-eln(y) < 10 Hz

Taking (fo~f}=100 Hz which corresponds to E =~ 400 GeV we obtain

€ € mmme— = 0,017 (A.17)
100 1né00)

which shows the accuracy of the functional relationship of equation
A. 20
It should be remarked that a change in the equilibrium orbit by

0.1 mm corresponds to a fractional frequency shift of



153

Since f~53 MHz this would give &f=5.3 Hz. Thus the observed
deéiation of the frequency from the calculated values may well be
due to radial shifts of the equiiibrium orbit. Displacements of 0.1
mm are not uncommon and are the 1imiting factor on the accuracy of

the result presented in equation A.12.
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Appendix B

Fourier Analysis of the Beam Structure

-

The Tevatron has 1113 RF buckets equally spaced around

Each bucket travels around the ring with frequency

We write the density per unit time of the mth bucket as

£.(t) = Af ()

the ring.

(8.1)

where Am is the number of protons in the bucket and does not change

in time. Furthermore, all buckets are assumed to have

distribution f,(t). Then the total beam density is

1112
Frotar(*) = :E: Anfo (t-tp)
m=0

il
DensITY
m=}

N N

- t TIME

the same

(8.2)
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2xmR
tm = — (B.2a)
11138c

where tm is the time delay between the first and the mt" bucket,

The Fourier amplitudes for a single bucﬁet are given by

+T
] 1 £ (t) ~inst/?27 o
s -— t)e dt (B.3)
oM o7 0
-T

Here 2T=2wR/8c 1s the beam revolution period and we used the fact
that fo(t) is periodic in the interval -T to +T. The amplitude fopn
corresponds to the frequency w,=Nig where w,=Bc/R. In terms of the

Fourier components the contribution of a single bucket to the beam

density is

2« inw(t-t )/T '
f (t) = Amz e m e (B.4)

n=-o

and summing over all buckets

U2 & imaft-t /T
Feot(t) = Z Amz e f,
=0 n=-o
2 inwt/T
= Z e (B.5)
n==-w

where the coefficients Cn are defined as
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32 ~inat T
c, = :E: e Af, (8.6)

m=0

Now suppose the buckets are Gaussian shaped in the longitudinal

dirgction so that for a fixed observer

1 }(t/o)?
e (B.7)

fo(t) =

RO

Here, ¢ represents the rms width of the pulse. Then, the Fourier

ampiitudes of f,(t) are

T (3o t2+inmt/T)

1 e
fo = — dt (B.8)
2T WyrT '
-T

Since the rms length of the pulse is typically 2 nsec and is
much shorter than the revolution period, we can extend the limits of
integration to infinity to evaluate the integral in closed form. We

then obtain

fy, = =—:e (B.9)

and since

m 1113
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U2 o inmm/1113
Cn = z e Amfo - (8.5')
m=0

For any given pattern of the Am we can aobtain the complex
coefficients Cn from equation B.6’'. In terms of real functions, we

write
F(e) = 6, COS (nu, t+4) (B.10)
where ¢ = Arc Tan (B/A)
and
6, = 2418
where
1113

(:Zwmm:)

A =Z Af, (w)cos | —

n mon 1113
oom=l

(8.11)
1113

(me)
B =z A f, (w)sin
n mon 1113

m=1
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A particularly suitable normalization for this prescription is

th

provided by dividing F" by the size of the n'" harmonic assuming ail

of the protons are in a single bucket so that m=0.

F {w)
_ _total
FnO ](m) = ﬁ)__.

{(B.12)

where Fq(w)=2Af, (w) and is obtained by setting m=0 1in equations
B.10 and B.11. In this way, all of the beam induced effects can be
derived for the case of a single gaussian bucket and then normalized
for the Nth harmonic by multiplying by this ratio. Equivalently, we

Nth

can measure the 11-13th harmonic and the harmonic  and

experimentally determine equation B.12 as follows

(Fm,m(m))2 - : (B.13)

®r113

where o, and «,,,;; are the measured power at the N and 1113th
harmonic respectively. We have assumed that the beam distribution
s roughly uniform so that the 1113th harmonic is equivalent to
having all of the protons in a single bucket.

