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ABSTRACT 

Harkay, Katherine Cecelia. Ph.D., Purdue University, December 1993. A Study of 
Longitudinal Instabilities and Emittance Growth In the Fennllab Booster Synchrotron. 
Major Professor: Laszlo Gutay. 

Attempts to measure and describe beam Instabilities have been made ever since 

they were first observed In particle accelerators thirty years ago. Such collective, 

coherent effects arise due to the electromagnetic Interaction of the beam with Its 

environment, namely, the elements In the beamllne. With sufficient Intensity, the 

motion can become unstable, possibly leading to phase space dilution and beam loss. 

A coupled-bunch Instability has long been observed In the Booster, an 8-GeV proton 

synchrotron at Fenn! National Accelerator Laboratoxy. The accompanying longitudinal 

emittance growth is a major limit to beam brightness, limiting also the performance of 

subsequent accelerator stages. Previous studies have Indicated that the coupled· 

bunch mode fluctuations are likely due to the Influence of higher-order modes (HOM) 

in the radio-frequency (RF) accelerating cavities. However, the physics, especially that 

of the emittance growth, was only partially characterized. 

It Is my goal in this thesis to expand what we understand about coherent 

longitudinal phenomena and Integrate it with a real machine which does not readily 

give up her secrets. Building upon prior observations and coupled with the advent of 

more sophisticated diagnostic and computational tools, this research seeks to 

characterize the unstable beam behavior In a rapidly cycling synchrotron. 

Experimental studies are designed to systematically vaxy parameters in order to 

establish functional dependencies. Bench measurements are made of the Impedance 

due to RF cavity HOMs. These data arc compared with analytic results derived from 

the standard linear perturbation treatment as well as with simulation. 
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The major finding of this research Is that the theoretical predictions of linear 

growth rates of the longitudinal coupled-bunch Instability based on the measured 

Impedance show quantitative agreement with the data, but only when the beam 

momentum spread and nonlinearity of the RF potential are Incorporated self

consistently. Development and Installation In the cavities of passive HOM dampers 

proved to reduce the emittance by a factor of three and allowed, for the first time, an 

experimental test of Instability thresholds. The linear theory Is Inadequate In 

descrtblng the observed emittance growth, for which simulation results are Invoked 

Instead to provide a scaling rule. 
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I. IN'IRODUCTION 

1.1 Motivation for Research 

Modern particle accelerators and colllders find application in a wide range of 

physics, medical, and industrlal fields. Efforts to Improve designs are drtven in part by 

the high-energy physics communlty. In colllders, for instance, a critical design 

parameter ls luminosity, or the interaction rate per unlt cross section. At Fennilab, a 

three-phase upgrade program Is underway to increase the beam luminosity to 5.6xl031 

cm-2 sec-I, about an order of magnitude over that achieved during the 1992-1993 

colllder run (IA). l This Is considered necessary for new discoveries in particle physics. 

After a number of slmpllfications, the luminosity in a synchrotron pp collider ls given 

by2 

( l. l) 

where ll'o Is the particle revolution frequency, Bthe number of bunches In each beam, 

N the number per bunch of each particle species, F a form factor dependent on the 
" longitudinal bunch width O"Land lattice parameter p, and &n = rP&x&y the normalized 

transverse emittance, where rP are the usual Lorentz factors. The total emittance Is 

the area in six-dimensional phase space occupied by the beam. Maximizing 

luminosity, then, Is a trade-off between maximum particles per bunch (Intensity), 

maximum number of bunches, and the beam emittance. However, high brightness 

(N/ol can permit large self-fields to develop which can then become amplified by 

structures in the beam pipe, leading to undestrcd forces coupling to the beam. Large 

amplitude perturbations can lead to beam loss during either acceleration, beam 

extraction, or transfer to subsequent accelerator stages. Nonlinearities In the system 

may stabilize the oscillations; however, they also dilute the phase space density. 

Hence, attempts to Improve the intensity of machines are often accompanied, and In 
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some cases arc hampered, by the appearance of beam Instabilities. Fennllab Is no 

exception, and part of the upgrade program Is the control of beam Instabilities In the 

thre" synchrotrons: the Booster, Main Ring and Tevatron.1,3 All told. the study of 

beam Instabilities, especially the development of diagnostic techniques and physical 

models, remains Important and relevant at Fennllab and other accelerators. lt was the 

goal of this thesis research to experimentally obseive and analytically characterize the 

longitudinal coupled-bunch Instability In the Booster and to Implement Improvements 

designed to control the resulting longitudinal emittance growth. 

Beam Instabilities arc collective, coherent, Intensity-dependent effects that arise 

due to the unavoidable electromagnetic Interaction of the charged beam with its 

environment. The passage of the beam through discontinuities In the beam pipe like 

bellows, metal plates In detectors and kickers, and the radio-frequency (RF) 

accelerating cavities themselves can cause spurious electromagnetic fields to develop. 

These so-called wake fields can persist and act back on the beam, resulting In 

undesired forces. By convention and convenience, this effect of bcamline structures ls 

characterized In the frequency domain by a parameter known as the Impedance Z (w), 

which Is the Fourier transform of the time-dependent wake field. The Impedance 

relates the response V (w) of the system to the perturbing beam current I (w). lt Is 

normally the Impedance rather than the wake field that can be readily measured. 

Under appropriate resonance conditions and with sufficient Intensity, beam 

fluctuations may evolve out of the noise and the motion can become unstable, possibly 

leading to emittance blow-up and beam Joss. The collective Interaction among different 

bunches In the beam due to the driving Impedance gives rise to the coupled-bunch 

modes. These osclllations appear as phase-modulation sidebands at specific rotation 

harmonics In the frequency spectrum of the beam current. Internal bunch osclllation 

modes arc also possible; If the lntcrbunch phase Is random, these arc called microwave 

modes since the frequencies typically fall In the microwave region. The time evolution 

of the Instability depends on the Initial conditions In a multi-parameter space. ln a 

system with large noise levels, there can be great pulse-to-pulse variation, as obseivcd 

In the Booster, although the average behavior IS repeatable. To be distinguished from 

Instabilities arc fluctuations in the beam current caused by phase errors as the 

particles arc injected into the machine, or d~ to the discontinuous process of passing 

through transition energy (described later). Unless they arc amplified by some 
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resonant structure, these osc1llations decay, or decohere, through nonlinear processes 

in the beam. 

Mitigation of beam 1nstabllties takes three forms, and in some cases a 

combination Is required. If the drtv!ng Impedances and associated beamllne structures 

can be positively Identified, they can possibly be damped at the source. The procedure 

can involve both bench measurements of candidate beamline components and 

pararnetrtc beam studies In which Individual structures are removed or shorted and 

the beam response noted. Pickups Inside or near suspected structures can be 

monitored for beam-induced slgnals. The Impedance due to Individual beamllne 

components may be measured on the bench, for example, by replacing the beam with a 

current-canylng wire. A combination of such data is Important to demonstrate cause 

and effect, and not simply coincidence, of Impedance sources In the rtng and 

perturbation frequencies excited in the beam. Alternately, one may reduce the effect of 

the Impedance by increasing the energy spread in the beam, providing in principle a 

damping mechanism through Landau damping. This involves manipulations With the 

RF acceleration system. F1nally, one may introduce an equal but negative Impedance 

such as with a beam feedback system by sampling the phase error in the beam and 

applying a correction voltage to kick the beam back towards Its nominal trajectory. 

The kicker can be, for example, a wideband cavity with a single gap across which the 

correction signal Is applied. The signal processing must precisely account for all 

delays through the electronlcs, for the delay between the pickup and the kicker, and 

for the particle transit time. 

Several factors come into consideration when choosing the means for 

ellmlnating or at least reducing a particular 1nstablllty in a particular machine. A 

number of dl.filculties present themselves. Isolating suspected Impedance sources Is 

often tricky due to llmlted dtagnostics and the complexity of the parameter space. 

Bench measurements of the Impedance due to Individual beamllne components must 

be interpreted properly to determine the correct sum effect on the beam. Tests in 

which beamline components are removed are obviously not possible for crttical devices. 

Repeatablllty can be an Issue If the studies require a shutdown for access Into the 

beaml1ne enclosure. Subsequent tum-on and re-tuning of the beam often leaves the 

machine In a new operating state, making It dl.filcult to directly compare the data. The 

Implementation of Landau damping, while conceptually straightforward, In practice 
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can be difficult to control. Of course, this method Is beneficial only If one can tolerate 

the degraded luminosity: an Increased energy spread leads to an Increased bunch 

length, and luminosity Is decreased as a consequence. The practical application of 

active beam damping may be exacerbated by poor signal-to-noise or large acceleration 

rates (large frequency sweeps). 

1.2 Observations In the Booster 

A longitudinal coupled-bunch mode Instability has long been observed In the 

Booster, an 8 GeV (kinetic energy) fast-cycling proton synchrotron. The time 

development of large amplitude, predominantly dipole phase oscillations can be seen 

for one bunch (out of a total of 84) In Figure 1.1 In a series of what arc known as 

mountain range plots. Each plot records a sequence of oscilloscope traces of the 

longitudinal charge density from a resistive-wall beam pickup signal. The horizontal 

scale Is 2 nsec per division. The scope Is triggered at a chosen Interval, and each 

resulting trace Is displayed offset ver11cally a small amount for clarity. In this setup, 

the time Interval between traces Is ten revolutions and each plot thus covers about 1 

msec In different Booster cycles. The time sequence begins In the lower left comer, 

beginning Immediately before transition. Higher-order structure Is evident In the 

bunch around 24 msec. In this example from several years ago, the bunch Intensity Is 

l.5xl010 protons per bunch. The effect Is mintmal at the lo"".'est operating Intensities. 

The longitudinal emittance, proportlonal to the square of the bunch length, may be 

computed as a function of time In the cycle. A family of curves showing the emittance 

growth over the acceleration cycle can be seen In Figure 1.2. The effect on the 

emittance of Increasing the beam Intensity Is dramatic. 

It was suspected that the bunch oscillations were likely due to the lnfiuence of 

higher-order parasitic modes (HOM) In the RF accelerating cavities. The driven, 

fundamental frequency of the cavities, given by (J)RF = h(J)0 , Is a multiple of the particle 

revolution frequency "'o = 211 628 kHz (at extraction), with a harmonic number h=84. 

Because they arc resonant structures, higher frequencies can also be supported In the 

cavities through parasitic excitation by the beam. Passive cavity mode damping In the 

past was known to successfully stabilize a coupled-bunch Instability In the Main Ring. 

In the Booster, however, primarlly because of limited diagnostics and additional 
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21 ms 25 ms 

20 ms 24 ms 

19 ms 23 ms 

18 ms 22 ms 

Figure 1.1 Time Evolution .of the Bunch Phase (Mountain Range Plots) Through a 
Portion of the Booster Cycle. Growing dipole oscillations Indicative of the coupled
bunch lnstabiltty are clearly seen. The beam Intensity ts l.5xJQIO protons per bunch, 
the transition jump system Is olT. and the RF cavity dampers are out. The horizontal 
scale is 2 nsec per division. (Ref. 43) 
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Figure 1.2 Longitudinal Emittance Through the Booster Cycle for Several Beam 
Intensities. The number of RF cavities turned on Is fixed at 16. Emittance growth 
occurs mainly after transition (19 msec) and Is most pronounced at the highest 
Intensities. 
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complexities, there was disagreement as to which cavity modes drove the beam 

instability. The most sertous Issue Is that high resolution spectral measurements are 

hampered by the short acceleration time (33.3 msec) coupled with a large sweep In the 

frequency of the RF drtve (30 to 53 MHz.) For these reasons, prtor efforts over ~e 

pertod between 1975 and 1989 concentrated instead on employing beam damping 

through Landau damping and active beam feedback. These Improvements were met 

with 11mited success. Unfortunately, no reduction of the cmlttance growth was 

observed for either technique. In the one case, the frequencies of two RF cavities were 

changed to correspond to harmonic numbers .h=83 and 85 in order to effect a 

synchrotron frequency spread in the beam. No obvious effect was seen on the beam 

with this modification. Also, a longitudinal bunch-by-bunch beam damper was 

installed using a broadband 800 volt cavity for feedback. Some reduction was seen in 

the coupled-bunch mode amplitudes for medium beam intensities, but the nominal, 

higher intensity beam remained as unstable as before. As of this wrttlng, a separate 

effort Is underway which Is dedicated to upgrading this existing longitudinal feedback 

system. This work was begun after that descrtbed in this thesis, has not yet been 

Implemented, and thus Will not be discussed herein. 

The emergence in recent years of Improved diagnostics and computational tools 

has made It possible to re-examine the Booster coupled-bunch mode Instability with 

greater sophistication. A systematic and concerted effort over two years combining 

cxpertmental studies and calculation lead first to the identification of the offending 

HOMs, followed by the design and Installation of passive dampers In the RF cavities. 

Our efforts have resulted in the reduction of the longitudinal cmlttance In the Booster 

by a factor of three, never before achieved. These data arc plotted In Figure 1.3, which 

gives the emittance through the Booster cycle both before and after the dampers were 

Installed. The comparison for the emittance at extraction plotted as a function of 

bunch intensity Is shown In Figure 1.4. This graph Illustrates the practical 

consequence of emittance growth, which Is to define an intensity 11mit in the Booster 

due to momentum aperture constraints in the Main Ring. 1.Jnear extrapolation from 

the present data, while oversimplified, suggests that an increase in intensity of about a 

factor of two Is allowed. 
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Figure 1.3 Longitudinal Emittance Through the Booster Cycle for Fixed Beam 
Intensity Before and After RF Cavity HOM Damping. The emittance at extraction has 
been reduced by about a factor of three. The beam intensity Is actually somewhat larger 
In the measurement after the dampers were added. 
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Figure 1.4 Longitudinal Emittance at Extraction from the Booster as a Function of 
Beam Intensity Before and After RF Cavity HOM Damping. Shown also are the 
momentum aperture limits for the Main Ring and the proposed Main Injector. 
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The second stage of this research Involved the comprehensive compartson of the 

data with the predictions of the coupled-bunch mode theoiy. Even after Installation of 

the RF cavity mode dampers, questions remained as to the mechanism for the 

emittance growth. The physics of beam Instabilities was first descrtbed In detail twenty 

years ago by Sacherer4 using a linear perturbation treatment. As new phenomena .like 

the coupled-bunch Instabilities were discovered, the basic theoiy was modified and 

refined. In general, simplifying assumptions are Incorporated to allow analytical 

solutions for the coherent modes, giving the linear Instability growth rates and 

frequency shifts. While there Is strong evidence from the mountain range (Figure 1.1) 

that nonlinear effects may be Important, our goal was to study the data quantitatively 

at least to determine the point at which the linear theoiy breaks down. But 

charactertzatlon of even the linear behavior In the Booster proved d!filcult. Initial 

compartsons of the measured Instability growth with the theoiy showed only 

qualitative agreement. Furthermore, the linear theoiy was completely Inadequate In 

explaining the observed emittance growth. What ensued was a rigorous test of and 

modification of some of the assumptions used In the literature for proper application to 

the Booster. Solutions were found numerically using standard algortthrns. It was 

found that Including self-consistently the effects of the beam momentum spread and 

nonlinear RF potential (Landau damping) was essential to accurately describe the 

unstable beam behavior. To study emittance growth, a fully nonlinear simulation was 

Invoked. The particle tracking code ESME, developed at Ferrnilab, was Implemented to 

observe the response of the longitudinal, or energy-phase, distribution of the beam In 

the presence of a high-Q resonant driving Impedance. Subsequent analyses of the 

results produced a qualitative scaling of the emittance growth and a deepened under

standing of the subtleties and sensitivities of the Instability on vartous parameters. 

1.3 Organization of Thesis 

This dissertation Is organized Into eight chapters. The first three chapters 

provide the background for discussions In the later chapters. Chapters four and five 

describe the measurements and experiments, respectively, and Chapter seven the 

simulations designed to shed light on the cause-and-effect of the Booster coupled

bunch Instability. The bulk of the data analysis Is found In ·the sixth chapter. 

Conclusions and recommendations are offered In the last chapter. 
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This first chapter describes the motivation behind this research, Including a 

general discussion of beam Instability terminology. The second chapter describes the 

Booster synchrotron In some detail, focusing on the RF accelerating resonant cavities 

and operational properties relevant to our experimental studies. The basic theoi:y of 

Jongltudlnal beam motion ls discussed In chapter three, defining parameters commonly 

used In accelerator physics. Also In chapter three, the coupled-bunch ·modes are 

described and expressions for their excitation and growth are derived. The model for a 

resonant impedance ls Introduced. 

All the RF cavity and beam measurements, with the accompanying hardware, 

are described In chapter four. Chapter five gives the results of numerous experimental 

studies designed to charactertze the coupled-bunch Instability. First ls a series of 

observations while vai:ytng beam conditions. Next ls a discussion of the RF cavity 

HOM damper effort: how the offending modes were identified, the design of the 

dampers, and the effect on the beam. Flnally, studies vai:ytng the beam momentum 

spread are described, showing anomalous emittance growth behavior seemingly 

Inconsistent with the theoi:y. Chapters three, four, and five present material In a 

logical sequence, but In a somewhat reversed chronological order. The experimental 

studies In fact preceded the built of the theoretical work. 

The computational results for the linear coupled-bunch Instability growth are 

compared with observations In Chapter six. Chapter seven describes the simulation of 

the Booster coupled-bunch mode Instability using ESME using the measurements of 

Chapter four as the Input data. In addition, the scaling of emittance growth ls 

discussed. Conclusions and recommendations for follow-up studies are offered In the 

final chapter. Presentation of this work ls necessarily sequential and obscures the 

iterative nature of the analysis. The diagram In Figure 1.5 depicts the multiple-step 

approach taken In this thesis. 
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Figure 1.5 Approach Taken In Study of Booster Coupled-Bunch Instability to 
Compare Data with Analytical Results and Simulation. 
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2. BOO~RSYNCHROTRON 

2.1 lntroducUon 

The machine of Interest In our study is the Booster, a fast-cycling synchrotron, 

accelerating protons from 200 MeV to 8 GeV (kinetic energy). Design enhancements 

and fine-tuning over its 20-year llfeUme (first beam obtained In 1971) have resulted In 

fairly rellable operation, despite the Jong-observed existence of Instabilities. Its 

charactertstlcs and operational constraints are rather unique among the Fermilab 

synchrotrons, but similar to low energy proton machines at other facilities. 

The Booster came Into existence as a necessaiy Intermediary between the 

traditional Injector, a linear proton accelerator (Llnac), and what was then the main 

accelerator, the Main Ring. PracUcal constraints on size and cost placed a llmtt of a 

few hundred MeV on the Llnac. However, such a low Injection energy would have 

placed an unreasonable burden on the cost and design of the magnet and power 

supply systems In the Main Ring. a machine whose goal was to accelerate 5xl013 

protons per pulse to 400 GeV. Incidentally, this Intensity goal was never achieved, and 

with the addltlon of the superconducting Tevatron, the Main Ring now typically 

delivers 2.lxl013 protons at 150 GeV. In the final design, the Booster addressed the 

economic factor as well as other considerations. By employing multi-tum tnjectlon, It 

reduced the peak Intensity required In the Llnac. Fast cycllng. whereby the Main Ring 

Is filled In several successive pulses, was chosen for two reasons. First, stnce space 

charge Is an Important effect In low energy proton machines, this scheme reduced the 

Intensity required In the Booster. Fast cycling also reduced Its size and therefore cost 

while providing a reasonable Main Ring fllllng Ume of 0.8 sec. The majortty of the 

matertal In this Introduction to the Booster Is documented In References 5 and 6. After 

a general descrtptlon, particular attention will be gtven to the RF acceleration system 

and vartous aspects of operation relevant In this study of longitudinal Instabilities. 
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A schematic of the Booster showing the major components is presented In 

Figure 2.1 Depicted are the Injection and extraction lines, the magnets, and the radio

frequency (RF) accelerating cavities. The components of the ring are located In a 

tunnel 15 feet under the ground. The high-power supplies for the magnets, RF system, 

and lnj ectlon/ extraction kicker magnets are located at ground level either In the utility 

yards outdoors or in the equipment galleries above the tunnel. All operation has been 

controlled remotely through front-end PDP-11 computers originally, replaced in recent 

years by microVAXes. 

Negative hydrogen ions (H-) enter the transfer line from the Llnac bunched with 

a 200 MHz structure. The timing of a "chopper" at the end of the Llnac is adjusted to 

select a portion in the center of the long beam pulse to be deflected into the transfer 

line. A pulse 2.8 µsec in length Is referred to as one ''tum" because it is equal in length 

to a single period in the Booster at injection energy. A pulse equal in length to up to 

ten Booster turns may be injected; the nominal is six. A debuncher caVity in the 

transfer line rotates the beam 90° in phase space, converting the large momentum 

spread into a large phase spread, effectively debunching the beam. The electrons are 

stripped by a foU on injection into the Booster. This charge-exchange scheme was 

proposed to minbnlzc the transverse emittance during multiple-tum injection. If 

protons are injected directly, successive turns can only be stacked side by side in the 

transverse aperture, parallel to the cireulatlng beam. This results in a transverse beam 

spread much greater than that of the injected beam. Indeed, no scheme of magnets 

can be envisioned which can bend protons entering the synchrotron tangentially 

without also bending the circulating beam since they are of the same sign charge. 

Thus, a proton beam cannot be injected into the same phase space as the circulating 

beam. Anything otherwise would violate the well-known Llouvtlle's theorem from 

statistical mechanics, which states that phase space area of an ensemble Is conserved 

In closed system in the absence of dissipative forces. 7 With charge-exchange Injection, 

however, we clreumvent Llouville's theorem since the foil introduces collisional 

processes. The system now obeys Instead the Boltzmann equation. Because they are 

of different species, the H- and cireulatlng proton beams can both pass through a 

single magnet at the injection point and be bent toward each other onto the same 

trajectory, and therefore, the same phase space, before implnglng upon the foil. 

Therefore, new protons created at the foil are injected into the same phase space as the 

circulating beam, thus preserving approximately the transverse emittance of the Ltnac. 
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The protons debunch further over about one tum In the Booster and are 

subsequently recaptured adiabatically and rebunched with the RF system at 30 MHz. 