A computer program was written based on equations B.10, B.1l and
B.12 and was used to determine the Fourier structure of the beam
reported in chapter 2 for different beam distributions. As
descfibed in chapter 2 the program adequately predicts the expected

size of the 26th harmonic as well as the 1113th harmonic and their
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ratio. From the analysis as well as from direct measurements this

ratio was found to be

ey 1
= (8.14)
2;,,,3 18.6
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Appendix C

Simulation of the Signal Processing

The complexity of the off-line ana1ysis,'and of the detection
and data acquisition system warranted a test of the procedures used.
This appendix describes a test using simulated data logged with the
data acquisition system described in section 4.8. The techniques
described in chapter 3 were used analyze thel data to test the
software of the off-line analysis and establ}sh the advantage of the
phase shifted voltage average over the rms power average. _

The POP-11/34 computer 1logged data from the HP3582A FFT in a
16-bit format such that the first four 16 bit words represented the
real and imaginary voltage respectively of the first frequency bin
of channel A of the FFT. The following 4 bytes represented the real
and 1imaginary voltage of channel B and so forth. The words were
repacked into the real and imaginary parts by the software of the
progran.

The signal output of the HP3582A FFT was proportional to the
voltage measured. The normalization below gives the relationship
between the Tinear magnitude A logged on data tape and the power in

units of dBV
(Ponp.'er')di_wr = 20-T0g,, (A) - 86.43 + G (Cfl)

Here G s the full scale of the gain setting selected for the
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measurement. For instance, if the full scale setting for channel A

was -30 dBV and the output of the FFT was A=100,
(Plggy = 20-10g,, (100) - 86.43 ~ 30 = ~76.43 dBV.

For a system with an impedance of 502 the relatioship between power

units of dBV and dBm is

PdBm = PdBV + 13101 {C.2)
Note that 1.0 mW is defined as 0.0 dBm.

The data was then ana}yzed using the two averaging technigues we
describe here. The rms power average was formed by averaging the
sum of the squares of the real and imaginary parts of each channel

bin by bin.

<Prms> = <v§ea] * v%mag) (€.3)

The phase shifted volitage average was formed by caiculatingA the
phase of channel B for each bin using the formula given below and
then shifting the phase of the signals in the corresponding bins of
channel A by that amount.

B
¢8=Arc Tan(-maﬁ)

Brea1
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and
A1ma
¢A = Arc Tan { —2ad
: Area]
so that
1 (ep=~0p)
=he "B (C.4)

The resulting real and imaginary voltages of channel A were averaged
over all of the beam cycles logged. Finally the power of the phase
shifted average was calculated as the sum of the squares of its real

.and imaginary parts.

<Pshifted> = <V1mag>2 ¥ <Vrea1>2 (C.5)

The coherence function of_ the data was calculated using the
formalism given in chapter 3.

The test data was obtained by using a HP3325A Synthesizer to
generate a signal at a frequency of 12.6 kHz and at .a power level of
-40.0 dBV. This signal was added to the output of the random noise
generator of the HP3582A FFT at an average level of -35.6 dBY and
applied to channel A of the FFT as shown in figure C.1. The
synchronous output of the HP3325A provided the (reference} input to
channel B of the FFT at 5.4 dBV. The compuﬁer was used to write 186

spectra to data tape for off-line analysis.
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Figure C.2 shows the rms power average of the test data. In
this case, no phase adjustment was made with respect to channel B
and at the frequency of interest (12.6 kHz) no c]eaf signal appears.
The signal Tevel at 12.6 kHz was -34.9 dBY or -21.9 dBm. The hottom
burve shows the same data averaged using the phase shifted voltage
averaging technique. In this case it is clear that a signal is
present and that the phase shifting technique has improved the
signal to noise ratio of the detection system. The signal power in
the center frequency bin (at 12.6 kHz) was -38.77 dBV. We thus see
the value of calculating the phase shifted voltage average since it
allows the detection of a signal in the noise even though as in this
case the expected signal is smaller thaﬁ the average rms noise
level. The corresponding coherence was p1ottéd as a function of
frequency and is shown in figure C.3. It is obvious from this piot
that a signal is present in channel A which is correliated in phase
with the reference in channel B, We will now show that the
coherence function can be used to obtain the same results as the

phase shifted analysis using equations 3.25 and 3.26.

S = g2A

=
#t

(1-g2)A
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The input values for the table below show the measured noise and
signal powers and the values calculated with the coherence function.
We see that the phase shifted averages are in close agreement with
the calcuiated values from the coherence function.

Using the same apparatus shown in figure (.1, the FFT was
allowed to take 256 averages and calculate the coherence function
and the rms power averages of both channeis. The resulting sinal
levels for channel A and channel B were -33.8 dBV and 5.4 dBV

respectively. The measured coherence function was .54 at 12.6 kHz.