This gives a harmonic number of 84 (30 MHz x 2.8 µsec). Acceleration Is provided by 

radio-frequency (RF) drive In 17 resonant cavities, while the bending guide field Is 

provided by 96 combined-function magnets, each 3 meters In length. Over the 33 

msec acceleration cycle, the RF frequency rises to 53 MHz as the protons circulate 

about 16,000 times and reach an energy of 8 GeV. The beam Is extracted by fast kicker 

magnets. The ratio In circumference between the Main Ring and Booster Is 13.25; 

therefore the Main Ring Is filled In 13 pulses. The typical Booster operating parameters 

are summarized below In Table 2.1. 

Table 2.1 Typical Booster Operating Parameters 

Injection method multltumH" 

Injection energy (kinetic) 203MeV 

Extraction energy 8GeV 

Circumference 474m 

Cycling frequency 15Hz 

Harmonic number h 84 

RF frequency fRF 30.3 - 52.8 MHz 

Revolution frequency lfRFI h) JO 360-628kHz 

Total # RF cavities 17 

Maximum RF voltage VRF 950kV 

Transition gamma YT 5.446 

Long. momentum spread (lnj) t..p/p 0.4% 

Long. emittance (lnj) EL 0.03 eV-sec 

Horizontal, vertical tune Vx, Vy 6.7,6.8 

Trans. emittance (Int) &~,Ev 10, 7.1rmm-mrad 

Focusing of the off-momentum particle motion ls a critlcal concern In a 

synchrotron. The absence of focusing In either the transverse or longitudinal planes 

would lead very quickly to beam Joss of particles off the nominal trajectory. Modem 
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synchn>trons focus the beam In the transverse plane using the principle of strong 

focusing. This Is achieved most commonly by using quadrupole electromagnets. The 

quadrupole fields focus off-centered particles In one plane and defocus them In the 

other. By alternating the orientation of the poles, one can provide alternating focusing 

and defocusing simultaneously 1n both the horizontal and vertical planes. This Is 

called an alternating gradient lattice.a Just as in the optical analog with thin convex 

and concave lenses, a sequence of equal strength positive and negative rnagiietic lenses 

can provide a net positive focusing to the circulating charged particle beam. The 

current through the magnet coils fixes the focal length, which depends also on the 

beam energy. ln the longitudinal plane, the RF system provides the phase stability in 

addition to acceleration. Phase focusing makes use of the fact that the revolution 

period varies with particle energy. Particles are trapped and oscillate at the 

synchrotron frequency in the RF potential, which for the Booster ts about 2 kHz for 

much of the cycle. The magnet lattice fixes what Is known as the transition energy, a 

relativistic effect which defines the point at which the revolution pcrtod of all particles 

Is Identical, Independent of energy. Phase focusing Is thereby temporarily Jost at 

transition, an Important effect in proton accelerators. Details on longitudinal particle 

focusing and transition energy will be discussed In Chapter 3. 

In the Booster, the prtmaiy transverse focusing function Is provided by the 

quadrupole-like fields of the combined-function magnets. Magnet coils in the shape of 

flat pancakes, located above and below the magnet rnidplanc, provide the guide field 

that bends the beam around the vacuum chamber. The pole faces arc shaped at an 

angle to one another like a wedge, resulting in a field which also focuses the beam. 

There are two types of magnets, called D and F, with different angles, focusing the 

beam either vertically or radially, respectively. The focusing charactertstic of 

conventional quadrupoles Is depicted In Figure 2.2, while the fields of the Booster 

magnets are represented In Figure 2.3. Off-momentum particles execute betatron 

oscillations of about 1 MHz as they move through the lattice 1n the Booster. This 

defines the transverse tune, which Is the number of oscillations executed by the 

particles in one revolution. For histortcal reasons, these are known as betatron 

oscillations. 

The magnets are made by stacking steel laminations. bonded by epoxy and heat 

treated, to m1nlmlze eddy currents, and the entire combined-function magnet Is Inside 
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(a) (b) 

Figure 2 .2 Standard Quadrupole Magnets. With the pole faces oriented as in view (a) 
the magnet ls focusing in the hortzontal plane, defocusing in the vertical; in view (b), 
the situation ls reversed. 

(a) (b) 

Figure 2.3 Booster Combined-Function Magnets. Positive x points towards the center 
of the ring. View (a) gives focusing in the vertical plane. defocusing in the hortzontal 
("D" magnet). while view (b) gives focusing in the hortzontal plane, defocusing in the 
vertical ("F" magnet). The field lines are actually curved such that they are 
perpendicular to the pole faces. 
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the vacuum chamber. The beam is directly exposed to these laminations. While this 

design minlmlzes the aperture and thus the costs, this Is the main source of the 

broadband impedance in the ring, as will be discussed at greater length in Chapter 6. 

The magnets are assembled into 48 modules, each consisting of a pair of D ~d F 

magnets, a choke, a capacitor bank, an ion pump, a set of correction magnets, and a 

beam position monitor. Two modules form one period In the Booster lattice. The 

magnet system IS powered In a resonant circuit by a 15 Hz sinusoidal waveform. The 

magnetic flux density varies from 500 gauss at beam Injection to 7000 gauss at 

extraction. Hence, only half of the cycle is used, where dB/dt is positive. 

In order to compensate for remnant and stray field effects, two trlm correction 

magnet asscmblles arc placed in each pcrtod. Fractional transverse tunes are used 

precisely to avoid resonances due to magnet errors. Each correction package contains 

horizontal and vertical dipoles to correct the closed particle orbit, quadrupolcs to 

adjust the tune at Injection, and skew quadrupolcs to suppress coupling between the 

transverse planes. Skew quadrupoles are rotated 45° from the orientation of normal 

quadrupoles such that their pole faces are centered on the hortzontal and vertical axes 

of the vacuum chamber. If the transverse tunes are coupled, unstable motion in one 

plane can be transferred to the other. This can lead to particle Joss If, for example, 

large amplitude excursions in the horizontal plane become translated into the vertical, 

which generally has a smaller aperture. 

Other major subsystems Include the vacuum systems, cooling systems, beam 

injection and extraction, beam transfer, and safety. Details on these systems are not 

relevant to our study and will not be given here. A number of diagnostics are available 

to measure the properties of the beam. The detectors used to measure the beam 

current in the instability studies will be descrtbed in Chapter 4. 

2.2 RF Cavities 

Acceleration in modem synchrotrons is based on the use of RF drive, whereby 

the charges are bunched and phased to acquire energy from one or more stationary 

half- or quarier-wavc cavity resonators. We will generally refer to these simply as 

cavities. RF frequencies in the range of several hundred MHz, rather than the particle 
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revolution frequency which is typically tens or hundreds of kHz, are used for the 

fundamental frequency in cavities for practical reasons. The cavity Is drtven externally 

with RF power coupled into the cavity in a number of ways with the goal of developing 

a voltage across the single or multiple accelerating gaps. The phase of the sinusoidal 

RF voltage when the bunches of the beam cross the gap Is controlled in a proton 

machine to remain in the nearly linear portion of the waveform. The fundamental 

frequency, phase, and voltage in the RF system are programmed to achieve the 

required synchrotron radius and energy gain in the beam over the cycle. A descrtption 

of the basic theory behind the design of the Booster RF cavities, based on References 9 

and 10, Is followed by the design specifics and operational aspects of the system. 

Basic Theory 

The Booster RF cavities by design fall Into an Important class known as coaxial 

cavities. The fundamental resonant frequency Is comparable to the geometrtc length, 

and the cavity may be represented by a coaxial cable shorted at one end and 

capacitively loaded at the other. Transmission l!ne theory may be used to find the 

voltage and current inside the cavity if we assume pure transverse electromagnetic 

fields, I.e. TEM modes. The fields oscillate in time, and the amplitudes along the )Inc 

are determined by standing-wave solutions which satisfy the boundary conditions. At 

the shorted end, for example, the incident and reflected waves cancel, thus the voltage 

vanishes while the current Is maximum. For a small capacitance, the other end of the 

l!ne Is essentially open, and therefore the voltage Is maximum and the current 

minimum. 

Figure 2.4 shows the basic geometry and equivalent transmission l!ne for the 

coax!al cavity. For a lossless transmission line, we may wrtte9 

V(s) = jZ0 1(0)slnPs 

/(s) =/(OJ c~sps 
(2.2. l) 

where s Is the distance along the line measured from the short (s::OJ, Zo = JL/C the 

charactertstic Impedance per unit length, and fJ=21dJ.. the phase constant or wave 

number. The admittance Yat the gap Is gtvep by9 
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Figure 2.4 Geometry, Equivalent Transmission Line. and Field Pattern for the 
Quarter-Wave Coaxial Cavity Resonator. (Ref. 9. 10) 
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(2.2.2) 

where Zc ls the Impedance due to the "tip capacitance" at the gap and 21" ls the 

Impedance at the end of the line, at ~J. given by V(l)/1(1). To satisfy the boundary 

condition that the line ls open at the end means that ~O at the gap. By the resonance 

condition, If C-+ 0 then tanpJ-+ oo and thus pl=rrur/2 and l=mA./4, where Th ls any odd 

Integer. This gives an lnftn1te number of solutions for waves of wavelength equal to 

odd multiples of four times the length of the structure, hence the name quarter-wave 

resonator. The lowest frequency ls the fundamental mode. 

Booster Cavity Design 

The Booster cavity Is actually two quarter-wave cavities end to end with the 

common shorted ends replaced with a reactance. It thus becomes a double-gap 

structure and may be considered a half-wave structure. A schematic showing the field 

pattern for the fundamental accelerating mode Is depicted 1n Figure 2.5. Note that at a 

given Instant 1n time, the electric Iongltudlnal field components at the two gaps are 180 
0 out of phase. Net acceleration occurs for protons traversing the cavity 1f we take Into 

account the time-of-flight 1n the drift tube between gaps, during which the sense of the 

field at the second gap changes sign. This ls referred to as an even mode. For an odd 

mode, the fields at the gaps cancel. 

A cut-away drawing of the nominal cavity Is shown 1n Figure 2.6. Some of the 

Important parameters of the system are summarized below 1n Table 2.1. RF power Is 

capacitively coupled Into the cavity at the midpoint with a 100 kW power amplifier (PA) 

mounted on top, while tuning Is proVldcd by the three fen1tc tuners mounted at the 

center. The drift tube, a tapered copper structure with a 2-1/4 1n beam pipe 1n the 

center and whose electrical length ls 140 degrees, Is situated between the gaps. 

Alumina Insulators at either end provide a vacuum seal for the gaps, the rest of the 

cavity Is open to atmospheric pressure. Not shown are small probes on either side of 

the PA near the gaps (In air) known as gap monitors, which are used for feedback 
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Figure 2.5 Geometry. Schematic, and Field Pattern for the Half-Wave Coaxial Cavity 
Resonator. (Ref. 9. !OJ 
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control and arc available for diagnostics. Also not shown ls the cavity short, a ferrlte

Joaded copper rod on one side and near the PA which, when engaged, directly connects 

the outer and Inner conductors. As such, the gaps are not technically shorted; 

however, the fields Inside the cavity and at the gaps are altered In such a way that the 

Impedance Is severely reduced. Another llxture, shown In Chapter 5, Figure 5.12, are 

Internal damping loops tennlnated In 50 n loads known as cantennas. More will be 

said about these loops In Chapter 5. 

The anode of the final tube of the PA ls connected through a capacitor to the 

drift tube, or Inner conductor of the coaxial cavity. The blocking capacitor Isolates the 

cavity any DC currents. The PA anode circuit ls therefore an Integral part of the 

resonant structure. Since the accelerating voltage and cavity Impedance change 

through the cycle, the power output of the PA ls programmed. The anode voltage, up 

to a maximum 25 kV DC, controls the gap voltage. RF current gain ls varied by 

modulating the current through the cascode driver tubes. Waveforms for the anode 

voltage and cascode bias are computer generated. 

Tune control and bandwidth In the Booster cavities Is achieved by using 

parallel-biased ferrites which function as variable Inductors In the equivalent resonant 

circuit. Ferrite tuners are coaxial transmission lines with shorted ends. The center 

conductor Is connected to the center of the drift tube In the cavity, thus the tuners are 

a part of the resonating structure. 28 toroidal ferrite cores are mounted, with ten-tum 

Table 2.2 RF Cavity Parameters. (Ref. 5) 

Ferrite µ.d Injection 

Ferrite µ .d Extraction 

Cavity Peak Voltage (across two gaps) 

Axial field strength In gap 

Cavity RF current (at current max) 

Cavity Zo (tapers from 80 n at a gap to 20 n at ccnterj 

High Level RF (at location of ferrites) 

RF stored energy /cavity at max voltage 

7.2 

1.5 

54kV 

0.36MV/m 

1300A 

600 

850A/m 

0.03 
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bias windings linking them. The reactancc of tuners and, consequently, the 

fundamental RF frequency of the cavity structure, Is controlled by vaiytng the current 

through the bias windings. 

RF System Operation 

In the Booster, the energy to accelerate the proton beam Is supplied by up to 17 

ferrite-tuned RF-driven cavities. They arc located In pairs over approximately one third 

of the ring (sec Figure 2.1). One of the original 18 cavities was permanently removed In 

1989, together with Its power supplies In the gallery directly upstairs, to make room for 

computers and diagnostic equipment. As noted earlier, the RF frequency sweeps from 

30.3 MHz at Injection (fl=0.57) to 52.8 MHz at extraction (fl=0.994) In 33.3 mscc. This 

Is nearly an octave (factor of two) In frequency. The frequency ramp rate peaks at 2.8 

GHz/sec early In the cycle, falling exponentially to 10 MHz/sec at extraction. The high 

ramp rate and broad tuning range present design constraints on the RF system as well 

as on RF phase feedback and beam feedback systems. 

In the Booster, beam "capture" Into bunches begins at about 2.8 µsec after 

Injection and continues over the next 100-200 µsec (about 50 turns). Ideally, one 

wishes to cause stable regions, known as RF buckets, to slowly form In the phase 

space. The coasting beam Is thereby captured adiabatically with minimum loss. To 

this end, paraphaslng of the RF cavities Is employed. Prior to Injection, the relative 

phase between cavities Is adjusted such that the electric fields at the gaps for pairs of 

cavities . arc 180 degrees out of phase; hence, no net acceleration occurs. In 

paraphaslng, the pairs of cavities arc then slowly brought Into phase. In this mode, 

the cavities arc cycled from some fixed, non-zero voltage. This technique hence avoids 

multlpactorlng, an undesired cascading of electrons Inside the cavity structure, which 

occurs In the Booster cavities at smaller voltages. After one millisecond Into the cycle, 

the buckets arc typically 80-95% ftllcd. During acceleration, the system attempts to 

maintain the desired energy gain and, In principle, a constant bucket area. The total 

RF voltage rises up to a maximum of 810 kV just before the middle of the cycle. 

An electronics system referred to as the low-level RF system (Ll.RF) maintains 

the correct phase relation between circulating beam bunches and the accelerating gap 
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voltage. The RF phase angle is continuously adjusted to maintain the required rate of 

energy gain. Slow feedback keeps the beam at the correct radial position, while fast 

feedback damps phase oscillations (n=O) through a feedback loop which min1mlzes the 

phase error between the RF diive and cavity field (blaS running closed loop). By 

contrast, the high-power components make up the high-level system (HLRF). The 

major components of the Booster RF system, showing the Input of the various 

programmed cuives, is shown In Figure 2.7. 

The ll..RF uses three approximate programmed cuives to control the 

acceleration process: FREQ, ROFF, RGAIN. The FREQ programs the voltage controlled 

oscillator (VCO) to generate the RF signal. A feedback loop corrects the approximate 

VCO frequency to match the beam frequency. A second feedback loop takes signal 

from the radial position (RPOS) compared with ROFF, which specifies the desired radial 

position through the cycle. The error signal, the difference between RPOS and ROFF, 

Is multiplied by RGAIN and delivered to the "phase shifter" to correct the accelerating 

voltage. 

At end of cycle, the RF system Is phase-locked to that of the Main Ring to 

achieve a bucket-to-bucket transfer of the beam. In practice, the voltage is about 200 

kV at extraction, which Is larger than theoretically necessary. In fact, the RF voltage 

over the second half of the cycle is also larger than Is necessary merely for acceleration. 

Empirically, one finds that the beam Is susceptible to losses after transition with 

lowered RF voltage. 

2.3 Operational Considerations 

The Booster Is a complex system of a multitude of devices by which several 

operational parameters Can be manipulated remotely via computer control. This Is 

typical of modem synchrotrons, and the allowable range over which these parameters 

can be changed varies In each machine. In a typical accelerator physics experiment, 

beam behavior Is studied while one parameter, such as the beam Intensity, Is varied, 

keeping everything else fixed. Full control, or even knowledge, of all relevant 

parameters Is not always possible. Also at issue IS the long- and short-term 

repeatability of the studies. Discussion of some of the specifics of the operational 
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considerations and llmltatlons ls best appreciated after the synchrotron theory ls 

presented, and lt will thus be postponed unW either the next chapter or Chapter 5, In 

which the experiments are described In detail. Below ls a summaiy of the basic 

operation of the Booster, ouillnlng the parameter space which can be explored. The 

discussion ls llmlted to those aspects which impact the present study of the 

longitudinal coupled-bunch instability. 

Operational parameters which may be varied are divided Into two categortes: 

those relating to the properties of the beam Itself and those relating to Its environment, 

the beam line. Foremost, as previously mentioned, the beam intensity can and Is 

routinely varied from about 0.5 to 2.5x1012 protons per pulse. The timing of the 

"chopper", the device which selects the Injected beam pulse length, Is changed to 

choose one or more turns. In addition to Intensity, the input longitudinal beam 

momentum spread can be changed In a llmlted way. By manipulating the acceleration 

system In the Llnac, the momentum spread In the extracted beam can be increased by 

about 60%. Finally, the beam energy can be changed, again, In a ve:ry llmlted way. 

The 15 Hz cycle for the magnets Is fixed; therefore the options are: standard 

acceleration from 200 MeV to 8 GeV, acceleration from 200 MeV to an energy less than 

8 GeV, and fixed energy (Injection). The magnet current and RF system program must 

be changed to extract at another energy. In order to achieve a coasting beam, neither 

the magnets nor the RF Is ramped. The coasting beam lifetime Is only a few seconds. 

In either non-standard case, a dedicated study pertod Is required as these changes 

disrupt normal operations. After the proposed Llnac upgrade durtng the summer of 

1993, the Injection energy will be raJsed to 400 MeV. It Is expected that this will 

reduce early beam losses due to space charge effects. The extraction energy will 

remain fixed at a nominal 8 GeV. 

Beam line components which are found to impact the longitudinal stability of 

the beam Include, naturally, the RF cavities and the transition-jump system. 

Regarding the RF system, one may choose to accelerate with between a minimum of 12 

to all 17 cavities turned on. 'Ihe nomlnal number Is 15 or 16, which allows for a few 

spares. The maximum RF voltage available obviously changes when alternating 

between cavity configurations, unless the RF voltage on tndMdual cavities Is changed 

simultaneously. There Is a minimum RF voltage necessa:ry for acceleration, and If 

running too few cavities, one risks frequent sparking Inside the cavity. The RF drtve 
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and bias current Is nonnally disconnected and the shorts engaged In the cavities which 

arc turned off. The cavity shorts arc mechanically operated via computer control; 

therefore their effect can be studied separately. For studies, up to five cavities can be 

removed entirely from the ring and replaced by a simple beam pipe. 

The transition-jump system affects the dynamics of the beam through 

transition energy. Its goal Is to retain to the extent possible the linear properties of the 

beam during transition. The effect of the jump system on the coupled-bunch 

instability Is highly vartable, depending on the machine operating state, I.e. the way 

that the Booster Is "tuned", and the tlmlng of the jump. More will be said about this 

later. In general, this system Is turned off for the coupled-bunch Instability studies to 

Isolate Its effect and help simplify the analysis of the problem. 

The afore-mentioned longitudinal beam damping system Is also available. 

Some study was made recently with the system; however, It Is old, has fallen Into 

disrepair, has not Influenced the longitudinal emittance at nominal Intensities, and 

thus Is not nonnally used. Therefore, the damper Is turned off for the bulk of our 

studies. The ongoing upgrade of the system Is beyond the scope of this work. 

Before studies can be performed, a steady operating state must be achieved and 

maintained. While the Booster Is available much of the time, nonnal operation 

pertodlcally requires scheduled or emergency shutdown for maintenance. After magnet 

and RF systems arc repowered, and especially after the beam line has been altered, the 

Booster must be tuned, whereby the proton beam Is steered Into and around the ring 

using the correction magnets. In the process, the transverse fractional betatron tune Is 

also adjusted. Basic tuning after a major shutdown Is an Iterative process during 

which the Injection efficiency and extracted Intensity arc maximized and early beam 

losses rnlnlrnlzed. Because these losses arc related to space charge effects which 

Increase with Intensity, the tuning procedure Is repeated for ever higher Intensity 

settings. This process may take weeks. Magnet settings are stored In individual tables 

for each Intensity setting. 

Ideally, all beam studies are performed with the machine In the same, 

controlled state. Once tuned, the machine can remain stable for weeks at a time. 

Each time the Booster Is tuned, however, It Is left In a new operating state. The 
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settings of major components are saved periodically, but because of the numerous 

variables in the system, very old tables cannot necessarily restore the previous 

operating conditions. The tune can be measured, but not automatically as of the study 

period. Slow drifts In the bending magnet current also occur on the scale of d!lys. 

Fluctuations, drifts, or deliberate changes in the Llnac or the H" source change the 

Initial conditions in the Booster. These all have a potential but unquantified effect on 

the longitudinal stability of the beam. Longitudinal emittance data from several years 

ago can be very dllferent from recent data, even when no known changes were made to 

the Booster in the intervening pertod. Data obtained over a relatively short thne, for 

example, on a scale of days or a week, are the most believably compared . 

• 
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3. 1HEORETICAL BASIS 

Beam lnstab1llties Is a rich and important area of study In accelerator physics. 