These values are in excellent agreement with the calculated values.

Table C.1

Comparison of Input and Measured Signal and Noise Powers

Input Signal Measured
{dBV) - (dBV)
Signai Noise Signal Noise
Channel A -40.0 -35.6 -39.2 -35.3

Channel B +5.4 kdesdede +5.4 Tdkdk
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Appendix D

Electromagnetic Background

The electromagnetic background places limitations on the
ultimate sensitivity of the detector. We present an analysis of
several different possible sources of noise and the size of the
Timits they impose. Consider an observer at a distance b from a
highly relativistic particle of charge q traveling in the «x

direction as shown.
OBSERVER

e
v
Z

— X

The electric field in the y direction is

b - y2g? ¥ :
E (t) = (: :) (D.1)
Y 83e, \ (b24y2v2t2)s

We can calculate the average electric field at the position of the
observer by integrating over the revolution period of the beam since
the pulse is shorter in time than the effects we wish to observe at

1.24 MHz and 53.1 MHz. Thus

O3 [ oo S
E> =- { E (t)dt » (D.2)
T Y 4xe, bvT
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where T is the period for the frequency of interest T=1/f. From the
studies on the harmonic content of the beam presented in chapter 2
we know that the largest signals appear at the RF frequency of 53.1
MHz and the 26t,h harmonic of the beam revolution frequency at 1.240
MHz. The size of the electric fields for 53.1 MHz can be found by
assuming the 10!* protons are evenly distributed in the 1113

buckets. Then

. fag N
<§1113> = . (D.3)
dnegbe \ 1113

where N is the total number of protons. For the Tevatron, N = 1043,

=53.1 MHz and b=20 c¢m so that &> = 11 V/m at a distance of 20 o<m
from the beam. HWe note that®> = 63 V/m at a distance of 3.5 cm
from the beam. This is in good agreement with measured voltages
across the beam pick~ups which were typically 2.5+.3 Volts for 10%3
protons. The corresponding electric field at the electrodes of the
 pick-ups was 7118 V/m.
| The pfoton beam is surrounded by a stainless steef pipe =3 mm
thick and the cavities are housed inside a dewar jacket made of
stainless steel. We estimate that the total thickness of the
stainless steel which shields the electric fields is about 5 wm.
The transmission coefficient of a conductive sheet with thickness

B>>8 where § is the skin depth is

*This is estimated as V/2d with d the spacing between.the electrodes
at 7 cm,
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D -D/s )
T=2/2—e (D.4)
8
where
) €q
6 =2¢c [—
wo

and o is the conductivity of the sheet. In this case o = 1.4x10®
(em}~1. The thickness of the stainless steel is D = 5x10-3 m. For
the 26th harmonic, the skin depth is

8, = .54 mm ‘ (D.5)
with a éorrespondﬁng_transmission coefficient of

T,e = 2.5x103 (D.6)
Thus the electric field at the cayity is

Ezo = Toek = 2.7x107% y/py , (D.7)
For the 1113th harmonic, the skin depih is

8,115 = 8x1075 m (D.8)

and
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T ~ 9xiQ-2® (D.9)
so that
€115 ® 10723 V/m {D.10)

Thus we would not expect an appreciable effect fron the 1113th
harmonic due to the large attenuation by the stainless steel.

The presence of the small electric field at the frequency f can
contribute to two different backgrounds. First, the electric field

will induce a surface charge on the endwall given by

dne, Eﬂ‘
1

z (0.11)

where 1 dis the Tlength of the cavity. Then the cavity will be
subject to a force Fe which is periodic with frequency 2f. If
2f=1.24 MHz this force will produce an upconverted signal. The

force is given by

Fo » TRE = dne, B2 R {(D.12)

W&W‘?A N e avce ofiﬁe..&a,a&da/(

For cavity dimensions of the order 10~ m and £ = 2.7x10"2 V/m,

F - 8x107¢ N (D.13)
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Then for a mechanical Qm=4140 the harmonic displacement of the

endwall of the cavity at the 26th harmonic is approximately

R 4'H€0EZA'Q

Al (D.14)
mw? Mw?
We chose m to be the mass of the endwall ~60 g so that
Al = 10722 ¢om (6.15)

Such a displacement is too small to be detected by our present
apparatus. |

A second possibility is ‘the strain produced by motion of the PZT
due to the induced electric fields across its electrodes. The
electric field at the cavities is shown to be attenuated by a factor
of ~2.5x10°3. The expected attenuation in the power is thus ~50 dB.
The 26th harmonic during the data runs was approximately -50 dBm so
that we might expect that the power applied to the PIT was of the
order -100 dBm. Then from the plot of upconverted power versus PZT
excitation shown in figure 5.5 we can estimate the size of this
effect.- Remembering that the gain of the detection.system for
figure 5.5 was 62 dB we find the following relation between

upconverted power P and the power-PA applied to the PIT.