While the focus of this thesis Is experimental, slgn1ficant effort was devoted to 

Interpreting and adapting the theocy to explain the observations. In this work, we limit 

our discussions to the case of longitudinal bunched-beam Instabilities In a proton 

machine. It Is not my Intent to reproduce In entirety the breadth of this subject as 

many good references abound; these will be cited where appropriate. The basic topics 

and equations extracted from the literature which arc gcrmaln to this thesis are 

presented In this chapter. Detailed calculations and results, including discussions of 

the general and specific applicability of the linear fonnaltsm using the case of the 

Booster, are deferred to Chapter 6. In some cases, data reduction Is Included In the 

same chapter as that describing the raw measurements. 

The motion of charged particles In an accelerator Is, as for many other physical 

systems, approximately harmonic. The dynamics ts classified Into two categories: 

Incoherent and coherent. The design of the magnets, focusing optics, and RF system 

concerns the Incoherent, or single-particle, motion. The reference, or synchronous, 

particle Is that which follows this design trajectocy, and the motion of all other 

particles Is described relative to It. In the presence of destabilizing forces, the beam 

responds In one or more of Its coherent, or collective, oscillation modes. The methods 

of statistical physics are Invoked to describe these collective effects. Although the 

physics Is not unfamiliar, some of the terminology and concepts are specific to 

accelerator physics and therefore merit some discussion. 

As a basts, then, we begin with an lntroductocy discussion of single-particle 

longitudinal motion In phase space. The corresponding kinematics for the Booster are 

given. In the next section, we describe what we mean by collective, longitudinal 

coupled-bunch modes and spectral analysts. Finally, In the last section, we discuss 

the analysts of collective, unstable phe'!.omena. Included Is the derivation of 

expressions used to compute the linear Instability growth. Also described are 



33 

wakcficlds and coupling Impedance, Including the model Impedance for RF cavity 

resonant modes. 

3.1 Introduction to Longitudinal Beam Physics 

The basic figures-of-merit of a synchrotron arc described tn terms of the 

concepts which arc described below. The material Is drawn largely from References 8, 

11, 12, 13 and 14, an assortment of basic texts and compendia of beam equations. 

The topics arc arranged Into four major areas. The single-particle kinematics such as 

accelerating voltage, energy gain, and related parameters arc given first. Next, a 

derivation for transition energy Is presented. Then, motion of the particles within the 

RF potential Is described together with the conditions for longitudinal phase stability. 

To first order, the solutions to the equations of motion for the off-momentum particles 

arc linear. The result for the nonlinear variation of the particle oscillation, Important 

In our study of Instabilities, Is presented. Finally, the method adopted for computing 

longitudinal emittance from observable quantities Is given. Included Is a discussion of 

the lntrtnslc assumptions made In the calculation. 

Single-Particle Kinematics 

The relations among the dynamical quantities for a relativistic beam arc given 

by the familiar expressions 

v en P= - = ::c:. 
c E 

l 

r= J1-p2 

E=r.Eo 
K=E-Eo=Eolr-ll 

cp=JE2-Eo2 =EoJr-1 

total energy 
kinetic energy 

momentum 

(3.1. l) 

where the rest energy Eo Is 0.9383 GcV for protons. In an Ideal accelerator, there Is a 

reference particle, known as the synchronous particle, which travels e.long the axis of 
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the axis of the machine, known as the design trajectory. The velocity P of the design 

particle may be wrttten as 

p = moR = 9!.. 
c E 

(3.1.2) 

where R Is the radius of the synchrotron rtng, "'<> ls the angular revolutlo~ frequency, 

and c ls the speed of light. Acceleration ls provided by a tlme-varytng electric field 

generated Inside the radio-frequency (RF) resonant cavities. A consequence of this RF 

field ls that the beam Is bunched. The frequency lllNofthe RF system Is related to the 

revolution frequency by 

(3.1.3) 

where h Is known as the harmonic number, the maximum number of bunches. The 

energy gained by the design particle per passage (once per turn) through the RF 

cavities ls 

(3.1.4) 

Here V ls the total peak RF voltage and ; 5 Is the phase, with respect to the zero

crossing of the RF field, at the moment t that the synchronous particle arrtves. The 

subscript s ls used throughout this paper to denote the synchronous particle. In the 

Booster, the average energy gained by a proton durtng one turn may be roughly 
SGeV 2µsec 

calculated using x = 0. 5 MeV /turn average. 
33msec turn 

The magnetic field B must also vary to keep the radius of the motion fixed. 

Recall that for circular acceleration of a charged particle under the Influence of a 

magnetic field , the momentum ls given by 

p=epB (3.1.5) 

where p Is the radius of curvature of the motion Inside the magnet. Because In general 

In a synchrotron, the magnets physically occupy only a portion of the circumference of 

the machine, the radii p and Rare not exactly the same. The energy gain per turn of 
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the synchronous particle may be expressed In terms of B by computing the force per 

unit length Integrated over the circumference C 

f dn dB 
4£5 = F•ds=2trR=-=2trepR-

dt dt c 
(3.1.6) 

All the kinematic parameters, Including the RF frequency and voltage, may be 

derived from the desired momentum (or kinetic energy) at Injection and extraction. In 

the Booster, the time variation of the magnet field, and hence also the momentum, Is 

sinusoidal, following a 15 Hz repetition rate 

cp(t) = A1 +Ai cos(30trt) (3.1. 7) 

where the constants Ai = f (cp1 + CPf) and Ai = f(cp1 - cpf) are detennined by the 

boundary conditions. The time t refers to the time In the cycle after injection at t=O. 

The accelerating voltage Is computed from the required energy gain using (3.1.6). 

v.ctl = t.E, = 2 tcR FCtl 
e e 

F(t) = .! d(cp) = -30nA.i sln(30trt) 
c dt c 

M (3.1.B) 

(eV/m) (3.1.9) 

The phase of the accelerating RF voltage relative to the synchronous particle, assuming 

the peak RF voltage V is known as a function of time, is given by rewriting (3.1.8) 

using (3.1.4) 

"' _ 1n(V8 (t)) 
.,,5 - arcs -..:-

V(t) 
(3.1.10) 

Transition 

One may define several characteristic constants In an accelerator which are a 

function of the energy spread In the beam. For example, a particle with greater 

momentum than the design particle will bend Jess In the dipole guide field and thus 
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experience a larger radius. Off-momentum particles traversing the quadrupole fields 

off-axts arc also bent with vmytng radii as If In dipole fields. All this leads to a 

difference In path length with respect to the design particle over the closed orbit. One 

defines a parameter known as the .. momentum compaction .. factor, the differential ratio 

of this path length difference to momentum difference. To first order, It Is expressed as 

dR p l a=--=--
R dp YT2 

(3. l.11) 

Note that a, and thus YT• arc constants. As seen earlier, the quadrupole fields arc 

responsible for defining the machine "tune... The momentum compaction factor may be 

formally derived In terms of the bending angles and strengths of the quadrupolcs; here, 

we will only state that for most shnple lattices, YT ,. v x, the horl20ntal tunc.11 

Another parameter is 71, the frequency dispersion or .. slip factor", which relates 

the change In revolution period to the change In momentum for a fixed magnetic field. 

Again, to first order, It Is given by 

dmoP dTp 11=---=--
"'o dp T dp (3. l.12) 

2trR 
From equation (3.1.2), we may express the period as T = --. Then, using equations 

c p 

(3.1.1), we may write 

(3. l.13) 

Combining terms and substituting Into eqn. (3.1.12), we have 

(3. l.14) 

The first term Is just the momentum compaction factor. We associate YT with a 

specific energy known as the transition energy. In most proton machines, 71 changes 

sign over the acceleration cycle, starting out negative as initially, y <YT· The 
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Jmpllcatlon of this result Is that there exists a beam energy rEO = rrEO when r;-0 for 

which the period of all particles Is equal, Independent of energy. This has 

consequences for longitudinal phase stability, as discussed below. The expression 

(3.1.14) ls not strictly valid exactly at transition, where nonlinear effects must be taken 

Into account (higher-order terms In 6p = dp/ p). While changing the dynamics of the 

beam when crossing transition Is seen experimentally to affect the coupled-bunch 

instability, a theoretical treatment of transition Is beyond the scope of this work. 

RF Phase Stability 

Acceleration In a synchrotron would be Impossible without longitudinal phase 

focusing. That particles are trapped and oscillate In the potential provided by the RF 

system Is attributed to the existence of frequency dispersion, i.e. that the revolution 

pertod varies With particle energy. This will become clear as we derive the longitudinal 

equations of motion. 

The trajectory of an arbitrary particle may be described In the particle frame of 

reference. We will use the phase space coordinates (AE,Afl), the deviation In energy 

and phase relative to the synchronous particle. As these deviations are typically very 

small. the derivative and difference operators d ++ A are often used Interchangeably In 

the literature. By eqns. (3.1.4), the energy gained and the rate of phase advance by an 

off-momentum particle are expressed as 

dE = eV(s1n;-s1n;.) (3.1.15) 

d'¢= -hdoJ0 (3.1.16) 

Recalling the relativistic relations (3.1. l) and eqn. (3.1.12), we Write 

dp l dE 
-p=p2£ (3.1.17) 

(3.1.18) 
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Solving for drln terms of 'I In eqn. (3. 1.18) and using (3. 1.16), 

(3. 1.19) 

In writing eqn. (3.1.19), we have assumed that p, 'I· r. and w0 vary slowly with respect 

to the synchrotron osclllatlon. Equating eqns. (3. 1.15) and (3. 1.19) leads to the 

classical differential equation for synchrotron motion: 

2 • 

~+ 'lh"'o e; (slnfl- slnfl5 ) = 0 
2,..Eor 

(3. 1.20) 

The trajectory In phase space Is obtained using the standard procedure of multiplying 

(3.1.20) by ~ and Integrating over time. The result gives total "energy" 7+ l-= U. 

J. :.2 ,,hw0
2eV ( ) 

2 'I' + n2 cos fl- flsln tis = constant 
21rEs YP 

(3. 1.21) 

Using eqn. (3.1.19), we rewrite (3.1.21) to obtain the contours of the motion In (llE,t>.¢) 

phase space 

l>.E2 + E,yf}ev (cos fl- flslnfl5 ) =constant ,..,,h (3.1.22) 

In small amplitude osclllatlons, the Influence of the sinusoidal RF wave on particle 

motion Is essentially linear. In this limit, eqn. (3. 1.22) descrtbes circular contours. For 

small amplitudes !>.fl= (.S- fl,) << 1; therefore, 

sin;= sin(;, + 11;) "' sin;, +a; cos;, (3.1.23) 

Expression (3.1.20) simplifies to simple harmonic motion about the synchronous 

phase with the so-called synchrotron frequency w8 : 

(3.1.24) 



(t)s = 
'lh{J)0

2eVcos,, 

2trE, r/P 
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(3.1.25) 

In the case of larger amplltude osc1llatlons, the particles are affected by an Increasingly 

nonlinear RF waveform, and the path In phase space given by eqn. (3.1.22) becomes 

distorted as seen In Figures 3.1 and 3.2. The maximum path for which the particle 

motion Is still bounded defines the separatrlx. In eqn. (3.1.24). stability of motion 

requires that Cd5 be real; therefore, '/COS;, > 0, leading to the conditions 

before transition: 
(3.1.26) 

after transition: 

Phase stability may be understood as follows, using the illustrative diagram In 

Figure 3.1. Before transition, a particle with Jess energy than the synchronous particle 

will Jag In phase because of Its smaller velocity. It will arrive later at the RF gap and, 

because the longitudinal electric field Is sinusoidal, see a larger RF voltage, and gain 

more energy than the synchronous particle. Half a synchrotron period later, It will 

have overtaken the synchronous particle and arrive earlier, whereupon It sees a 

smaller RF voltage and falls behind once more. The particle trajectory follows a closed 

ellipse In phase space and Is therefore stable. After transition, because of the 

relativistic effect, particles with more or Jess energy have virtually equal velocity. 

Instead, the Increased path length of a particle with greater energy causes It to Jag 

behind, so now, a Jagging particle needs a smaller energy gain to remain stable. This Is 

achieved by satisfying the stability crtterion In eqn. (3.1.26): at transition, where 'I 

changes sign, the RF phase '• must be suddenly shifted by tr. A particle arriving late at 

the RF gap will consequently experience a smaller voltage. 

The enclosed regions In phase space of stable particle motion are called the "RF 

buckets." All the particles trapped within these buckets may be accelerated or 

otheJW!se controlled, and are collectively known as the ''bunches." The area, height. 

and length of a single bucket may be calculated using the following expressions: 13 

bucket area= !S:, J ::h a(r) (eV- sec) (3.1.27) 
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Figure 3.1 Longitudinal Phase Stabillty of Synchrotron Motion. The view at left 
shows the case before transition. while the one at light shows after transition. [Ref. 12) 

(a) 

-l 0 2.S 7.5 10 12.S 15 lLS 

(b) 

(c) 

Figure 3.2. Contours of Particle Motion in Longitudinal Phase Space. All cases are 
after transition; the synchronous phases are (a) '.=tr. (b) '·=5tr/6. and (c) ifl.=2n:/3. [Ref. 8) 
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(3.1.28) 

(3.1.29) 

The functions a(r) and Af), where r = slnfl5 , arc the ''moving bucket" p~eters and 

may be found In table form In Ref. 14. Reference to ''moving" means that the beam ls 

being accelerated. When f=O, the beam ls "coasting'' at fixed energy, and the bucket Is 

called "stationary." The effect on the RF bucket of vaiylng the synchronous phase 

angle can be seen In Figure 3.2. The moving bucket parameters, In addition to the 

vartatlon In the phase 4'1 of the bucket edge, are plotted In Appendix A, Figure A.1. 

The synchrotron frequency can no longer be assumed constant for large 

amplitude particles. The spread In frequencies ls an important effect In the case of 

coherent longitudinal Instabilities as this provides the only stabUfzlng mechanism. 

Dertvatlon of the amplitude dependence of the synchrotron frequency Involves solving 

for the pertod of the motion In eqn. (3.1.21) by solving for ~ and Integrating 

Ts= J dt = J d¢/~. The result Involves elliptic Integrals. An alternate approxlmate 

approach follows the method of Kryloff and Bogolluboff, In which an approximate 

solution for fl Is applied, assuming an amplitude-dependent frequency, the amplitude 

itself unchanged by the nonllneanty.15 For the stationary bucket, the widely-quoted 

result 18 8.11.13, 15 

(3.1.31) 

where ¢>L ls the half bunch length In [rad), 01..IO) ls the synchrotron frequency In eqn. 
tt/2 

(3. l.25), and K(x) = J (I- xstn2 er! d8 ls the complete elliptic Integral of the first 
0 

kind. The approximate expression on the right hand side In (3.1.31) Is valid for small 

bunch lengths flL <<l. For the moving bucket, the case In which we arc more 

Interested, two authors offer the solutlon9,16 
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(3.1.32) 

A derivation for the approximate expression In (3.1.32) Is given In Ref. 9 using an 

expansion around ;8' keeping terms to fourth order. A graphical representation of the 

amplitude-dependent synchrotron frequency Is shown In Appendix A, Figure A.2 In a 

famlJy of curves for various values of ; 15 taken from Ref. 11. 

Longitudinal Emittance 

The energy-time (2-dlm) phase space area occupied by a "bunch", an ensemble 

of particles trapped within an RF bucket, Is known as the longitudinal emittance. In a 

machine of several bunches, the quantity of Interest Is the average single-bunch 

emittance. As this Is a pivotal quantity In this thesis, careful attention Is given to the 

vaiylng definitions and assumptions In the literature. The beam area Is estimated by 

assuming that the outer boundaiy of the phase space distribution of the particles In 

the bunch Is "matched" to the contours of constant energy In the RF bucket (recall eqn. 

(3.1.22)). As the bucket parameters are easily calculated by eqns. (3.1.27) - (3.1.29), 

the beam parameters may be obtained as a ratio of bunch to bucket length multiplied 

by the approprtate bucket quantities: 13 

& = beam area = (bucket area)( total bunch length)
2 

C (r) [eV - sec) (3.1.33) 
L total bucket length A 

AE =beam height= (bucket height.[ total bunch length)cH(r) [eV) (3.1.34) 
\total bucket length 

The beam parameters may be determined from the plot In Appendix A, Figure A.3 (Ref. 

13). The bunch length may be directly observed using a resistive-wall monitor, which 

samples the longitudinal charge distribution. This signal was shown In Figure 1.1. 

The bunch length measured must be consistent with one of two definitions of 

emittance commonly used: the r.m.s. and the 95% emittance. In this thesis, we adopt 

the notion that the emittance gives the area occupied by 95% of the particles. Then, 

the bunch length represents nearly all of the particles (97%). 
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Several dlfilculties present themselves In calculating the emittance of the beam. 

Often, It ls dlfilcult to detennlne the baseline In the signal from which to detenn!ne the 

edge of the bunch. There can be noise or undesired reflections In the signal. 

Measurements using a digital oscilloscope facilitate recording the measurements, but 

llmlts on resolution may Impede precision. More will be said about the specific llmlts 

In our case In Chapter 4. Many authors suggest assuming a specific p~ase space 

distribution for analyzing the beam. For proton beams, most adopt the elliptic 

distribution, which has a parabolic projection (charge density.) The gausslan ls 

preferred as describing electron beams. The longitudinal bunch signal may then be 

fitted with such a function and the bunch length deduced. In the case of stable beams, 

this approach ls probably adequate. However, as we shall see In the Booster, on 

development of Instabilities, the bunch becomes Irregular and often asymmetric. The 

simulation results, presented In Chapter 7, suggest that strong filamentation of the 

beam may be occurring. The result ls that the above calculation of the emittance 

overestimates the true beam area. 

A program was written to produce tables of the time variation of the Booster 

parameters for various lnltlal conditions. It should be noted that at Fermilab, a 

distinction ls made between the machine's acceleration cycle and the global cycle. The 

latter ls a relative tlmellne which ls used to trigger specific processes and programs for 

operations. Hereafter, most references to the "cycle" will Indicate this global tlmellne. 

Output for the standard Booster kinematic conditions In Increments of I msec Is found 

In Appendix A, Table A. I (all 17 cavities). The bucket length has been converted from 

[rad) to [sec) by dividing eqn. {3. l.29) by {hwoJ; likewise, the bucket height Is expressed 

In {eV] by multiplying eqn. (3.1.28) by (bcooJ. Note that beam Is Injected at 2 msec In 

the cycle, so that extraction occurs at 35.3 msec. One variation, with the extraction 

energy changed to 4 GeV, Is given In Table A.2. Table A.3 shows the parameter set for 

operation after the Unac upgrade ls completed, when the Injection energy Is changed 

to 400 MeV. 'fyplcal values for the dynamic RF and beam parameters In the Booster 

are also plotted In Appendix A. The titles of these figures are self-ex:planatoiy. 
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3.2 Coupled-Bunch Modes 

We were Introduced briefly In Chapter I to the signature of coupled-bunch 

motion In the time domain In the case of the Booster. Before discussing how they arise 

and become unstable, we will Illustrate the coupled-bunch mode structure with a 

simple example of .M-=6 bunches first graphically, then using spectral analysis. We 

adopt the notation of Sacherer,4 while the graphical representation Is Inspired by 

Baartman9. The coupled-bunch modes are denoted by the index n. There are two 

associated lntrabunch synchrotron oscillation modes; the rigid azimuthal mode and 

the non-rigid radial mode. It can be shown that the azimuthal modes, denoted by 

Index m, are domlnant9; therefore, we assume the radial modes can be neglected. 

Consider first a single bunch In phase space. For the bunch to be rigid, we 

assume that the synchrotron frequency {/)•Is constant for all particles. The nonnalized 

phase space coordinates are (T, i-/ {J)5 ), where T Is the arrival time of a particle relative 

to the synchronous particle and i-= 17/!p/p Is proportional to the momentum spread. 

In the drawing at the upper left of Figure 3.3, view (a) , the bunch Is shown In phase 

space centered on the synchronous position. Below It Is the charge density, which Is 

the longitudinal projection or the signal s 11 that would be detected In a resistive wall 

current monitor. At the right, the bunch Is displaced a distance T,.. As It rotates In 

phase space, s 1 1 Is seen to execute harmonic motion about the synchronous 

equilibrium position with amplitude T,.. This Is the dipole bunch mode m= 1. 

If the bunch becomes distorted, say elongated, and Is no longer matched to the 

RF bucket, It will "tumble" as It rotates. In the drawing In the middle of Figure 3.3, we 

see two views timed one quarter synchrotron tum apart In phase space. The 

oscillations In s 1 1 remain centered on the synchronous position, but the charge density 

amplitude appears to be varying. This ls th.e quadrupole mode m=2, also called the 

"breathing" mode. When the synchrotron phase goes through an angle tr, the bunch 

dlstrtbution returns to its original orientation, so the effective frequency Is 2(/)., 

Higher modes are possible. In the s~upole mode m=3, the frequency Is 3(/).. It 

shown In three views at the bottom of Figure 3.3 each separated In synchronous 
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Figure 3.3 Phase Space Area and Charge Density Representations of Synchrotron 
Oscillation Modes: (a) dipole, (b) quadrupole, and (c) sextupole. 
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Figure 3.4 Phase Space Area and Charge Density Representations of a Combination 
of Dipole and Quadrupole Synchrotron Osc1llation Modes. 
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phase by tr/2. A combination of two or more azimuthal modes are also possible. In 

Figure 3.4, we see an Illustration for the dipole and quadrupole rigid bunch modes 

occurring simultaneously. The distorted bunch Is shown with two Initial orientations 

differing by tr/2. We would see two associated frequencies: °'•and 2°'• 

Consider now the t.nUn of all .M=6 bunches. The equilibrium case Is shown In 

Figure 3.5 for coupled-bunch mode n=O and synchrotron mode m=O. Each bunch Is 

centered on the synchronous phase wlth a spacing of T0 / M, where T0 ls the revolution 

frequency around the ring. The first bunch Is repeated at far right, so the drawing 

represents one tum. 