P =P, -102 dB (D.16)
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where P and PA are in units of dBm.
Thus
P=-202 dBm ' (0.17)

If on the other hand we calculate the effect for strain gauge 1 we
find that P=~180 dBm and we are in close agreement with the results
of the experiment.

Another possible source of noise is the particle background in
the vicinity of the detector. As the buckefs of protons are
accelerated, some may come 1in contact with the walls of the
beampipe. This leads to a large shower of charged particles at
relativistic energies. To observe the size of such effects, three
particie scintillators or “paddles" were positioned near the
detector as shown in figure D.2. Each paddie was approximately 60
cm tong and 40 cm wide for a total area of 2400 cm?. They were
arranged so that the outer two scintillators were 30 inches apart
and were placed perpendicular to the beam axis. |

The output of the photomultiplier tubes connected to each of the
paddles was applied to a LeCroy Model 621DL Quad Discriminator
followed by a LeCroy Model 465 Coincidence Unit. The coincidence
unit was used to detect particles which traveled through all three
sets of paddies within a 20 nanosecond timespan. The total number
of coincident particles was counted by a Jorway Model 1880 Dual

Channel BCD Scalar.
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During HEP running periods, we found that the particle spray
consists of genefal background spray which occurs continuously
-throughout the beam cycle and several bursts of radiation. These
bursts occur duripg the injection from the booster into the main
ring, the injection from the main ring into the Tevatron and at the
start of "flat-top" for the Tevatron. The background particle spray
occurs at a level of about 5x10® particles per second and the bursts
were generally larger than 10® particles per burst, The bursts were
short in duration (.1 sec) and probably saturated the detection
electronics so that én accurate count was not obtainable. We assume
for the course of this discussion that the particle spray was of the
order 107 particles/sec. We can estimate the total number of
particles crossing the detector from the ratio of the area of the
scintillator to that 6f the cavities. The cavity cross section was

about 25 cm? so that

Area of Cayities

x107 particles/sec ~ 105 particles/sec
Area of Paddles

Each particle will deposit {on average) an energy of 2 MeV per gram
of Niobium it crosses. The tota) energy imparted to one gram of
Niobium is of the order of 10-® Watts. This will not significantly
change the temperature of the cavities and hence will not
appreciably degrade the electrical Q.

The particle bursts can contribute to the background

electromagnetic noise level at harmonics of the beam revolution
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frequency since they occur for each pass of the buckets around the
ring near our detector. A test for this source of noise was made by
mixing the outputs of the photomuTtiplier tubes in the Anzac MD-140
Mixer and measuring the output with the HP3561A Spectrum Analyzer.
Figure 0.3 shows the result during the injection into the main ring
and during the main ring ramp cycle. Figure B.4 shows a similar
result for the injection into the Tevatron. The peaks occur at a
frequency which 1is Tless than the 1.240541 MHz frequency we are
interested in and furthermore, we‘do not take data during these
portions of the ramp cycle. Figure D.5 shows one final measurement
made at the start of the Tevatron spili. The signal level for this
"measurement s “~-24 dBm at 1.2405409 MHz (+.5 Hz). Data is taken
which encompasses this burst but it tends to be very short in
duration and we expect its phase relationship to any expected signal
" to be random depending on focusing of the beam and the individual
particle trajeﬁtories. Thus we do not expect this effect to
significantly effect the background noise spectrum,

To differentiate between background and a real signal the energy
dependence of the upconverted power must be studied.
Electromagnetic effects should be independent of energy. It is also
jmportant to measure the dependence of the observed signal on beam
intensity. This is 1in principle difficult since the intensity is
already near its maximum value and the size of the 26th harmonic
also depends on the beam distribution. One further test would be to

_1ntroduce additional shielding to attenuate the electric and
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.magnetic fields impinging on the strain gauges. Such shielding
would not in principle affect the size of gravitational strains or

any other extremely weak interaction.
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