In the first coupled-bunch dipole mode n=l and m=l, each bunch ls displaced 

2trf M = tr/3 In phase space from the previous bunch (sec Figure 3.6). If we trace the 

centroid positions of the bunches In phase space, we sec a "wave" of one wavelength 

over the circumference of the rtng. The relative phase between bunches ls preserved as 

each bunch osclllatcs about Its synchronous phase. Because the synchrotron 

frequency Is several orders of magnitude smaller than the revolution frequency, one 

turn In phase space occurs after hundreds of turns around the ring. 

n=O 

bunch# l 2 3 4 5 6 1 

• • • • • • • 
Figure 3.5 Equilibrium Phase (n=OJ Representation of Coupled-Bunch Modes for an 
Example Train of Six Bunches. . 
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n=l 

m=l 

• • 
• • 

• • • 
Figure 3.6 Phase Oscillation Representation for n=l Coupled-Bunch Dipole Mode 
m= 1 for Six-Bunch Example. The phase advance of both the bunch centroid as well as 
each bunch is 2ir over one tum. 

n=l 

m=2 

Figure 3.7 Phase Oscillation Representation for n=l Coupled-Bunch Quadrupole 
Mode m=2 for Six-Bunch Example. The phase advance of the perturbed distribution is 
again 2ir over one tum while that of each Individual particle Is only ir. 
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n=2 

m=l 

• • 
• • 

n=3 

n=4 (2) 

• • • 
n=5 (I) 

• • • • 
n=6 (0) 

m=l 

•1 
Figure 3.8 Phase Osctllatlon Representation for Higher-Order (n=2,3,4,5,6J 
Coupled-Bunch Modes In ~pie. 
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The first coupled-bunch quadrupole mode m=2 is depleted In Figure 3.7. One 

particle on one edge of the bunch ls marked. The perturbed bunch ls seen to return to 

Its original orientation after one tum, giving mode n=l. However, now the phase offset 

between bunches Is 2tr/mM = fl/6, as noted by the marked particle. Higher-order 

synchrotron modes can be illustrated In a similar fashion. 

We may examine the higher order coupled-bunch dipole modes n=2,3,4,5,6 In 

the sequence In Figure 3.8. In each case, the phase between bunches Is ntr/3. Mode 

n=2 has two wavelengths over one tum, n=3 has three. Note that mode n=4 looks 

exactly llke n=2, n=5 looks llke n=l, and n=6 looks like n=O except for the phase. 

These modes therefore cannot be distinguished by the frequency alone. As With the 

single-bunch modes m, two or more coupled-bunch modes n can exist simultaneously 

In the beam. 

Spectral Analysis 

On development of Instabilities In the Booster, the manifestation In the time 

domain of multiple coupled-bunch modes becomes complicated veiy quickly. The 

beam spectral data are rich In structure and detail, and are more amenable to analysis. 

The spectral analysis ts straightforward, using the standard technique of Fourier 

analyzing the temporal signal. To describe the coupled-bunch modes, great care must 

be exercised to correctly express the lnterbunch phase advance. Obvious but common 

errors can arise when attempting to extrapolate the result from phase modulation of a 

single bunch. The derivation which follows ls based In part on Ref. 9 and 17. 

Consider a train of M bunches of N particles With an arbitrary charge density 

distribution clreulatlng In a rtng and undergoing longitudinal coupled-bunch phase 

oscillations. We will assume that a single coupled-bunch mode n (of possible range 

0 s n s M-1) Is present. The motion of each bunch may be described In normalized 

phase space coordinates ( T, i' I ti18 ). Again, T is the arrival time of a particle In the 

bunch relative to the synchronous particle, while i' I til8 Is related to the momentum 

spread. It is entirely equivalent to use the radial and azimuthal coordinates (i-, 8), 

where the angle 8 ls measured relative to the synchronous particle: 



i I ro 
• 

r= i-cos8, 
't 

r . 
-= rstn8 
DJs 

51 

(3.2.1) 

We observe the signal developed In a detector located In the machine at a phase chosen 

(with no loss of generality) to be ¥' = 0. The stgnal (In volts) ts proportional to the 

perturbed current, and may be expressed as an tnfinlte train of nearly periodic 0-

functions. To analyze M bunches each with Identical distributions fl8o. i-,t) and N 

particles per bunch, we write 

tC 2ft'CI 

S.lt)=Nea L J J f(80 ,i-,t)o(t-rv-vtb)i-dTd1Jo (3.2.2) 
"9-CI 0 0 

where a Is the "Impedance" of the detector, v refers to the l"th bunch, tb = 2tifM(J)0 Is 

the time between bunches, and DJo ts the revolution frequency. 

We will use Bmn to describe the phase relation among the bunches for a 

coupled-bunch mode n. The Index m Is lnteq>reted as before as the synchrotron mode. 

The phase modulation Is at the synchrotron frequency "'"" The arrival time of each 

lndMdual particle ts therefore expressed as 

t'v = i-cos((JJ,,t + v6mn +Bo) (3.2.3) 

In writing eqn. (3.2.3), we have assumed that there ls no coupling of synchrotron 

modes; this Is the zero current llmlt. The distribution has the usual normalization 

2,,J f(i-,Bo.tl "Tar= 1. We can expand this function In the azimuthal synchrotron modes 

using 

00 

f(80 ,i-.tl= Lfm(i-)e-lm90 eKl,,,t, where f0 = f0 (i-) (3.2.4) 
· m•-oo 
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Here ~ and f,,, are the statlonaiy and perturbed dlstrtbutlons, respectively, and nm Is 

the complex, coherent frequency of the unstable mode. The detected signal (3.2.2) may 

thus be written 

2 .. .., 

Salt)= Nea J J 
.., .., 
Lfm(t-)e-lm/lo r_El,.t Lo(t- Tv- vtb)TdidBo (3.2.5) 

00 m--ao 

In the absence of coupled-bunch motion, the bunches are lndlstlngulshable 

and the pertodlclty In the signal Is tb = To/ M, where T0 = 2tr/ co0 is the revolution 

period. In the presence of a coupled-bunch Instability, however, the bunches are 

displaced from the synchronous position at various phases. Since the synchrotron 

frequency co6 << w0 , the oscillatory motion of the mode appears to be approximately 

Jigld in time over one tum. Therefore, the true peJiodlcJty Jn the signal over one tum is 

T0 . Also, the problem may be separated Into fast (To) (In which co,.t=constant) and slow 

IT) time scales. We drop the subscrtpt To=Tln the discussion below. 

Any function periodic In T. such that .Flt) = .F(t+ 7), may be expressed as a 

Fourier sertes. The coefficients CJ: are strtctly constant In time and are given as an 

Integral over one pertod 

.., 
F(t) = L ck elk01ol • 

2tr 
where t110 = -

T 
(3.2.6) 

We proceed by first expressing a single coefficient SJ: of the peJiodic delta-function In 

(3.2.5) using (3.2.6) 

(3.2.7) 
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(3.2.8) 

In our case, the coefficients are independent of time in the fast time scale. In llmlting 

the integration to cover only one pertod, the sum over bunches Is truncated to total M 

Substituting i-vfrorn (3.2.3) and i-bglves 

(3.2.9) 

The first exponential may be expanded In cyllndrtcal functions using the following well

known relation 18 

.. 
e-1rcos; = Lr9Jq(r)elq; 

q•-00 

(3.2.10) 

where J 9 are the Bessel functions. Making this substitution, and collecting terms In 

exp(i>l 

(3.2.11) 

The Fourter sertes as given In eqns. (3.2.6) may now be summed: 

(3.2.12) 

Substituting eqn. (3.2.12) Into the signal (3.2.5) yields 

(3.1.13) 

Note that the last Integral, being of a pertodlc function, vanishes unless 



2 .. 

J el(q-m)SodOo = 2trOqm 

0 
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(3.1.14) 

Thus only terms with tpm survive. The sum over v vanishes unless 

k = ( pM + m 
1
;,,°J1J). where p Is an Integer. Although we have not VfJitlen emn 

explicitly, It Is pertodlc In 2tr/ M and thus k Is also an Integer. Making this 

substitution, we can use 

and (3.2.15) 

Let wpmn "' ( pM + m 
12
:iAfi)w0 , such that Wpn.m•O = pMWo. Using eqn. (3.2.14) and 

(3.1.15), the time signal In eqn. (3.1.13) becomes 

Salt)= 2.uv:ea !;/(°'pmn+m..,+Dm)t rm I fmli-JJm(wpmni-)i-di-
pm 

We now Fourter transform using the definitions 

.. 
F(w) = -1- jFlt) e·lwt dt 

2tr 

.. 
J e·l(x-x')t dt = 2tr blx - x') 

_.., 

(3.2.16) 

13.2.19) 

(3.2.20) 

We may consider the spectrum In 13.2.16) due to the stationary and perturbed beam 

separately; I.e., Salt)= ~o)lt) + ~m)lt). For m=O, recall that "'pn.m•O = pMwo and 

substitute "'o = 2tr/T. We obtain 

.. 
~o)(<l1) = NMl!J(J)0 a L 6(<l1- pMWo) J J 0 (pMwoi-) fo(i-l i-ch (3.2.211 

p,m o 
• 
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We sbnllarly obtain for imO, 

~ e 

.siml(wJ = NM=0 a !:0(111- wpmn -1111l15 -nm) rm J J.m(wpmnr)fmli-J 1-di- (3.2.22) 
p.m•-ro · O 

The expressions (3.2.21) and (3.2.22) together give the full signal for a given 

coupled-bunch mode n In (volts/Hz) valid for all m. We have chosen the liidex m In 

eqns. (3.2.3) and (3.2.4) to have the same Interpretation; I.e. It refers to the synchrotron 

oscillation mode. These signals are discrete spectra at the frequencies OJ given by the 

6-functions. Recall that lllpmn = (pM + m (;~l)lllo· where 8,,,,, ls the phase relation 

among the bunch oscillations for ·a given coupled-bunch mode n and synchrotron 

mode m. The phase angle 8,,,,, was defined previously In the discussion of the mode 

structure as 

8 
_ 2nn 

mn- mM (3.2.23) 

Writing lllpmn explicitly In eqn.(3.2.22), we obtain the perturbed beam spectrum 

111 = kaJo ± lmlws +nm, where k = (pM + n) (3.2.24) 

For a stable beam, spectral lines appear only at harmonics of the RF frequency. In the 

case of a perturbed beam, the spectrum Is that of a signal phase-modulated at those 

rotation harmonics kl!IQ corresponding to the specific coupled-bunch mode n which Is 

being driven. Spectral lines appear at the frequencies given by or. synchrotron 

sidebands appear around the rotation lines ktd() In each RF order p offset by the 

coherent frequency n.m. In the presence of multiple coupled-bunch modes, the 

perturbed spectra are supe11mposed. The Integrals over time are Interpreted as form 

factors, forcing an envelope over the spectral lines and determining their relative 

amplitudes. The form factor Is a convolution of the particle distribution with the 

Bessel functions. 

It Is possible to extract from the spectra In eqns. (3.2.21) and (3.2.22) both the 

statlornuy (4j) and perturbed {f,,J phase space distributions for the particles. There ls a 
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different set of radial functions !,,, for each coupled-bunch mode. The first moment of 

the distrtbution Jj gives the dipole coupled-bunch mode amplitude "•· The bunch 

length '°L may be derived from the stationary dlstrtbution JO. This will be shown 

explicitly In Chapter 5. This analysis provides a technique to experimentally study_ the 

radial time evolution of the motion In phase space. Instability theory always describes 

the beam In this radial parameter. In reality, we are llmited to direct measurements of 

only the projections of these dlstrtbutions. 

We will illustrate In Figure 3.9 a pure dipole lml=l coupled-bunch mode 

spectrum with the same example of 111=6 bunches. The schematic Is based on 

Sacherer. 4 The arrows represent all possible frequencies 111 and are directed down for 

sidebands which are damping, up for anti-damping (I.e., unstable). The case shown 

corresponds to above transition, where the upper sidebands are unstable. The reason 

for this will be discussed In the next section In greater detail. The real spectrum Is 

depicted at the top of the figure. In a measurement, the negative frequencies will be 

aliased as positive frequencies. This Is equivalent to folding the chart over onto the 

positive llll111o axis, as seen at the bottom of the same figure. To describe the case of 

higher-order synchrotron modes m, additional sidebands In 111 must be included In the 

figure. 

If an Instability at coupled-bunch mode n begins as a linear dipole oscillation, a 

sideband at (111,+n,,,J appears at a particular rotation harmo.nlc .k(nl"'o· The relative 

amplitudes of the lines In each RF order p will be determined by the form factor with 

Bessel function J 1• In the case of a quadrupole m=2 oscillation, a (2111,+n,,,J line 

appears at .k(nl"'o· The envelope of these lines Is determined by J 2 , and so on for 

higher-order synchrotron modes. In the case of small amplitude oscillations, 

azimuthal symmetry may be assumed and we may llmit discussion to the dipole mode 

!ml = 1. If we consider dipole modes of larger amplltude, or If the distribution becomes 

distorted In the nonlinear part of the RF potential, the second term (Im I =2) cannot be 

neglected. In the Booster spectra, we cannot resolve the synchrotron sidebands; 

therefore all the signal power appears at the rotation harmonic k. We may estimate the 

relative Importance of the various synchrotron modes from either the time domain 

("mountain range") or by the aid of simulation. 
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In order for any coupled-bunch mode to appear, tt must be driven by an 

external Impedance. If the Impedance Is narrow enough, such that the width is smaller 

than m0 , it may couple to a single beam mode. Higher-order resonant modes in RF 

cavity structures typically have this charactertstic. The arrangement of the stable and 

unstable lines in Figure 3.9 shows that if a narrow resonance drtves the .M-=6 beam at a 

frequency corresponding to a coupled-bunch mode at a multiple of 3 (or generally, 

M/2), sideband cancellation occurs and It will not grow. This Is also true If two 

resonances drtve the beam slmultaneously at n and at (M-n), even If in different RF 

orders p. However, a resonance width need not be smaller than lllo to drtve an 

instability. Especlally with large M, a single Impedance may drtve several neighboring 

beam modes. 

It should be noted that the analysis presented here Is valid only for a full rtng of 

.M-=h bunches, where h Is the hannonic number. For a non-unifonnly filled rtng, the 

perturbed bunch dlstrtbutions are no longer identical because bunches With only one 

or no neighbors will expertence a different wake field and hence potentially a different 

amplitude of coherent motion. The analysis Is complicated as the sum over bunches in 

eqn. (3.2.15) can no longer be performed. The form factor also changes. 

m =l 

n = 3 4 5 0 1 2 3 4 

' ' . ' I I 

' ' ' ' . . . . 
k= -3 -2 -1 0 1 2 3 4 
p= 0 

n= 0 51 42 33 24 

' ' ' 
I I I 1 ' ' 
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p= 0 

. 
2 3 4 
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. . . . 
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Figure 3.9 Frequency Spectrum Chart for Dipole Synchrotron Oscillation Mode. The 
real spectrum is shown at top. while the meuured Is depicted below. Only those lines 
which are excited or driven will actually appear. · 
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3.3 Unear Coupled-Bunch Mode Instability Theory 

In the previous section. we examined the mathematical and physical 

manifestation of longitudinal coupled-bunch modes. We had used prior knowledge of 

the nature of the Instability to derive the expression for the perturbed current. Here, 

we will describe by what means the unstable modes are driven and under what 

conditions they grow. 

There are two views which characterize the electromagnetic coupling between 

the beam and its environment, speclflcally, the RF cavities. In the frequency domain, 

we may decompose the beam current Into its Fourier components /(ai), each of which 

gives rise to a voltage -V(ai) as It traverses the cavity gaps. The impedance Is defined 

as the ratio of the output and the Input; I.e. Z(ai) = -V(ai)/l(ai). With sufficient beam 

Intensity and impedance, the resulting force may drive the beam fluctuations and 

cause unstable motion. An equivalent View Is In the time-domain: as the beam passes 

through the RF cavity, lt excites tlme-vaiylng electromagnetic fields known as wake 

fields. The fields which are supported as standing waves In the cavity are sustained, 

and under the right conditions, these in tum act back on the beam and cause a 

collective response. The transient response at the gap may be found by Laplace 

transforming the impedance using an appropriate model. Hence, we focus on the 

Impedance as this Is far more readily measured so that solutions are attainable. 

The time evolution of this collective behavior of the beam ls determined by 

solving the Vlasov equation. Included Is a forcing term due to the response of the 

beam to an external impedance. Before proceeding With the dertvatlon of the linear 

instability theory, we will first characterize this coupling impedance. 

Longitudinal Coupling Impedance 

For a coupled-bunch Instability to occur, the impedance must have very 

specific charactertstlcs. It must have a frequency equal to the beam mode frequencies 
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OJ of eqn. (3.2.24) and be of sufficient magnitude. In order to couple effectively with the 

beam, the frequency must lie within the response envelope of the beam determined by 

the form factor. The wake field which Is excited by the beam must be of sufficient 

duration to affect neighboring bunches, providing a means by which the bunches are 

coupled, or "communicate" with each other. These conditions favor the hlgh-Q higher

order parasitic resonant modes ln the RF cavities. They are called parasitic because 

they are only driven by the beam. 

The sertes-parallel LRC Jumped-element circuit model, represented ln Figure 

3.10 (a), can be applied In a limited way to the coaxial cavity to represent the frequency 

response of a hlgh-Q mode near resonance.9,19 In this physical analog, a gap 

capacitance Is resonating with an Inductance with relatively small losses (1',l. 

Obviously, a real cavity has many modes; the circuit has but one. The energy stored In 

the circuit may be expressed, Including the exponential decay due to the losses, by 
U = i JJ2e-2 at. We Introduce the quality factor Q, a convenient, dimensionless figure-

of-mertt given by 

g = OJr (energy stored) =OJ U 
(average power Joss) r W 

(3.3.1) 

The negative rate of change of the stored energy over several cycles Is equal to the 

average power Joss: 

dU 
--=2aU=W, 

dt 
therefore 

(J) 
a=-L. 

2Q 
(3.3.2) 

Instantaneously, neglecting the decay, for the case of resistance RL In sertes with L, the 

energy Is stored In the Inductance and the power dissipated In the resistance, 

(3.3.3) 

It Is equivalent and perhaps more appropriate to use the conventional parallel LRC 

circuit In Figure 3.10 (b), with a high shunt resistance R,.. to charactertze the beam 

coupling Impedance. The Impedance may be expressed as 
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(3.3.4) 

In this case the resonant frequency ls OJr = l/./LC. It can be shownl9 that the 

resistances In circuits (a) and (b) are related by R,, = g2 RL. Therefore, using also cqn. 

(3.3.3), we wrttc Q = OJrCR6 = R6 /(0JrL). With these substitutions, eqn. {3.3.:4-l becomes 

Z(OJ) = R~ 
1-JQ(~-~) 

OJ OJr 

{3.3.5) 

The quality factor Is related to the resonator bandwidth .<!OJ. For a narrow resonance, Q 

Is large and OJ Is always close to resonance. Then Qmay be approximated using 

(3.3.6) 

where .<lw Is the distance between points on the curve for which the real amplitude 

response Is 1/2 of maximum (or the magnitude Is l/h of maximum). The real and 

Imaginary response curve of the parallel resonance In eqn. (3.3.5) Is depicted In Figure 

3.11. 

This Impedance model assumes a steady-state harmonic solution for a driven 

oscillator and Is Implied In the usual analytic treatment given below of the linear 

Instability. In reality, the situation can be vciy dynamic as the Fourier components of 

the beam current sweep rapidly across resonances over the duration of the 

acceleration. The response In this case ls reduced. The analysis Is derived In a paper 

by Hok.20 who treats the problem of the excitation of an I.RC resonator by a linearly 

swept frequency. The criterion he derives for the relative rate of change In the swept 

frequency as compared with the resonant width Without Invalidating the Impedance 

model Is given by 

(3.3.7) 

lfwc write approximately @0 =Pc/R. then In the Booster for t=l7 to 35 mscc In the 

cycle, with R=75 m, we have for the left hand side of (3.3. 71 
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c c L Rs 

(a) (b) 

Figure 3.10 Model Resonant LRC Circuits. Shown In (a) Is the sertes-parallel circuit of 
two branches, the physical analog of a single RF cavity mode, and In (bl Is the parallel 
circuit. the model longitudinal coupling Impedance. 
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Figure 3.11 Resonant Response of Parallel LRC Circuit In Figure 3.10 (b). In this 
illustration, fr= 150 MHz, R=5kn and Q=200. 
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6a>a =.:_6P = 3xl08 (0.9945-0.9751) = ~. 3xl06 
6t R 6t 75 0.018 

(3.3.8) 

The average angular revolution frequency over this range In the cycle Is 

mo= 2n(616+629)/2 = 211(622) krad/sec. We see In Table 3.1 that for the RF cavity 

higher-order modes around 63, 169, 220 MHz, designated as f.2, f4, IB, resp~ctively, the 

criterion In eqn. (3.3. 7) Is satisfied over the portion of the Booster cycle of Interest. 

Table 3.1 Criterion for Swept LRC Resonator In Booster 

k= lph+n) (J :(~r 
f2 132 170 8.7xJ09 

f4 268 170 l.8xl010 

IB 352 240 1.2xlOIO 

In a Iongttudinal particle tracking code such as ESME, which treats the 

Instability In the time domain, the transient response may be modeled directly. To 

derive an expression for the voltage produced In an LRC circuit by a single passage of a 

discrete circulating charge q, we perfonn a Laplace transfonn on the current using the 

Impedance In eqn. (3.3.4). Solving for the voltage, the current Is replaced by 

i(t) = qol..t). This Is just a Green's function, and Is equivalent to q multiplying the wake 

field, the Fourier transfonn of the lmpedance:9, l 9 

v(t) = qi(t) = q(aRs)e-at[ cos@t- ~ sln'Oit ]e(t) 

where a= ;Q' 7»2 
=rPr

2 -a2, and e(t)={~ ~ t 2' 0 

t<O 

(3.3.9) 

The simulation results are deferred to Chapter 7. We now proceed with the linear 

Instability theoiy. 
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Dispersion Relation 

The accelerator beam Is an ensemble of a large number of particles. To study 

collective Instability phenomena, one may apply Ute techniques of statistical 

mechanics as used In Ute study of gases and fluids or plasmas. The evolution of a 

distrtbution of particles is given by Ute Boltzmann equation which, In Ute absence of 

collisions, may be WI1tten2 l 

df(r,p,t) = IJl + f al+ P IJl = 0 
dt lk IJr IJp 

(3.3.10) 

Jn tltls form, tltls equation Is commonly known as Ute Vlasov equation. The function 

l(r,p,t) represents Ute particle distrtbution function In six-dimensional phase space. 

The motion of a relativistic beam In Ute longitudinal plane Is approximately decoupled 

from Ute transverse plane, so It Is approprtate to study Ute 2-dimenslonal longitudinal 

problem Independently. An assumption is made Utat Ute external force F(r) = p Is 

Independent of Ute velocity; I.e., that electric fields predominate. This condition Is 

satisfied In our case as the force Is due to perturbing fields at the RF accelerating gaps. 

The goal Is to solve Ute Vlasov equation using an approprtate expression for Ute 

force In order to determine the time evolution of the ensemble. Jn effect, this becomes 

an eigenvalue problem In which we are solving for the normal modes of the system. A 

number of authors have adapted Sacherer's ortginal general formalism for beam 

lnstabllltles4 to charactertze the coupled-bunch Instability. Here, we present a 

dertvatlon which combines Ute approaches of Pelleg11n121 and Wang.22 

Consider the rotating reference frame ( ;, &) , which ls related to the normalized 

phase space coordinates (i-,i-/018) of sections 3.1and3.2Utrough 

and (3.3.11) 

Note Utat Ute phase ; here Is a. global coordinate, unlike before In (3.1.30). The 

equations of motion for Mbunches, where the subscrtpt refers to Ute v-Ut bunch, are 

dertved from the following Harnlltonlan 
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(3.3.12) 

(3.3.13) 

where U ls due to the wake field "potential" and gtves the average energy loss per 

bunch per tum. U NL Is due to the nonlinear RF potential, averaged over azimuth. We 

may transform to the action-angle coordinates (J, jV) 

and (3.3.14) 

The Hamiltonian may be separated Into unperturbed and perturbed components, 

becoming, In these new variables 

(3.3.15) 

The bunches are assumed Identical but for the lnterbunch coupled-bunch mode 

phase, which Is accounted for In the term U. Acknowledging that the Hamiltonian 

describes the average bunch. the subscript v may be dropped. For a particle 
distribution function f(J, 111,t), the Vlasov equation for may be written 

8f - {l{ (!!!)+ 8f (!!!)" 0 (3.3.16) 
at aJ IJr/I IJr/I aJ 

We may Introduce a perturbation by expanding the dlstrtbutlon fin multlpole modes, 

as before, 
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(3.3.17) 

Here, n are the nonnal modes of the Instability. This quantity ls complex, therefore a 

positive n1 = hn(O) will lead to growth of the perturbation and Or = Re(O) gives a 

frequency shift. A negative 01 will be stable. In this analysis, we consider a pure 

dipole oscillation only, le. m=l, and hence, no coupling of higher multipoles. We also 

assume no time variation of the statioruuy distribution .(i. Using eqns. (3.3.15) and 

(3.3.17), we linearize the VJasov eqn. (3.3.16) by dropping second order terms in fiH1• 

We obtain 

(3.3.18) 

We call 

(3.3.19) 

the same amplitude dependence of the synchrotron frequency as described in the 

previous section. 

The term µ = (:) ls the self-induced force on the beam due to Its wake fields 

in the beamline environment. This force may be written as the sum of products of the 

Fourier components of the charge density and the Impedance. Because the charge 

density Is a longitudinal parameter, the Fourier components A.1an are expanded in the 

coordinate ,p. For one bunch. 

ZJ)_(J)) Is the Impedance evaluated at (J) = kGlo ~ t118 + n as in eqn. (3.2.24). Recall that 

the index k = hp+ n, where h ls the harmonic number, p the RF harmonic, and n the 

coupled-bunch mode (wave) number. To simplify the notation, we have written 
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(3.3.21) 

Here the coordinate r Is the same as 1n eqn. (3.2.1) 1n the previous section. Then we 

maywrttc 

(3.3.22) 

where we have used the expansion In Bessel functions as In cqn. (3.2.10). 

We obtained an expression earlier for the longitudinal perturbed current 

Su(w)/a generalized to Mbunchcs (eqn. (3.2.22)). Substituting r = r/wo. WC wrtte 

(3.3.23) 

Note that J 1(x} = -J.1(x}. Substituting cqn. (3.2.23) Into eqn. (3.3.22), 

We may now evaluate the Vlasov equation In eqn. (3.3.18), noting that the explicit time 
dependence e-Elt now cancels. Also, transfonn!ng to (r, yt) coordinates, we use the 

dcftnlt!on In eqn. (3.2.21) to obtain 

..!!..__ = dr .!!... = .!.~..!... 
dJ dJ dr r "'s dr 

(3.2.25) 

(3.3.26) 

Noting the \/""dependence, this expression wlI1 be valid only for (k' = -1). therefore, 
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Dividing by (n- tll8 (r)), multiplying by rJ1 (k'r), and integrating both sides over rleads 

to the dispersion relation 

Dfolrl l l'l!Neh z (tll)J'° &- J1lkrlJ1lk'r 
l = -J -- ~ k dr---"-"--;-----...,C""":'<"--tP Eo(J) .. fk. k 

0 
(n- (J) .. lrl) 

(3.3.28) 

where 

(3.3.29) 

The dispersion relation relates the unstable frequencies n with the corresponding 

Impedance. We are Interested In solving (3.3.28) for each coupled-bunch mode 

n=O,l, ... ,h, to find those e!genfrequencles 0 which are unstable. The calculation 

results are deferred to chapter 6. We proceed now to discuss the measurements and 

the experiments. 
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4. MEASUREMENTS 

Several quantities are measured under vazytng beam Intensity and RF 

configurations In the Booster for use in the comparison with the theory. FlI'st, the 

Impedance due to the RF cavity higher-order modes (HOM) is measured using bench 

techniques. Because the RF fundamental frequency is programmed to sweep from 30 

to 53 MHz, many of the HOMs also tune, so data are recorded corresponding to several 

times through the cycle. Cavity spectral measurements are also made with beam Jn 

situ to isolate those parasitic modes excited most strongly by the beam. nus helped to 

determine the source of coupled-bunch oscillations which have long plagued the 

Booster. Prior measurements of the Impedance due to the magnets, which is the major 

source of the broadband ring impedance, are descrtbed but not repeated in this work. 

The properties of the beam are also examined in detail. The beam perturbations due to 

the instability are observed by sampling and recording the Image currents drtven by 

the beam through a wideband resistive-wall pickup. The beam fluctuation spectra are 

obtained by performing a fast Fourter transform on this signal using a Tektronix Digital 

Signal Analyzer (DSA) 602. The spectra are recorded at several times through the cycle 

and the unstable mode amplitudes extracted. Finally, the full (95%) bunch lengths are 

measured through the cycle In order to calculate the longitudinal emittance and 

synchrotron frequency spread. The techniques and hardware are descrtbed below. 

4.1 RF Cavity Impedance 

Central in the effort to charactertze and quantify the coupling between the 

HOMs and the beam is the need to accurately represent In the theory the total cavity 

impedance. We undertook to construct this impedance expertmentally. Bench 

measurements using a variety of techniques were carrted out on a fully-functional 

Booster RF cavity in a test area. The results are extrapolated to form a net Impedance 

based on analysis of how the cavities are excited by the beam. nus sum Impedance 

lumps the effect of all the cavities around the ring into one as If It were a single 
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localized Impedance. This technique Is justified because since the RF cavity parasitic 

modes are excited by the beam, they are phase-Jocked with the beam In each cavity 

and will add In phase, regardless of position In the machine. 

Three methods commonly used to measure the Impedance due to resonant 

accelerator structures are (a) signal response on a thin coaxial wire stretched along the 

beam path. (b) perturbation techniques Inserting smaJJ metallic beads Into 'the cavity, 

and (c) beam measurements using a coasting beam Jn situ. Of these, only the first two 

bench methods are readily applicable to the Booster. The third method,25,26 often 

called the beam transfer function measurement, Is best applied In fixed-energy 

machines, and was not attempted. A single-gap, stretched wire method combined with 

a de-embedding process to extract the Impedance proved to be the most general and 

practical approach. In order to reconstruct the actual Impedance presented to the 

beam from up to 17 such dual gap cavities, an equivalent coupling matrix Is developed 

to account for the multiple gaps. and the spread In mode frequencies among the 

cavities Is Incorporated In the analysis. For resonances with Q values above about 

200, typical for the Booster HOMs, It was possible to verify the stretched-wire results 

using the cavity perturbation technique. A third, independent bench measurement of 

the gap Impedance was made at the fundamental, using power dissipation arguments, 

for further verification. An absolute Impedance measurement accuracy of about 20% 

was achieved. 

We undertook a series of measurements on the test cavity while manually 

varying In steps the bias current In the ferrtte-loaded tuners. Normally, the bias Is 

programmed such that the RF fundamental frequency sweeps from 30 to 53 MHz over 

each 33 msec acceleration pulse. Since many HOMs also tune, In this way we could 

produce a set of Impedance data corresponding to several different times In the Booster 

acceleration cycle. Data are recorded with and without the recently Installed higher

order mode dampers, with the cavity shorted, and with zero bias. The cavity dampers 

themselves will be described In the next chapter. The measurements are performed on 

a wann cavity, I.e. when the cavity reached a steady state temperature after the bias 

current had been turned on. A frequency shift In the resonant modes of about l MHz 

ls observed between the wann cavity and when It was cold. Although the cavities In -the tunnel are actually cycled, we estimate that the differences are small compared 

with running the cavity continuous-wave on the test stand. The power amplifier (PAI Is 
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mounted but with no RF drive. There Is no observable change In the resonant modes 

when the PA was conducting. 

Stretched-Wire Method 

The basic stretched-wire method has been descrtbed In the llterature.25,27 A 

complication artses from the fact that the Booster RF cavity has two gaps. Spurtous 

modes exist on a wire spanning both gaps which couple the gaps, unlike the beam; 

these would need to be deconvolved. The single-gap wire was chosen to avoid this 

Issue. The expertmental setup for the measurement Is shown In Figure 4.1. A swept 

signal from a Hewlett Packard 8753C Network Analyzer (NA) through the wire Is used 

to excite the cavtty over a spectrum of frequencies. Commercla) optoelectronic RF 

devices made by Orte! are used to avoid coupling to the second gap. The swept, 

frequency-modulated signal from the network analyzer Is converted to amplitude 

modulation by an RF transmitter and 1.3 µm laser diode (LW-620S). It is propagated 

along an optical fiber and converted back by a PIN photo diode and receiver (PL050-

PMS). The laser system modulation bandwidth Is 6 GHz; this was measured and 

verified. The signal suffers an attenuation of about -28 dB due primarily to the 

conversion efficiency In the optoelectronic devtce. The network analyzer sensltlvtty Is 

sufficient despite this attenuation and no further amplification Is required. 

Depicted at the bottom In Figure 4.1 Is a close-up of the single-gap stretched 

Wire assembly. A 10-mll copper wire, soldered to SMA connectors, Is strung coaxially 

across a single accelerating gap. The two copper endplates are edged with flexible 

copper braid to allow a good electrtcal ground contact with the Inner beam pipe wall. 

Carbon resistors at one endplate match the output impedance of the laser receiver with 

the charactertstic impedance of the wire assembly. Not shown are two RG238 rods 

used to keep the wire rtgtd between the two endplates. The charactertstic impedance of 

the assembly Is measured to be 20 = 326 n. For proper gain In the laser system, a 

resistance matching network ts required on the Input end of the wire assembly to 

match to the 50 n impedance looking Into the receiver. 

The function of a network analyzer Is to characterize a two-port microwave 

device In terms of S, or scattertng. parameters.28,29 The impedance of the device 
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Figure 4.1 Single-Gap Stretched Wire Measurement of RF Cavity Gap Impedance. 
Experimental setup ts shown tn (al. the Wire assembly close-up In (b). 
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under test may be extracted from the measured $-parameters through a de-embedding 

procedure. .Conslder the generic 2-port network Jn Flgure 4.2, representlng Jn our case 

the coaxial stretched-wire assembly Inserted Jn the cavity gap. It Is embedded In a 

terminated transmJsslon line, representing the network analyzer. A traveling wave 

Jncldent on the device causes a response wave reflected from or transmltted through 

the device. In the figure, E 1r and ~r are the voltages reflected from ports l and 2, 

respectively, while E11 and ~l are those of the Incident waves. These voltages are often 
E 

normalized by the characteristic Impedance of the line 2i:i using Bn = ~ and 
.JZo 

E 
bn = ~. Then al and bn 2 have the unlts of power. The $-parameters are obtained 

yZo 

from the equations 

l.\ = SuBi. +Si2a2 

bz = 5.i1Si + 5.iza2 

(4. l. l) 

In our measurements, we record So.ii, which IS the forward transmlsslon coeftl.cient with 

the output matched. Referring to Figure 4.2, we sec It may also be expressed as the 

voltage ratio between the output and Input to the device. 

Zs 

port l 

our 
2-port 

network 
port 2 

E2r~"\J 

Figure 4.2 Network AnalyZer Measurement Illustrating $-Parameter Set. (Ref. 29) 



73 

All data are recorded through a GPIB Interface on the Fennilab ACNET 

computer system. Memory llm1tations In the aystem and a desire for fine resolution 

lead to a scheme by which the desired frequency span Is scanned In several segments. 

The scans are automated. Each dataset consists of 31 flies x 401 points= 12431 

points to cover a range of 45 to 355 MHz, giving a resolution of 0.025 MHz(polnt. The 

31-flle sets are concatenated for analysis on a V/\X. The various conditions for each 

dataset are listed In Appendix B, Table B. l. The archive numbers refer to the recording 

scheme on the ACNET GPIB program. A sample 621 measurement In which the wtre 

assembly Is Inserted Into the gap, without HOM dampers corresponding to 1\:15 msec 

In the cycle, Is shown In Figure 4.3. Notches appear In the signal at the frequencies 

corresponding to the resonant modes In the cavity. The phase appears as It does as we 

have not compensated for the phase delays Introduced by the cables leading from the 

cavity to the NA. To analyze the data, two add1tlonal measurements are made. For 

reference, the transmission 621REF Is measured with the assembly pushed completely 

Into the central beam pipe. A calibration measurement 621 CAL through the laser 

system Is also performed. These are shown In Figures 4.4 and 4.5, respectively. 

The stretched wire Is relatively low Impedance, and when Inserted Into the gap 

It effectively loads the cavity, lowering the gs of the resonant parasitic modes. In order 

to extract the true magnitude and recover the unloaded g for Impedance due to these 

modes, a de-embedding procedure Is devised using a circuit endcap model. Any 

Impedance may be represented by a generalized Il-network, and It can be shown that 

the parallel Impedance can be neglected for a hlgh-Q mode on resonance.28,30 The 

equivalent circuits for the measurements are given In Figure 4.6, where the gap Is 

represented as a series Impedance. The gap Impedance Z Is de-embedded by 

transforming along the circuit using voltage d1vlslon and transmission line equations: 

(4.1.2) 

(4.1.3) 

(4.1.4) 
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Figure 4.3 Transmission S2 1 Data Through Gap Using Single-Gap Stretched-Wire 
Assembly. This example corresponds to t=2 lmsec in the cycle, and no higher-order 
mode dampers are Installed In the cavity. An electrical delay of 18.9 µsec has been 
added to the phase data. 
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Figure 4.5 Calibration Transmission S21 CAL Through Optoelectronic System. An 
electrical delay of 18.6 µsec has been added to the phase data. The signal level Is about 
-28 dB (0.04 V). 
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Figure 4.6 Equivalent Circuits for Single-Gap Stretched Wire RF Cavity Impedance 
Measurement. The measurement inserted In the gap Is shown In (a). the reference 
measurement tn an empty beam pipe tn (b), and the calibration through the laser In (c). 
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(4.1.5) 

Z "? Z + Z A' + iZo tanPli. 
B-""0 - Zo+l(Z+zA.)tanPli. 

(4.1.6) 

(4.1.7) 

Combining equations (4.1.2), (4.1.4), and (4.1.7) 

(4.1.9) 

Dividing both sides by cos Pl1 and substituting Zs gives, after a few steps. 

(4.l.10) 

(4.1.11) 

Solving for the gap Impedance Z 
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z- L.H.S.- ZA· +R2 +1( Zo +ZA·~)tanpl1 
- l+1&tanpJ., 

· Zo 

(4.l.12) 

Note that for the reference 52iREF• measured with the stretchcd·wire assembly 

pushed inside the beam pipe, Z= 0. The second term In the numerator In equation 

(4.l.12) can therefore be associated by choice with l/521REF=IVio/VoudREF- The 

calibration measurement through the laser system Is defined by 521C4L=IVin/Vtnl· 

The ratio 521 = V0 ut/Vtn by definition (equations 4.1.1). Then, using 

(4.l.13) 

and wrttlng out ZA ·explicitly, after algebraic manipulation we have finally 

(4. l.14) 

The valu cs for the resistances are ~ = 50 n, ~ = 300 n, ~ = 326 n. To solve for Z In 

practice, we use the relation Pl= mt, where t Is the delay. By trial-and-error, looking at 

the phase of z. we estimate the total delay through the fixture to be about 1 nscc. We 

estimate from design drawlngs31 the position of the gap along the stretched-wire 

assembly (pushed In to a depth of one Inch) to obtain t1 = 0.6 nscc and t2 = 0.4 nscc. 

A routine was written to read the data files and calculate the gap bnpcdance Z 

according to cqn. (4.l.14). A typical result f~r the nominal cavity (no HOM dampers), 

corresponding to t=21 mscc · 1n the cycle, Is given 1n Figure 4.7, based on 

measurements comparable to those shown previously. The data show a scrtcs of 

narrow resonances that exist 1n the cavity above the fundamental. A tabulation of 

frequencies for these data, tncludtng the mode designation used throughout this 

thesis, Is given In Table 4.1. The case for the damped cavity Is also included. It Is 
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to be noted that the frequencies are significantly shifted when the dampers are 

Installed. More will be said about the dampers In the next chapter. 

Table 4.1 Designations of Booster RF Cavity Resonant Modes 
(example at 1>:21 msec) 

NOMINAL DAMPED 

freq even freq even 
(MHz) /odd (MHz) /odd 

fRF 52.39 E 52.34 E 
fl 79.9 0 82.1 0 
f2 82.7 E 84.7 E 
IB 105.4 E 105.2 E 
f4 168.l E 164.9 E 
f5 196.0 0 196.8 0 
f6 219.0 E --
f9 -- 263.7 E 
no -- 302.1 0 
fl 1 -- 305.4 E 
f7 326.8 0 --
f8 344.3 E 340.9 E 

A full tabulation of the single-gap data, both before and after Installation of the HOM 

dampers, ls presented In Tables B.2 and B.3, respectively. 
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Bead-Pull Method 

A number of references describe the theoi:y of the perturbation technique for 

measurtng cavity impedances so the derivation will not be repeated here.32,33,34 

Essentlally, a small metallic or dielectric object is introduced into a resonant structure, 

perturbing the electric and magnetic field. This causes the phase of a given mode to 

shift in proportion to field displacement. In the case of a metallic sphere 1n a region 

assumed to have negllglble magnetic field H, we obtain 

(4.1.15) 

where Eis the electric field In the sphere, Uthe total energy stored 1n the resonator, OJr 

the resonant center frequency, &J/ OJr the relative frequency shift, ~the permittivity of 

space, and t5v=4/3trrB3 the volume of the sphere. The potential drop Vover the length 

Lacross the gap may be wrttten 

V=JE•dz - ( 
t5oJ 4 )~ V=.JUJ ---- dz 
OJr 3e0t5v 

L L 

We may apply the definitions 

y2 
R8 =- and 

p 
r; = !!!.I!!... 

p 

(4.1.16) 

(4. 1.17) 

where R
8 

is the effective shunt (parallel) resistance, (J the quality factor, and P the 

power dissipated in the resonator. Maldng the substitutions. we obtain the 

relationship for the shunt resistance: 

(4.1.18) 
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For resonances which do not tune and with the cantenna loads disconnected as 

a test, we easily obtain results using this method. Although the old cavity damping 

loops (Figure 5.12) couple preferentially to the modes around 80 MHz, the cantennas 

attenuate several other modes as well. In this configuration, one obtains the maximum 

mode impedance and Q. For the tuning modes, drifting in the phase due to thermal 

fluctuation in the bias current or mechanical vibration effects make accurate 

measurements dlfficult, with or without the cantenna. We wish to compare the bead

pull technique with the stretched-wire result; therefore, the cantenna Is connected for 

the data recorded below. In general, we arc limited to resonant modes with Q greater 

than about 200. 

The experimental setup is depicted In Figure 4.8. A spherical brass bead with a 

small hole (diameter= I mm) bored through the center is strung upon and glued to a 

cotton string and pulled on axis across the gap by a small motor. The bead Is slightly 

oblong (2%) with average diameter 6.199 mm measured with a micrometer. An HP 

8753C network analyzer (NA) is used to excite the cavity through the gap monitors. A 

40 dB HP461A amplifier Is used on the Input to the NA. With this arrangement, we arc 

measuring the same single-gap impedance as with the single-gap stretched wire. We 

observe the phase between the NA Input and output by displaying the transmission 

coefficient 5.z1 on resonance using very high resolution (10 Hz). This allows a phase 

scan at a virtually fixed frequency with the phase appearing virtually flat at zero. The 

network analyzer is triggered to slowly scan the phase synchronized with the bead 

passing over the gap (10 sec). The bead is centered without mechanical guides on axis 

in the beam pipe, and the phase shift seems not to depend strongly on small radial 

shifts. The measurements arc symmetric for scans in either direction. In order to 

determine the Q, the linear phase slope .d.8 is measured over a somewhat expanded 

frequency range .dco (100 kHz). The bead-pull results arc recorded for the nominal 

cavity (cantenna connected) with the bias current off and equal to 1500, 1800, and 

2125, corresponding to 15, 21, and beyond 35 msec (not used) in the cycle, respec

tively. The frequency, phase shift, and phase slope data are presented in Table B.4. 

The phase shift caused by the perturbing bead Is clearly seen in two typical 

phase scans in Figure 4.9. In this test, the center frequency Is (a) 79. 7 MHz and (b) 

164 MHz, the tuner bias current Is 1500 A, and the cantennas arc disconnected. The 

phase shift for virtually all modes Is negative. Curiously, for two modes, at 532 MHz 
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and 1.5 GHz, It Is positive. The phase shifts seen for the cases of Interest arc generally 

Jess than l 0 , therefore well within the linear region of the phase slope for the modes of 

Interest. 

For a resonant response function, the equation governing the relationship 

between a frequency shift .dw and a phase shift .d8 ls given by 

Aw= _l_tanA8"' A8 I (4.1.19) 
Wr 2Q 2Q A8«0 

We may use the small angle approximation, as the phase shifts arc small In our 

measurements. Using eqn. (4.1.19). the quality factor Qts determined using the linear 

phase slope, and the maximum frequency shift Is determined from the phase shift In 

the mode due to the presence of the bead. If we assume a gausslan for the spatial 

variation In z of the relative mode frequency shift across the gap, we may write 

&J -(~)· 
-=Ele " , where 
Wr 

(4.1.20) 

That the gap field Is well approximated by a gausstan ts vertftcd by a simple calculation 

of the normalized field prollle using 2-dtmenslonal solutions of Laplace's equation 

(PE2DJ.35 The gap Is modeled as a flat-plate capacitor using the dimensions given In 

Figure 4.1 with infinite extent In the plane of the paper. The result Is shown In Figure 

4.10 (a). The fit parameters shown correspond to G=Plex{-t(x;:
2 )2J. Note 

that er= .J2 P3. Substitution of cqn. (4.1.20) Into cqn. (4.1.18) gives 

We Ignore the small hole bored through the bead as the field lines will not penetrate It 

well. The value of the Integral ts unity. The full width at half maximum A for a 

gausslan Is related to the half width a through .J1n2 = ~- The result becomes 
2cr 
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Figure 4.10 Gaussian Fits of (a) Calculated Gap ProO!e and (bl Measured Phase Shift 
Scan. Plot (b) shows the data from 164 MHz In Figure 4.9. 
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(4.1.22) 

A sample gausslan fit of the phase shift scan for 164 MHz ls shown In plot (bl In Figure 

4.10. The average full width 4 measured for several scans ls (3.3±0.15) ~· We use 

&o=8.854xlO·l 2 F/sec, r11 = 0.003099 m, and convert 6(}to radians to obtain 

Rs = (0.033)
2 

tr 1 68max (deg) (kn) 

4tr2(s.S54xl0-12)(0.003099)3 ln2180109 frlMHzJ 

(4.1.23) 

The results for gap impedance are tabulated for t=l5 msec In Table B.5 and 

compared with the stretched-wire technique. The single-gap R and Q are plotted in 

Figure 4.11 to demonstrate the comparison between the wire and bead-pull result. The 

slope ls 0.92 In the comparison of impedance Rand It ls 0.9 for Q. Note that the de· 

embedding technique for the wire recovers the unloaded {}. 
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Figure 4.11 Correlation Between Stretched-Wire and Bead Pull Measuremements of 
Single-Gap Impedance and Q . View (a) shows R, (b) Q. 
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Power Dissipation Method 

A third, Independent bench method was employed as an order-of-magnitude 

verification of the above tesults for the single-gap Impedance at the fundamental 

frequency. The gap Impedance Is deduced making use of a simple clrcult model: one 

measures the power delivered to the cavity, which Is dissipated In the shun~ resistance 

of the resonator. In the measurement, the cavity Is tuned to 45.25 MHz and excited 

through one of the large loops by a power amplifier. The HOM damper IS Installed. 

The experimental setup is depicted In Figure 4.12. The forward power Into the cavity Is 

recorded by a network analyzer after directing a small portion (about I 0%) of the signal 

using a directional coupler Into port B. The coupling factor, or ratio of lnput/B, Is 
measured to be (-44.677-(-4.483)) = -40.194 dBm. The reflected power Is recorded 

by reversing the coupler. The gap monitor response Is obseived through port A. 

The results are tabulated In Table 4.2. The measured signal power exciting the 

cavity Is Increased by the coupling factor and, recalling the definition 
dBm= IOlog(P/(lmW)), converted to watts and subtracted. This appears as steps la-

lc In the table. In step 2, the gap monitor signal Is scaled to give the resulting peak 

gap voltage. The step-up voltage ratio between the gap monitor and the gap was 

designed to be 104 = 80 dBm In the ortglnal cavity at the fundamental frequency;36 the 

addition of the Internal HOM hardware shifts this somewhat. Measurement of the 

step-up ratio by Inserting the stretched-wire assembly (recalling Figure 4. I) Into the 
gap yields a result of ((-2.56 +18.06)-(-63.00)) = 78.5 dBm. The first number Is the 

signal on the stretched-wire, scaled by a factor of 8 due to the resistors In the assembly 
50 

V msrd = V8.,p 
50 

+ 
350 

; the second number Is the signal on the gap monitor. The peak 

voltage at the gap after scaling Is determined using the relationship P = f V 2 / R, where 

.R.=500 Is the Input Impedance of the network analyzer. 

The effective shunt Impedance of a single gap Is calculated using half the power 
(23 1)2 . 

In le: RSH = f (0.07~ 1312) = 7.4 kn. Compartson with the stretched-wire value of 

9.0 kn at 45.3 MHz with the HOM dampers Installed (see Table B.3) gives a difference 

of 20%. ·This Is within the accuracy of this power dissipation measurement result, 

estimated also to be about 20%. 
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Figure 4.12 Power Dissipation Measurement Setup to Determine RF Gap Impedance. A 
sweeping signal from the NA ts amplified and directed Into the large loop through 
coupler. Dashed line Indicates direction for forward-power measurement B/R. Coupler 
is reversed for reflected-power measurement. A/R gives gap monitor response. The 
stretched wire Is Inserted only for the calibration measurement of the gap monitor. 

Table 4.2 Measurement Results for Power Dissipation Method 

ms rd coupling scaled peak 

(port) signal power or scaling power voltage 

(dBm) factor (W) (gap) 

(dBm) 

la (Bl forward power -16.062 40.194 0.25894 

lb (Bl reflected power -17.48 40.194 0.18681 

le power dissipated In 0.07213 

load (2 l(aps) 

2 !Al l(ap monitor -41.21 78.5 5.358 23.1 
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Net RF Cavity Impedance 

In order to use the slnglc-gap data to construct a net total Impedance and 

calculate the overall Instability growth rates, two Important corrections have to be 

made. First, since there are two gaps per cavity, the phase of each mode must be taken 

Into account In addition to the lntergap transit time factor. The latter Is a .function of 

both beam energy and mode frequency. The principle of superposition Is applied In the 

frequency domain to calculate the single cavity Impedance, based on Ref. 37. The 

result ts a net partial addition or cancellation. Second, the higher-order modes vary 

about a nominal value due to slight differences In the cavity geometries, although the 

fundamental frequency Is by deftn1tlon Jocked In all cavities to the same value. Among 

the 17 Booster cavities, the higher-order mode frequency spread Is on the order of l %, 

which ts considerably larger than the natural widths due to the Q values. Thus, the 

net sum Is not a simple factor of I 7 times the Individual cavity Impedance. 

To record the tntergap phase angle ; for the higher-order modes, monopole 

probes arc Inserted Into the gaps and the transmission measured using the network 

analyzer. The data giving the Jog magnitude and phase (Figure 4.12) show which 

modes are even and which are odd. Because the probes face one another, ; Is shifted 

from the data by tr. For even modes, ¢'=tr, and for odd, ;=o. The fundamental fRF and 

f.2, 13, f4, f6, fB, 19, fl l are even, while fl, f5, f7, flO are odd. Note that In addition to 

parallel resonances (magnitude maxima), a few series resonances exist between even 

modes. The monopole measurement Is made at one blaS current value (1500 A). For 

analysis, then, the lntergap phase Is constructed at all times based on the probe 

measurement, using the mode frequencies from the wire measurements fl'ables B.2, 

B.3). An example of the reconstructed, Idealized lntergap phase angle ts shown In 

Figure 4.13. The lntergap phase delay a due to the transit time of the beam was 

calculated using a =Cd.Ill. where OJ = 2trfHOM• ,jf = L/pc, and L = 2.14 m, the distance 

between gap centers.31 

Let the Indices l and 2 refer to the first and second gaps, respectively. Consider 

a single Fourier component of the beam current /traversing the cavity. Define Z11 as 

the Impedance due to the first gap when the current In the first gap /1 Is finite while the 

current In the second h, = 0. Zi:z is the mulual Impedance, or the Impedance due to 
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example corresponding to t=2 l msec for (a) HOM dampers out and (b) HOM dampers In. 
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the first gap when /1 = 0 and 12, Is ftnltc. ~ and .q1 are defined slmllarly for the 

second gap. The single-gap measurement Is by dcftnltlon 20 = Z11 = .q2 • For strongly 

coupled gaps, we assume 1Z12 l = l.q1 l = 1-Zi l. To account for the mode phase 

angle, we write Z12 = .zoei; and Z.Z 1 = .zoc-1; • The sign difference In the phase factor 

accounts for the fact that we assign as positive the foiward propagation In time from 

left to right. The beam current at the second gap has a phase shift relative to the 

current at the first given by 12, = J1 efa. The voltage at each gap may be expressed In 

matrix fonn as 

(4.1.18) 

The total Impedance may be calculated from 

(4.1.19) 

Zr= 2Z0 (1 +cos(;+ a)) (4.1.20) 

One additional correction ls made. The attenuation In each resonance (i)r between the 

successive passage of each bunch ls accounted for using 

(4.1.21) 

where g is for the single-gap and the time between bunches Is tb=l/fRF' Equation 

(4.1.21) gives a maximum Zr=4aZo at those frequencies for which (jil+a) = nvrwhcn m 

Is even. Complete cancellation occurs when m Is odd. The result Is shown graphically 

in Figure 4.14 for the odd-even pair of the Booster RF cavity modes around 80 MHz (fl 

and f.2). Note the cancellation In the real part for the odd mode fl on the left, and that 

the Imaginary part no longer resembles a classical LRC resonator. Twice the single-gap 

Impedance Is shown superimposed using a dashed line for comparison. 

Data on the relative variation In the HOMs among cavities are obtained from 

transmission measurements through the gap monitors. A power amplifier Is used In 
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the input to the cavity in order to excite lt to a sufficient level as the gap monitors are 

not strongly coupled at all frequencies. The results are tabulated in Table B.6. The 

cavity labeled no. 8 ls the one that was removed from the tunnel and measured on the 

test stand. The data for cavity modes f4, 16, and in column (a) under f2 are supplied 

courtesy of D. Wildman, while the others are obtained more recently With his 

assistance. In fact, these latter data (fl, f2 column (b), and f5) were made. after HOM 

damper hardware was installed in cavities 9. 10, 11, and 12. Note the frequency shift 

in fl and f2 for these cavities . For the f2 mode, the average of the two sets of 

measurements ls taken, With the exception of cavities 9· 12. The cavity position data, 

for reference, are supplied by J. Stelmel. For the fixed modes fl and f2. the bias 

current ls zero for the measurement. The data for f4 and 16 correspond to around 

extraction, while f5 (also fixed) ls measured around transition. In all cases the cavity 

short is out. 

The data In Table B.6 Indicate an lntercavlty frequency spread of about l %, 

roughly proportional to frequency. The distributions may be visualized by creating 

histograms. depicted in Figure 4.15. This example shows 15 cavities, centered on the 

average value among all cavities, With a bin width chosen to equal the nns value 

/'J::,x2 riX2 
c = V ;: . As we have only partial information for some of the modes, the data 

points are scaled appropriately. The spread in modes f7·fl 1 Is not measured and Is 

assumed to be that of f6. 

The net sum Impedance Is constructed by shifting and superimposing the 

single-cavity Impedance data mode-by-mode according to the measured values in Table 

B.6. For each mode, the intennedlate result Is scaled to the desired number of cavities 

using (total no. cavities/total no. data points). The result ls about 40% less than a 

straight multiplication. The net sum for 15 cavities Is shown With the solid line in 

Figure 4.16 again for the odd-even mode pair around 80 MHz. The two shorted cavities 

are removed from the distribution. The dashed lines represent the result when 

neglecting the tntercavlty spread. For the even mode on the right. note that a simple 

multiplication of 2 gaps x 15 cavities x single-gap Impedance Is similar to the 

calculation of the net Impedance, but ls shifted and more narrow. The odd mode ls 

completely different. 
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Figure 4.16 Representative Distributions In RF Cavity Higher-Order Modes. Shown 
are histograms of bin width a for (a) fl. (b) f2 (c) f4, (d) 15. and (e) f6 Cavity Modes. 
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Figure 4. 17 Net Impedance With and Without the Intercavtty Spread. The example 
given ts for 15 cavities, t=2 l msec, showing the fl and f2 modes. The solid line shows 
the result Including the spread In frequenc~s. the small dashes show 15 ttmes the 
single cavity Impedance of Figure 4.15 (no spread). while the broad dashes ·show 30 
times the single gap Impedance (no spread. no tntergap. gap phase effect). 
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A set of plots showing an example In detail for the major modes, corresponding 

to f=21 msec In the cycle, Is presented In Appendix B. The single-gap Impedance for 

the nominal and damped cavities Is shown In Figures B. l and B.2, respectively. The 

single cavity and net Impedance are shown In Figures B.3, B.4 for the nominal cavity, 

and B.5, B.6 for the damped case. The real part of the Impedance Is plotted with a 

solid line, the lmaglruuy part Is superimposed with a dashed line. 

A few obseivatlons may be made about this net Impedance result. The modes 

found to couple strongly to the beam are 12, f4, and fl), and possibly 18. The single 

cavity Impedance for these modes may be represented fairly well by equivalent LRC 

resonators. This equivalence Is not as straightforward for the net sum Impedances, 

especially for the nominal cavity (HOM dampers out). In general, mode fB Is smooth. 

Mode 12 Is more square than a classical resonator. Modes f4 and ffi, on the other hand, 

are asymmetrtc and appear to have structure which may be artificial because of the 

limited sample of data points. The single cavity representation of mode f5, which has 

the largest single-gap Impedance, shows cancellation, as expected for an odd mode, 

but the shoulders are still large. However, the width Is very narrow and the sample of 

data points small, so most probably, this mode doesn't add from one cavity to the next 

as assumed In Figure B.4. We know there Is no coupled-bunch mode excited In the 

beam at this frequency. The net for f5 Is probably a sertes of closely spaced narrow 

Impedances at about the single-cavity magnitude, and thus not Important to the beam. 

In summary, the result of the above analysis Is that the Impedance due to all 

the cavities may be replaced by a single source. This analysis offers what we expect to 

be a realistic representation of the Impedance presented to the beam due to the 

parasitic modes In multiple cavities. Vertflcatlon Is made when Implemented In both 

the analytical calculations and In the longitudinal simulation of the Booster Instability 

properties. No Impedance model Is used In the analytic linear coupled-bunch 

Instability growth calculation (Chapter 6). For the simulation (Chapter 7), the net 

Impedance Is represented by a set of model resonances with equivalent magnitude and 

g. The equivalent cavity and net sum Impedances are tabulated for the fundamental 

and higher-order modes of Interest In Tables B. 7 and B.8 for the nominal and damped 

cavities, respectively. Further discussion regarding this analysis Is deferred to the later 

chapters. 
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4.2 RF Cavity Spectra 

Parasitic excitation by the beam of the RF cavity higher-order modes may be 

obseived directly through the calibrated. capacitively-coupled, gap vol~e monitors 

referred to In Chapter 2. Of the two gap monitors on each cavity, one (downstream to 

the beam direction) Is dedicated to the phase feedback loop, while the other (upstream] 

Is used for the read-back of the RF voltage sum signal. This second monitor may also 

be used as a passive probe of the fields In the RF cavity. A complete set of 

measurements were made of the beam excitation of the HOMs In each of the 17 

Booster RF cavities. The cavity spectra were recorded for different beam Intensities and 

for 14- and l 6-cavlty configurations. Indeed, these measurements became the most 

unequivocal Indication of which cavity modes couple strongly to the beam. Although 

these data alone cannot strictly estabUsh that these cavity modes In fact cause the 

obseived coupled-bunch Instability, supporting evidence from the beam studies led to 

this conclusion. The analysis will be presented later In Chapter 5; here, we describe 

the measurement. 

A signal from one gap monitor from each cavity Is fed to the Input of an HP 

8568B spectrum analyzer. The goal Is to record the spectral peaks of the beam

Induced RF cavity modes. In the Instrument, narrow bandpass ftlters are used to 

record the frequency components of the Input signal. The resolution bandwidth IRBWJ 

determines the frequency resolution width, while the video bandwidth [VBWJ limits the 

signal fluctuation due to noise. The spectrum analyzer Is first used In the linear 

sweeping mode, In which the signal Is scanned across the chosen frequency range 

using several fllters end-to-end. The signal In the cavity has the characteristics of the 

beam spectrum, which Is discrete and Is sweeping In frequency due to acceleration 

(Chapter 3, section 2,3). Because the Input signal ls discrete and sweeping while the 

Instrument Is also sweeping, the full cavity .frequency response will not necessarily 

coincide With the filters on a single sweep. For this reason, the spectrum analyzer Is 

swept continuously from 100 Hz to 400 MHz and, using the maximum-hold feature of 

the Instrument, the beam-Induced spectrum ls obtained over a pertod of several hours. 
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After the spectral peaks are identified in a given cavity, the center frequency of 

the spectrum analyzer is set in the zero-span mode to the peak of each resonance and 

triggered at the start of each Booster cycle. This produces a time record of the HOM 

excitation during the cycle. A typical example of the zero-span output Is shown in the 

plots in Figure 4.18 for the odd 79.9 MHz mode using different RBWs. The frequency 

of this cavity mode remains fixed over the acceleration cycle. The beam intensity Is 

l.9xlo12 protons per pulse and 16 cavities are energized. The full scale sweep time of 

the measurement is 50 msec. 

In the low resolution measurement in Figure 4.18 (a), the RBW Is chosen to be 

I MHz so as to assure that at least one rotation harmonic of the beam Is included. 

Recall that the rotation frequency increases from 360 to 628 kHz over the 33 msec 

acceleration cycle. The amplitude of the cavity mode begins to rise at about 25 msec in 

the cycle and continues to grow unW extraction. The beam signal Is very noisy near 

the beginning of the cycle and the rate at which the beam modes are sweeping Is 

maximum, which Is why we see the cavity mode excited also during the first 10 msec 

or so. 

In the high resolution measurement in (b), the RBW Is 100 kHz. Now we see a 

Hok-like (Chapter 3.3) excitation as the rotation harmonics of the beam pass through 

or come into resonance with the cavity mode. The VBW In these two measurements Is 

approx!mately the same. The amplitude of the cavity response depends on the crossing 

time of the beam coupled-bunch mode through the cavity resonance of width OJres/ Q. 

In this case, the crossing time may be expressed as At,,,,,.. "'~1dOJ, where OJ Is the 
Q dt 

beam mode frequency In eqn. (3.2.24). For longer dwell times as happens later In the 

cycle, the amplitude of the cavity response increases. The concept of coupled-bunch 

modes sweeping over cavity resonances will be Illustrated later In Chapter 5 In more 

detail. 
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. 

Figure 4.18 RF Cavity Spectrum due to Beam. Measurements are In zero-span. with 
sweep time of 50 msec. View (a) shows a low resolution (1 MHz RBW) measurement at 
79.6MHz (Ref. 36). while (b) shows high resolution (100 kHz RBW) at 79.9 MHz. 
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4.3 Beam Spectra and Emittance 

A number of parametric beam studies were performed to study the coupled

bunch Instability. Beam Intensity, number of cavities energized, and tran~ltlon jump 

timing were systematically varied and the beam response obseived. The data run 

designations (ROl, R02, etc.) are given In the next chapter In Table 5.1. In order to 

later analyze the time evolution of the beam during acceleration, a digital record was 

made for each data run at two- or three- msec lnteivals In the cycle. 

Beam measurements are all made using a non-Intercepting beam monitor 

known variably as a resistive wall, wall current, or gap monitor. It Is a wideband device 

(- 6 GHz) which measures the return Image current In the beam pipe wall as the beam 

passes a small ceramic gap loaded with resistors. The design Is described In detail In 

Refs. 45, 46, 47. The Image current ls equal and opposite the beam current. The 

signal developed In the detector ls proportional to the Instantaneous Intensity i = Nef0 

and Is Independent of the transverse beam position. In the case of a stable beam, this 

signal Is given by the expression derived In eqn. (3.2.21), while for a coupled-bunch 

Instability, It ls gtven by eqn. (3.2.22). 

With such a monitor, we may obseive the longitudinal charge density 

distribution of the bunched beam In detail during the acceleration cycle. There are two 

resistive wall monitors In the Booster, located one each In the Jong straight sections 

Ll7 and LlS. They are Identical except that the detector In Ll7 has microwave 

absorbers added. One of these Is nonnally connected to the "mountain range" display. 

The other Is available for studies. The signals are carried up from the tunnel to the 

low-level RF room (LLRFJ above. The minimum distance and 3/4" hel!ax cable assure 

that the high frequency components of the beam are preseived. The time- and 

frequency-domain data may be displayed and optionally recorded through a computer 

Interlace using one of several available Instruments, analog and digital. 

The time development of the coupled-bunch Instability ls most striking with the -analog mountain range display. The signal from the resistive wall monitor Is acquired 

with a l GHz Tektronix rrek) R7103 analog scope (with microchannel plate CRl1 
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connected to a modified Tek ClOOl video camera to display the traces on a 'IV screen. 

The video Image can be printed using a Tek HC02 video copy processor. The scope Is 

triggered at the desired time In the cycle, and a chosen number of traces arc displayed 

simultaneously, offset In the vertical plane for clarity, so that a particular bunch may 

be obseived for a chosen number oftunis around the ring. The mountain range has a 

separate clock which counts RF cycles, and therefore remains synchronous with the 

bunch centroid. The mountain range parameters arc controlled either locally or 

through the Accelerator Network (ACNE'n. The time scale may be changed manually to 

display up to 84 bunches. As presently configured, the system can display a maximum 

of about 60 traces per 33-msec beam pulse. This could be Increased wtth multiple 

triggers and other modifications. 

To measure the bunch motion over the entire cycle wtth the mountain range 

display, It Is necessaiy to view successive beam pulses. This Is the manner In which 

the plots for Figure 1.1 were generated. On vicwtng the beam over many pulses, 

however, It Is · obvious that the pulse-to-pulse variation In the coupled-bunch 

lnstabUlty amplitude Is large. An example of this ls given In two mountain range views 

In Figure 4.19. On some pulses, a large-amplitude dipole oscillation of the order of the 

bunch length Is clearly obseived to develop near the end of the cycle, as In (a). In other 

pulses, as In (b), the beam Is far more stable. Each plot shows a time span of one msec 

at 33 msec In the cycle, and the oscillation frequency Is equal to the synchrotron 

frequency, about 2 kHz. 

While the spatial resolution of this analog display Is high, the average time 

development over the entire cycle Is of greater Interest. Furthermore, we wish to record 

and analyze the spectral content of the beam current. A Tek Digitizing Signal Analyzer 

(DSA) 602 Is preferred, therefore, to digitally record the beam signals. The DSA has a 

maximum real-time digitizing na.te of 2 Gsps, giving a 0.5-nsec time resolution. The 

DSA has an 8-blt ADC, With an effective 7-blt resolution. The record length can be up 

to 32k points. Data may be averaged, and when this feature Is used, we trigger the 

scope using the synchronous trigger of the mountain range. Several math functions 

arc available on the DSA for real-time analysis, for example the fast Fourier transform 

IFF11 wtth a choice of Wlndowtng functions. The data acquired by the scope was 

recorded on disk by a PC using commercial software: ASYSTANT and DaDlsp. The data 

record can be plotted directly using a HP-GL color plotter. 
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(a) (b} 

Figure 4.19 Pulse-to-Pulse Variation of Coupled-Bunch Instability Amplitude. In this 
example, the bunch length Is 2.6 nsec at 33 msec. and the dipole oscillation amplitude 
varies from (a) 1.7 nsec to (b) 0.8 nsec (the scale is 2 nsec/dlv). The beam tntensity is 
l.3e12 ppp with 17 cavities. 4 of which have HOMs damped. (Rl6) 
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Figure 4.20 Nominal Beam Momentum Spread. Assuming a gausslan profile. the 
width c gives an nns .O.p/p of 0.15% (the scale Is given as c(Jcm) = .O.p/p (0.22%). 
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For each data run, supporting data arc recorded to later reconstruct the 

characteristics of the beam Instability. These Include th!! laj<.cted beam momentum 

spread, the beam current, and the sum RF voltage. The momentum spread of the 

incoming Unac beam may be measured directly. Rather than being deflected into the 

transfer line to the Booster, the beam may be directed through a spectrometer magnet. 

The beam momentum profile is measured by a vertical wire which sweeps through the 

beam. For "nominal" conditions, the momentum spread is shown in Figure 4.20. Each 

division horizontally ls l cm ln wire position, and the system is calibrated such that 1 

cm corresponds to a Ap/ p of 0.22%. The rms momentum spread Is given ln the plot. 

By the Ferrn!lab convention, ernlttances arc expressed ln terms of the 95% area; 

therefore, the corresponding full Ap/ p Is measured on the same plot to be 0.35%. 

The average beam Intensity ts measured by detecting the secondary current 

induced in a wound toroidal ferrtte core transformer surrounding the beam pipe. The 

Operations group penodlcally calibrates the output of the Intensity monitors; however, 

while the absolute accuracy Is unknown, the relative measure ts precise for a study 

sequence of a short penod of, e.g. one week duration. The Intensity signal B:CHGO for 

5 turns Injected beam ls shown ln Figure 4.21, recorded by the DSA. The scale, 

companng with the calibrated B:PBOOST output of l.7e12 protons per pulse (ppp), Is 

found to be 0.53 V / l 012 PPP· 

Finally, we record the RF cavity sum voltage, which ls used to determine the 

dimensions of the RF bucket. The signal from the upstream cavity gap monitor from 

each cavity Is summed using phase-matched cables and then peak-detected to produce 

a curve such as that shown In Figure 4.21. The signal was callbrated43 and, assuming 

a linear flt of the data with frequency, gives a scaling of 

VRF(kV) = Ymsrc1(V)(64971+2n(341.26)fRF(MHz)) (4.3.1) 

The RF sum signal circuitry has recently been upgraded, and the scaled new RF sum 

voltage Is greater than the old by about 30%. All the data presented in this work uses 

the old values. This d1fference introduces an uncertainty in the calculation of the RF 

bucket. 
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Figure 4.21 Booster RF Sum and Charge Signals. This example Is for 17 cavities with a 
beam Intensity of 1. 7e 12 protons per pulse (ppp). The Intensities cited always refer to 
the Injected beam Intensity. Typically. for this nominal case, about 20% of the beam Is 
lost to space charge forces and aperture restrictions In the first few msec of the cycle. 
The vertical scale Is identical for both signals; the scaling to real values is given In the 
text. 
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Beam Spectra 

Two different FFT setups were used on the DSA to record the beam spectra. In 

each case, a Hanning window ts chosen· somewhat arbitrarily to multiply the time 

signal; this detennines to spectral line shape. A 8192-pt FIT is performed on a time 

base of 10 µsec (or 5 µsec), giving a maximum frequency of 500 MHz (or l ~Hz) and a 

frequency resolution of 61 kHz/pt (or 122 kHz/pt). Individual coupled-bunch spectral 

lines, spaced at the rotation frequency of about 625 kHz, arc resolved In either case. In 

general, 8 or 16 beam pulses arc averaged to obtain the data. A typical, averaged 

Fourter transform of the beam signal measured near the end of the cycle (29 msec) Is 

shown with the I GHz setup In Figure 4.22. Dominant lines due to the pertodic 

passage of the bunches at harmonics of the RF drtve can be seen, as well as a 

ubiquitous pattern of four coupled-bunch mode lines repeated In each RF pertod. The 

power spectrum envelope of the RF lines corresponds, as we will sec later, to a 

parabolic-like bunch charge distrtbution. The two unstable lines arc centered at 

rotation harmonics 16 and 48 (out of a possible 84); the other lines arc aliased. Due to 

a problem In the DSA, aliased lines at subharmonics of I GHz (250, 500, 750 MHz) 

were evident. Also, oversampled aliased RF harmonics from > l GHz produced spectral 

lines appearing as If they were single-sided coupled-bunch sidebands. These lines arc 

disregarded In the analysis, although unfortunately, sometimes they obscure the real 

coupled-bunch mode lines. 

Longitudinal Emittance 

The maximum digitizing rate of 2 Gsps (0.5 nscc/pt) was used with a 4096 

record length on the DSA to measure the bunch length. This corresponds to a pulse 

train of 2.5 µsec, just over one tum of 84 bunches. As In the FFT, 4, 8, or 16 pulses 

arc first averaged. A sample output Is shown In Figure 4.23. The bunch length Is 

directly measured averaging three bunches using cursors on DSA screen. Given the 

RF voltage and bunch length, the beam area (emittance) Is calculated assuming It Is 

matched to the RF bucket using the formulae presented In Chapter 3. The error In the 

emittance f>.&L is assumed to be due on}y to the uncertainty In the bunch length 4-rL: 
d&L { ) 2&L . 

4=0.7 nsec. Therefore, f>.&L = 4 "L = "'"L· 
drL "L 
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Figure 4.22 'I)'pical Frequency Spectrum Showing the Coupled-Bunch Mode Signal. 
The conditions correspond to the case tn Figure 4.19, but at 29 msec. The data are 
averaged over 16 beam pulses. The RF harmonics, spaced at 52.76 MHz, are most 
prominant. In each RF pertod up to about 500 MHz. four spectral lines appear, 
tndicative of two coupled-bunch modes. The LI 7 beam monitor Is used. (Rl 61 
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Figure 4.23 'I)'pical Charge Distrtbution Signal In the Booster. These data are digitized 
at 2 Gsps using the Tek DSA 602. In this example. the beam conditions are: Intensity 
l.8el2 ppp. 16 cavities on, 4 cavities have HOMs dampers, 29 msec In the cycle. and 
averaged over 8 pulses. The LIS beam monitor IS used. (R06) 
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5. EXPERIMENTAL STUDIES 

As mentioned In Chapter l, several approaches had been taken with little 

success over the years 1975-1987 to ellm1nate or curtail the coupled-bunch lnstabllity 

In the Booster. However, the problem was not understood In entirety. While the RF 

cavities were suspected of contributing to, If not of being the pr1Ine source of the 

Instability, there was disagreement as to which of the higher-order modes (HOM) were 

most darnaglng.48 As a matter of fact, the precise connection between the Instability 

and emittance growth was not unequivocally established, although some linear 

approximations were made.49,50 A prellm1naiy, linear estimate of the emittance 

growth for higher beam Intensities suggested that If nothing were done, the Instability 

would limit the goals of the Llnac upgrade (see Figure 1.4). It was decided to re

address the coupled-bunch lnstabllity In the Booster systematically. 

Coupled bunch oscillations can be stabilized by either Increasing the spread In 

synchrotron frequencies, actively damping the longitudinal motion of each bunch, or 

reducing the Impedances of the resonators responsible for the bunch to bunch 

coupling. In the case of the Fennllab Booster, the third method of reducing the 

coupling Impedances was chosen because of Its simplicity, low cost, and rellabllity. 

With this choice the problem could be slmpllfied Into three steps: l) Identifying the 

unstable modes In the frequency domain In the beam current spectrum, 2) finding the 

specific higher order RF cavity modes responsible for the coupling, and 3) building a 

set of HOM dampers to remove energy from the RF cavity higher order modes.51 

Exper1Inental beam studies were carried out In parallel with extensive 

measurements of the RF cavities. The parametric beam studies are descrtbed first, In 

which the beam Intensity, RF cavity configurations, and beam momentum spread are 

varied. This Is followed by the discussion of the RF cavity spectral measurements, In 

which the amplitude and time dependence of the beam-Induced parasitic modes Is -observed. This collection of data, the equivalent characteristic time dependence 

coupled With the agreement In the mode numbers between the perturbed beam spectra 
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and bench measurements of the Impedance, led us to identify three paiticular RF 

cavity modes as being responsible for the coupled-bunch lnstablllties. Passive HOM 

dampers were designed, and after Installation, the longitudinal beam emittance was 

reduced by a factor of three, never before achieved. The HOM damper design Is 

described, and the results shown after they are installed. Finally, some remarks arc 

made of the case when the beam momentum spread Is vartcd. 

5.1 Observations of the Coupled-Bunch Instability 

The parametric, experimental beam studies were performed In four stages. 

First, the dependence of the emittance growth, as measured by the bunch length, on 

Intensity and cavity configurations was studied. Spectral measurements established 

the unstable coupled-bunched beam modes. Data of the standard 8 GcV extracted 

beam were compared with acceleration to 4 GcV are reported In Ref. 56 but wlll not be 

discussed here. After the bench measurements of the RF cavity Impedance and the 

HOM damper design and fabrication, but prior to installation, the beam measurements 

were largely repeated. Next, four RF cavities were modified with the HOM dampers, 

and beam measurements were made first with only the Internal hai·dware, then with 

the external circuits. Although no changes were observed In the beam, It was 

determined that as the dampers caused no unexpected Ill effects, all the cavities were 

subsequently modified. Finally, the beam measurements were made with all the 

dampers. The data run designations are given In Table 5.1. 

The results for the emittance growth In the first set of studies show a strong 

dependence on both Intensity and number of RF cavities energized. The Intensity 

dependence with a fixed 16 cavities Is shown In a family of curves 1n Figure 5.1 (a) 

(datl6). At the maximum Intensity of 2.5cl2 ppp (3.0clO ppb), the emittance at 

extraction Is 0.25 cV-scc. The emittance growth begins around transition energy (19 

mscc) and appears to be generally linear with time. The result with fixed Intensity 

(2.5cl2 ppp), but with one, three, and five cavities off and shorted Is shown In Figure 

5.1 (b). The topmost curve Is Identical to that In (a). The signal was Improperly 

terminated for 12 cavities; the emittance docs not actually decrease to zero at 

transition. Again, the dependence of the emittance growth Is significant. To eliminate 

the possibility that the cavity shorts affect the HOMs and hence the beam In an 
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Table 5.1 Data Run Designations of Pararneb1c Beam Studies 

Intensity #cav FFT•• HOM date comments 

(1012 nnn) damners 

datl6 (I-Stum)• 16 0 out AugS9 cavities shorted 

datl4 11-6). 14 0 out AugS9 and/or removed 

datl2 11-6). 12 0 out Aui! S9 n 

ROI 1.7 15 I out Sep 91 LIS pickup 

R02 1.7 16 out Sep 91 

R03 1.4 16 out Sep 91 

R04 1.0 16 out Sep 91 

ROS 0.6 16 out Sen 91 

R06 LS 17 l 4cav Sep91 HOM: Int. H/W 

R07 l.S 15 I 4cav Sep 91 HOM: Int. H/W 

ROS LS 15 I 4cav Sep91 HOM: full H/W 

R09 l.S 17 I 4cav Sep91 HOM: full H/W 

RIO 1.9 17 2 4cav Sen 91 lanre !J.n/n 

Rl2 1.3 16 3 4cav Nov91 LI 7 pickup, no TL 

Rl3 1.3 16 3 4cav Nov91 large l!J.p/p, no TL 

Rl5 1.3 16 3 4cav Nov91 1'r jump on, no TL 

Rl6 1.3 17 3 4cav Nov91 

R30 l.S 16 3 In Apr9~ 

R35 1.9 15 3 In Apr92 no TL 

R36 1.9 16 3 In Apr92 

R37 1.9 16 3 In Apr92 large l!i.p/p 

R3S 1.9 19 3 In Apr92 small l!i.p/p 

R39 1.9 16 3 In Apr92 1'rJump on 

R47 0.45 16 3 In Apr92 

R48 1.3 16 3 In Apr92 

R49 1.6 16 3 In Apr92 

R50 0.9 16 3 In Aor92 

• Beam Intensities: (I) 0.6cJ2, (2) 1.Jel2, (3) 1.5el2, (4) 1.8el2, (5) 2.lel2, (6) 2.5e12 ppp 
•• FFTs: (0) various setups; (1) 8192 pts, 1 Gsps. 500 MHz (10 µs), 1 ave; 

(2) 8192 pts. 1 Gsps, 500 MHz (IO µs), 16 ave; (3) 8192 pts. 2 Gsps, 1 GHz (5 µs), 16 ave 



113 

(c) 

0.2! " c l.0.10'" ~ ..... "'-:h 

0 2..J.10 ... 
> , .. ,O'" ppb c • D.24 " • 1.3i110•,_, 

i • 0.1.10'" ppb c 
0 • 

i D.2 " 
• c 
~ 

·i 0.16 " 0 

c 
• 
0 c 0 

i 0.12 - 0 • 
0 0 D 

~ 
~ • c • " 0.0! • c - • 0 

• 0 • • i 0 • 
= e • ' • o.o .. I ' e I • 0 • • I • • • • 

D 
. . ' ' ' ' ' • • 12 ,. 20 24 2B 32 35 

time (rnsec) 

(b) 

0.28 - • -CO\f"'°"*d 

• ttv. C111¥' ilhorWd ...... -~ • 
0.2• 

'U • • • I 0.2 " > 
~ > • • > • u • c 
~ 0.16 
·e • • 
0 • • :6 o.i2 " • , • • • 
~ > 
~ 
c • • 0 • - 0.0! " • • • • • • • • • O.D< "I • ' ' I • • • • I 

• • 
0 ' ' •• ' ' . ' ' ' • • 12 .. 20 2• 2B 32 30 

tlrnt (rnsec) 

Figure 5.1 Longitudinal Emittance Growth as a Function of Time tn the Booster 
Cycle. Shown in (a) is the emittance, as determined from the measured bunch length, 
for several beam Intensities and fixed number of accelerating cavities (16). Emittance 
growth occurs mainly after transition and Is most pronounced at the highest 
Intensities. Shown In (b) Is the emittance at fixed Intensity. 3.0el2 ppb. but with one, 
three and five cavities off and shorted. 
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Figure 5.2 Effect on Emittance of Shorttng vs. Removing RF Cavities. The results for 
(a) 14 and (b) 12 cavities show that there Is virtually no difference In the longitudinal 
emittance growth between removing and simply tumtng off and shorting RF cavities. 
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Figure 5.3 Repeat of Longitudinal Emittance Growth Studies vs Intensity. The 
apparent emittance growth for low Intensities was not seen previously (see Figure 5.1). 
although the scaling at the highest intensity ts comparable. 
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unexpected way, the studies were repeated with the same cavities removed from the 

ring. The results are virtually Identical to the plots In Figure 5.1 (b), this Is 

demonstrated In Figure 5.2. The spectral data proved to be rich In detail. Coupled

bunch mode lines appear at transition centered around n=l6 and 48, shifting down 

from around n=lS and 50 when they first appear. It was decided to repeat the studies 

and more systematically measure and study the spectral data In conjunction with the 

study of damping the RF cavity parasitic higher-order modes. 

Prior to studies with Installing the RF cavity HOM dampers, the beam Intensity 

studies were repeated. The results are shown In Figure 5.3 (16 cavities, R02-R05). The 

maximum Intensity available at the time for study for which the Booster was well 

tuned was only l.7el2 ppp (2.0clO ppb), with a 0.15 eV-sec emittance at extraction. 

The small emittance growth at low Intensities was not seen previously. Obviously, 

during the lntezvenlng two years, regular maintenance and rcpairS were performed in 

the beam line. No changes known or expected to affect the longitudinal instability 

were made, although the Injected Unac momentum spread had not been recorded for 

comparison. Another consideration In comparing data from dlfferent time periods Is 

the fact that the beam Intensity signal B:CHGO is periodically re-callbrated or 

upgraded. Therefore, a variation in absolute intensity is possible. Before we discuss 

the RF cavity HOM damper studies, we digress to describe the beam spectral analysis 

and extraction of coupled-bunch mode amplltude from the data. 

Extraction of Particle Distributions and Coupled-Bunch Amplltude 

Study of only the longitudinal emittance growth to fully characterize the 

coupled-bunch Instability in the Booster is not possible. First, there is evidence that 

the charge density develops higher-moment structure, indicating nonlinear processes. 

Also, two coupled bunch modes are seen to grow in the beam, and It is unknown 

whether they arc independent or affect each other. The coupled-bunch mode 

amplitudes may be calculated from the first· moment of the corresponding perturbed 

bunch distributions Introduced in Chapter 3. The distributions themselves may be 

extracted from the spectra. The envelope of the peaks In the signals given In eqns. 

(3.2.2 l) and (3.2.22) Is written as 
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(5.1.1) 

where p = NMemoa and m=O, l. We can pei:fonn an inverse Hankel transform to invert 

this equation in order to extract the distributions flD" We multiply eqn (5.1.1) from the 

left by Jmfmi')mdC!l and integrate, then use the following orthogonality c~ndition on 

Bessel functions57 

.. 
t J J,,(atlJvlat') ada = 61,t-t') 

0 

(5.1.2) 

(5.1.3) 

A program was written to read the spectra and evaluate the integral in (5.1.3) 

numelically and determine the functions fm. There Is a different fm for each coupled

bunch mode envelope. We use the normallzation condition on fo to determine the 

scaling factor p, since we are actually measurtng pfo 

.. 
211J pf0 (i-J i-di- = A 

0 

The charge density Is just the projection of fo on the i- axis: 

.. 
A(i-) = 21rJ pfo( i-= J;z +(i"/m5 )

2
):: 

0 

(5.1.4) 

(5.1.5) 

The coupled-bunch mode amplitude ls given by the first moment of the perturbed 

function .. 
'"• = 21rJ i-ptj(i-)i-di-

0 

(5.1.6) 

An example of the bunch dlstlibutlons are plotted in Figure 5.4 for 29 and 35 msec in 

the cycle. Because we truncate the frequency data at 500 MHz, there is an artificial 
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Figure 5.4 Extraction of Bunch Charge Distributions from Spectrum. The example 
gives the result for data run ROI at two different times In the cycle. Shown are (a) the 
stationary radial dtstribtlon, (bl the charge density, and (c) the perturbed dipole 
distribution for coupled-bunch mode 16. The first column corresponds to 29 msec and 
the second column to 35 msec. 
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Figure 5.5 Verification of Spectral Analysts of Charge Density. The (a) analyzed 
result for RO I at 29 msec Is compared with the lb) digitized data. The 4CJ width Is 4.3 nsec 
for the calculation fitted with a gausslan, while the averaged measured bunch length is 
4.7 nsec. 
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Figure 5.6 Coupled-Bunch Mode Amplitude as a Function of Time In the Booster 
Cycle. Shown plotted are various data runs (see captions). 
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fluctuation of about 2 nscc supcrtmposcd on the plots due to Gibb's phenomenon. 

Since we do not know the de offset In the signal, the de component of the spectrum Is 

chosen to force the distribution functions to zero at large values of the argument. 

There ts a distortion appeartng In the radial stationary distribution JO at 35 msec 

indicated by the arrow In Figure 5.4 (a). This may simply be a numerical artifact; 

otherwise, It may be indicative of a diffusion process leading to emittance growth 

(turbulent bunch lengthening). Higher-frequency resolution ts necessacy .for more 

definitive analysis of this kind. A verification of this analysis may be seen In Figure 5.5 

(a) In which the bunch length for the extracted charge distribution Is found by fitting 

with a gausslan. A corresponding digitized bunch charge signal Is shown In (b). 

Remember that several bunches are averaged to ob.lain the cxpertmental bunch length. 

The coupled-bunch amplitudes are calculated according to eqn. (5.1.6) and 

plotted In Figure 5.6 for four different data runs for the most prominent coupled-bunch 

modes. Mode n=J6 Is seen to saturate for high Intensity and maximum RF cavities, 

but grows linearly at low frequency. Only modes around n=50 remain after the HOM 

are damped. This Is discussed now below. 

5.2 RF Cavity Higher-Order Mode Damping 

Figure 5. 7 shows an FFT of the beam current signal taken from a wideband 

resistive wall monitor using the Tektronix DSA 602 digital signal analyzer. The beam 

current ts sampled at 35 msec Into the Booster cycle when the coupled bunch 

oscillations are fully developed. The FFT shows the harmonics of th RF frequency 

separated by the 84 coupled bunch lines. The dominant coupled bunch mode lines are 

seen to occur at n=l6 and n=36. The Individual bunch motion Is predominantly a 

dipole oscillation. FFT beam spectra taken at 2 msec Intervals throughout the 

acceleration cycle show both the n=l6 and n=36 mode structure appeartng shortly 

after transition. The n=l6 mode reaches a maximum amplitude at approximately 10 

msec before extraction and remains constant or decreases slightly. The amplitude of 

the n=36 monotonically Increases after transition reaching Its maximum value at the 

extraction Ume. 
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stations are on and the data correspond to 35 msec In the cycle. Mode 16 has been 
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Identification of the Offensive RF Cavity HOMs 

A number of measurements were pcrfonned which, when taken together, lead to 

the decision to design and tnstall passive dampers on three of the RF cavity HOMs: 83, 

168, and 220 MHz (f2, f4, f6). The agreement ln the mode numbers between the FIT 

beam current data and the cavity gap monitor data, along with the same characterlstic 

time dependence, led us to Identify these three modes as being responsiolc for the 

coupled bunch tnstablllties. 

A set of bench measurements were made of the RF cavity Impedance 

corresponding to d!ITerent tlmcs in the cycle, as reported In deta!I In Chapter 4. The 

results were compared with beam spectral measurements to dctem11ne which parasitic 

modes, If any, correspond to modes excited In the beam. Such a comparison Is 

depleted in Figure 5.8 (Rl2, 35 mscc). We sec that f2 {83 MHz. n=48), f4 (169 MHz, 

n=l8), f6 (220 MHz, n=16), and fS (345 MHz, n=46) correlate closely with the Indicated 

beam coupled-bunch modes. The mode at 345 MHz ls rather high and should be 

attenuated by the form factor according to the thcoiy. 

A complete set of measurements were also made of the beam excitation of the 

HOMs in each of the 17 Booster RF cavities (Wiidman). The measurement setup was 

described in Chapter 4. The cavity spectra were recorded for dilTerent beam Intensities 

and for 14- and 16-cavlty configurations. The result for 16 cavities is shown for cavity 

modes f2, f4, and f6 in Figures 5.9, 5.10, and 5.11. respectively. The amplitude for f4 

(169 MHz) and f6 (220 MHz) ls seen to reach a maximum shortly after transition and 

then decrease slightly. Alternately, the f2 mode (83 MHz) continually Increases after 

transition. The cavity fields increase with beam Intensity. This time structure and 

intensity dependence ls mirrored In the coupled-bunch amplitude growth as shown In 

ROI or R012 in Figure 5.6, for example. Indeed, these measurements became the most 

unequivocal indication of which cavity modes couple strongly to the beam, although 

cause-and-effect had yet to be established. 
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Figure 5.8 Correspondence of RF Cavity HOM Impedance and Coupled-Bunch Mode 
Spectrum Before HOM Dampers. The RF harmonics are marked With a filled "O", mode 
16 With an "X', and mode 48 with an open "O". (Rl2) 
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Figure 5.9 Excitation of Rf" Cavity Mode f2 (82.0 MHz). Shown are three beam 
intensities: (a) 0.52e I 0. (b) I .Se IO. and (cl 2.2e I 0 protons per bunch. 
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Figure 5.10 Excitation of RF Cavity Mode f4 (168.8 MHz). Shown are three beam 
Intensities: (a) 0.52el0, (b) l.5el0. and (cl 2.2el0 protons per bunch. 
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Figure 5.11 Excitation of RF Cavity Mode f6 (220.8 MHz). Shown are three beam 
tntenstties: (a) 0.52el0. (b) l.5e10. and (cl 2.2el0protonsperbunch. 
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RF Cavity HOM Damper Des1gn51 

The frequency of the non-tunable mode at 83 MHz Is detennlned by the 

physical length of the cavity's drift tube. This mode along With another fixed frequency 

mode at 79 MHz were already being damped by two coupling loops tenn!nated into son 
loads. The nominal RF cavity prior to any modillcatlons Is shown In Figure 5.12 (a). 

To Increase the damping at 83 MHz, the loop area was Increased With a 0.5" copper 

spacer, and a notch filter was Inserted between the loop and the 50 n load to reduce 

the additional power dissipated In the load at the fundamental frequency (see (b)). Thls 

modification produced an additional l 0 dB of damping at 83 MHz. A photograph of the 

old loop and new spacer Is shown In Figure 5.13, while an equivalent circuit Is shown 

In Figure 5.14 (a). Also shown In Figure 5.13 ls the 217 MHz damper. 

The mode dampers for the 165 and 217 MHz modes are similar In design and 

are Installed on only one half of the cavity. The location Is Indicated In Figure 5.12 {b). 

They both consist of capacitively-coupled 0.125" thick x 6" long x 2" (3.5") Wide OFHC 

copper flaps located at a voltage maximum for each mode. These locations were found 

by probing the excited fields Inside the cavity with a hand-held loop. The flaps are 

cutved to be concentric with the outer cavity wall and are supported by a 0.5" dia 

copper rod which Is soldered to the center conductor of an HN type connector. The 

center pin of the HN connector unscrews from the connector body for easy Installation 

of the damping flaps through the side wall of the cavity. The center pin also acts as the 

Inductor LI shown In Figure 5.14 (b). Outside of the cavity, the damping flaps are 

connected to three IO n, 40 W low Inductance resistors In parallel, R, and through a 

short length of 0.080" dia. copper wire, L2. to two 100 pF transmitting capacitors, C2. 

L2 and C2 are adjusted to be series resonant at 48 MHz with a Q of approximately 25. 

The center value of 48 MHz was chosen to mlnlmlze the total Integrated power, over the 

entire acceleration cycle, dissipated in the reststor R at the fundamental frequency. 

The 165 and 217 MHz dampers have a bandWfdth of 15 MHz and reduce the HOMs by 

approximately 20 dB and 25 dB respectively. The entire external damping network Is 

enclosed In a 2" x 3" x 5" shielded aluminum box With a 28 CFM all metal fan attached 

to the box top to provide extra cooling. Under nonnal Booster operating conditions the 

added cooling provided by the fan Is not necessaiy; however, with the additional 

cooling, the dampers have been tested at the maximum Booster cycle rate of 15 Hz. 
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Figure 5.12 RF Cavity Showing Installation of HOM Dampers. Depicted are the (a) 
nominal and (bl modified cavities. 
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Figure 5. I 3 Photographs of RF Cavity HOM Dampers. Shown are the coupling flap and 
resonant circuit for the 217 MHz damper (above) and the old coupling loop with new 
spacer for the 83 MHz damper (below). The hardware for the I 67 MHz damper is very 
similar to that for the 217 MHz one. only the flap Is about half as wide. 
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Figure 5.14 HOM Dampers Represented as Circuits. Depicted in (a) is the equivalent 
circuit for the 83 MHz mode. and in (b) is the circuit for the 165, 220 MHz modes. In 
circuit (bl. at the lower RF frequency. C2 Is nearly a short and the R load is bypassed; at 
the higher HOM frequencies. the LRC branch Is at resonance and now. power Is 
dissipated In R. 
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Figure 5.15 Comparison of RF Cavity Single-Gap Impedance Before and After HOM 
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attenuated as well as shifted tn frequency (see Appendix B). 
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A typical result for the single-gap Impedance of the nominal cavity (no HOM 

dampers), corresponding to t=l9 msec In the cycle, Is given In Figure 5.15 (a) using the 

technique described In Chapter 4. The data show a series of narmw resonances that 

exist In the cavity above the fundamental. By comparison, the gap Impedance for the 

cavity In which selected higher-order modes arc damped Is shown beside It In (b). A 

comparative tabulation of frequency, magnitude R. and ratio R/Q for these data Is 

given In Table B9. It Is to be noted that the frequencies arc slgnlficantly shifted and 

RI Q, a quantity theoretically fixed In a resonant structure, varies by up to 50% after 

damping. Addition of the dampers alters the cavity geometry and equivalent reactance. 

The changes In the Impedance at the gap due to the use of the cavity short Is 

depicted In Figure 5.16. At the upper left is the nominal cavity With zero bias current, 

while to Its right the same Is shown after the short has been Inserted. There Is only 

one short on each cavity; In this measurement, the wire Is Inserted In the gap on the 

far end, the "unshorted" gap. The Impedance at the "shorted" gap (not shown) Is 

reduced again by about 20% but othetwlse similar. There arc similarities In the 

higher-order mode structure between the damped cavity (Figure 5.15 (b)) and the 

shorted cavity With zero bias (Figure 5.16 (b)). For completeness, the same 

measurements were performed on the cavity after the dampers were Installed. These 

data arc shown plotted In Figure 5.16 (c) and (d) and tabulated In Table B.10. The 

vertical scale on all the Impedance plots Is the same. 

Results 

For better control of the beam conditions and as a test of the HOM dampers, 

four cavities were modified In two steps. First, the cavities were fitted With only the 

Internal hardware (R06, R07). Beam measurements were repeated after a short beam 

enclosure access to add the external tuned circuits (ROS, R09). No changes were seen 

In either the emittance or the beam spectrum With these changes. As the HOM 

dampers presented no ill effects, It was decided to Install them on all the RF cavities. 

The result now Is dramatic. Figure 5.17 (b) Is the beam current FIT spectrum taken 

With dampers Installed In all 17 Booster RF cavities. The coupled bunch mode 16 line 

Is no longer present and the amplitude of the n=36 l!ne has been reduced by 5 dB. The 
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reduction In the longitudinal emittance growth with the dampers In place Is shown In 

the lower trace of Figure 1.1 In Chapter l. The correlation of the beam spectral lines 

and the HOM-damped cavity Impedance Is also shown In Figure 5.17. The modes at 

166 and 342 MHz do not correspond to observed, excited beam modes, but could 

become Important at higher beam Intensities. 

5.3 Anomalous Emittance Growth 

As a final discussion, the ubiquitous coupled-bunch modes are absent under 

special conditions. Actually, this was found unintentionally when the Unac 

acceleration tanks were accidentally mistuned and the CBM mode lines In the Booster 

were surprisingly found to be absent. Curiously, the longitudinal emittance growth 

was still present In this case. Systematic studies later on showed that this result could 

be reproduced for 17 cavities by deliberately Increasing the longitudinal momentum 

spread of the Injected beam. The nominal and Increased momenta are shown In Figure 

5.18. The corresponding beam spectrum, showing only the RF harmonics and no 

coupled-bunch mode structure, is given In Figure 5.19 (data run RIO). The emittance 

growth and coupled-bunch mode amplitudes for the case with large momentum spread 

(RlO) are shown In Figure 5.20 compared with a nominal case (R09). While a larger 

momentum spread may explain the absence of the coherent coupled-bunch mode 

oscillations due to Increased Landau damping, the continued presence of the emittance 

growth is not so readily explained. Presumably, with the greater Injected momentum 

spread, we are filling the RF bucket and thus maximizing the emittance. This 

observation needs further study to understand the rapid emittance growth at transition 

with 17 cavities. 

-
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Figure 5.20 Coupled-Bunch Mode Amplitudes and Emittance Growth for Large 
Momentum Spread. Data runs R09 and RlO are compared, with nominal and large 
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6. CALCULATIONS 

The linear coupled-bunch Instability theoiy has been widely studied and Is 

generally accepted as being well understood. Of Interest here Is how well It applies In 

the case of the Booster, which presents the added complexity of multiple unstable 

modes and slewing frequencies. We seek also to vertfy the Impedance model, as these 

modes are driven off-resonance at times during the cycle. The fommlae are derived 

from the available literature, but the analysis Involves rigorous testing and 

modillcatlon of some of the assumptions for proper application to the Booster. The 

effects of the beam momentum spread and non-linear accelerating RF potential leading 

to Landau damping are Included self-consistently. Jn all cases, measurements of the 

beam momentum spread and the longitudinal coupling Impedance due to the RF 

cavities are used. In a comparison between the obseived final coupled-bunch 

amplitude growth and predictions of the theoiy, we may draw conclusions as to the 

applicability of this theoiy to extensions of the Booster beam operating parameters. 

Finally, we arc Interested In whether we may specify a maximum emittance given 

knowledge of the driving mechanism, such as the hlgh-Qlmpedance. 

The quantitative analysis of the data was an Iterative process. Obseivatlons of 

the mountain range display verilled the bunch length and dipole coupled-bunch mode 

amplitudes extracted from the spectral data. Calculation of the linear Instability 

growth rates based on the RF cavity Impedance measurements In part verilled the 

ldentillcatlon of the offensive parasitic modes. Estimates of the growth rate from the 

mountain range display guided the correct Interpretation of the RF cavity bench 

Impedance data. The results from simulation (next chapter) using these Impedance 

data guided our understanding of the phase space time evolution and sensitivity of the 

Instability to the particle distribution. 
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6.1. Calculation of Linear lnstablllty Growth Rates 

The details of the calculations arc discussed below. Recalling the analysis of 

the beam spectral data in Chapter 5, we extract the unstable coupled-bunch mode 

amplitudes as a function of time in the Booster cycle. These data arc compared 

directly with a calculation of the time-integrated linear growth of each unstable 

coupled-bunch mode. This calculation Is done in two steps. First, ' the linear 

instability growth rate is computed at several d1ffcrcnt times in the cycle. The results 

arc Integrated over the cycle assuming slow time vanation (WKB) In the Impedance. 

Recall the dispersion relation, cqn. (3.3.28) from Chapter 3, which governs the 

relationship between the coherent unstable modes and the driving Impedance: 

,,(j) 3 h Z ((j))'°J Ntrl J1 (kr)J1 (.Ir'r) 
1 = _, o :L _k_ dr-"''"..._,_---.--

/f E k,k' k 
0 

(0-(i)8 (rl) 
(6.1.1) 

Normally, we arc interested in solving cqn. (6.1.1) for each coupled-bunch mode 

n=O,l,. .. ,h, to find those clgcnfrequencies n which arc unstable. As this Is an infinite 

dimension matrtx equation, a number of slmpllficatlons arc generally made. In the 

literature, the small-argument expansion Is substituted for both J 1 (kr) terms. This Is 

the short bunch approximation: kr Is the ratio of coupled-bunch mode amplitude to 

perturbing wake field wavelength. Also, to allow analytical solutions, Ws Is often 

assumed constant, so that Landau damping can be neglected. However, in the case of 

the Booster, kr Is not small. We studied both regimes, (i)8 constant and w8 (rl. to 

examine the effect of Landau damping. 

Before proceeding, we digress on the concept of form factors introduced in the 

discussion of the coupled-bunch mode beam spectra In Chapter 3, cqns. (3.2.21) and 

(3.2.22). The form factors arc envelope functions corresponding to JndMdual 

perturbed modes (stationary, dipole, quadrupole, etc.) and determine the frequency 

response of the beam to external driving hnpedanccs. The form factor essentially 

modifies the effect of the Impedance, and therefore the product (or convolution) Is 

referred to as the effective Impedance. Sample parabolic and gausslan amplitude 

particle dlstrtbutlons arc written 17 
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(6.·1.2) 

. 
h T d • T w ere z = -- an z = --. 

TL/2 TL/2 
We illustrate the fonn factors In Figure 6.1, where the 

linear functions are shown In (a) and (c), and the envelopes for the power spectra In (b) 

and (d). From the sample beam spectrum In Figure 4.22, we may conclude that a 

parabolic dlstrtbution with sharp cut-off best fits the data, corresponding the case 

shown In Figure 6.1 (b). However, towards the end of the cycle, the beam spectral lines 

tends toward the view In Figure 6.1 (d). To be most general, we decided to study the 

theory using a gausslan dlstrtbution. 

For a constant synchrotron frequency"'s = "'s,,, valid In the case of a small 

bunch In a large RF bucket, the denominator In eqn. (6. I. I) may be pulled out of the 
Integral. Let Ml= (n - "'.s,J ln the Booster, there are two unstable "modes" (actually 

doublets), each driven by two RF cavity parasitic modes. The modes around n=l6 are 

driven by 169 and 220 MHz (RF harmonics p=3,4). Modes around n=48 are driven by 

83 and possibly 345 MHz (p=l,6). For each n, eqn. (6.1.1) becomes a 2x2 matrix 

equation with solutions for Ml given by It-Mui= O. For a gausslan particle 

distribution, using relations In Ref. 58, the matrtx elements may be written 

(6.1.3) 

where L = i"'oTL Is the bunch half length In radians and 11 are modified Bessel 

functions. The envelope of this effective Impedance Is shown In Figure 6.2 for k.rk.rk 

compared with the result for the parabolic bunch. The matrtx elements are evaluated 

for n=l6,48 at different times !through the cycle using the measured impedance Zir In 

each case, the larger O(t) of the two solutions Is taken to dominate. The result for the 

Instability growth rate Is given as a function of coupled-bunch mode number by the 
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Figure 6.1 Form Factors for Coupled-Bunch Instabil!ty. Depicted are the envelope 
functions which multiply the impedance in the simple case without Landau damping 
for the (a) parabolic amplitude and (b) gausslan amplitude particle distributions. The 
envelopes of the power spectra for these same distributions are given In (c) and Id). 
respectively. 
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Figure 6.2 Form Factors Comparing the Dipole Coupled-Bunch Mode for Different 
Particle Distributions. 
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Figure 6.3 Linear Instability Growth Rates in Booster. Compared are the results using 
the net sum RF cavity impedance (solid line) and scaled single-gap impedance (broken 
line). 
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. . 
Figure 6.4 Correspondence of Ltnear Instabtltty Growth Rate and Perturbed Beam 
Spectrum. Depicted are the results using data run ROI as an example (see Table 5.1). 
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solid cuive In Figure 6.3 for the example of data run ROl at 21 msec. Shown next to 

each nontrivtal mode is the dominant responsible impedance identlfted by its RF cavity 

mode number (Table 4.1). Superimposed on the plot with the broken line is the result 

if we naively take the single-gap cavity gap impedance and multiply simply by 2xl5 

cavities. Figure 6.4 shows the correspondence with the data (ROl, 29 msec); we see 

that modes n= 16 and 48 appear In the spectrum, while n=46 and 60 do not. , 

ln the case of Landau damping, the frequency spread must be Included. We 

use the approximation 

We eliminate the sum by choosing the dominant Zk only and write 

1/loe o>o2 16 Zk 1'° e-XJ1
2(kL.J2x) l=l dx~~~~~~ 

2nj/-E o>8 
2 o>,.112 L4 k 

0 
x - y 

8 
y=- o>h2L4Ml 

s 

Ml= (nr - "'.so)+ 1n1 

(6.1.4) 

(6.1.5) 

The Integral In equation eqn. (6.1.5) is solved numerically, fixing n1 and varying Or. 

The cutves may be plotted In the complex Z.plane as shown In Figure 6.5 (a). This 

example corresponds to Booster parameters In RO l at 29 msec In the cycle: (o>.., !:.o>J = 
2n (2200, 78) Hz. The solution for O(t) is found graphically by finding the Intersection 

z of one of the cuives with the measured : . The Innermost cuive, whose true asymp-

tote should be zero, delineates zero growth rate; the offset is a numerical artlftce. If the 

impedance falls Inside this cuive, the system is stable. For an effective impedance 

(3.2+10.5) kn as plotted with a large dot In Figure 6.5 (b), the growth rate predicted Is 

0.913 msec·1 without Landau damping and 0.845 msec·l with Landau damping. 

We may use a WKB approximation to get the Integrated growth of the 

Instability, since the 0(11 are slow functions of time. The coupled-bunch mode 

amplitude !l'(t) normalized is calculated using 
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Figure 6.5 Instability Curves Showtng Graphical Solution of Growth Rate. Illustrated 
are the solutions for a gaussian particle distribution plotted in the complex Impedance 
plane. In (a), curves of constant growth rate are shown. The system is stable If the 
effective impedance falls inside the leftmost curve. In (bl. we see the effect that Landau 
damping has In reducing the growth rate. For the effective Zk/k plotted, the growth rate 
is reduced from 0.913 to 0.845 msec·1. (ROI, t=29, Aro.=0.48 msec-1 (75 Hz)) 
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(6.1.6) 

6.2 Comparison with Observations 

The results, comparing the cases without and with Landau damping are shown 

plotted In Figure 6.6 along with the data (RO!) for coupled-bunch modes n=l6 and 48. 

Results from the linear coupled-bunch Instability theory show good quantitative 

agreement with the measured growth, with the caveat that Landau damping must be 

Invoked to predict the observed saturation In mode n= 16. This Is despite the fact that 

the oscillation amplitude (-1 nsec) Is a slgnlficant fraction of the bunch length (Figure 

5.6). Mode n=48 appears not to be Landau damped according to the linear theoiy; 

however, note that even larger amplitudes of 2 nsec are reached. The growth times of 

the Instability may be compared with the decoherence time of an Impulse perturbation 

In a simplified yet Instructive analysis. We may estimate the decoherence, or mixing, 

time of the bunch In the RF bucket by "' 1/ /!l.{J)5 , the Inverse of the spread In synchro

tron frequencies among the particles In the beam. The results, plotted In Figure 6.7, 

suggest that the beam may decohere up to about 22 msec, consistent with the satura

tion of n=l6, whereupon the lnstablllty growth times exceed the decoherence time. 

A number of corrections should be noted to the analysis described above. First, 

the expression for the radial dependence of the synchrotron frequency In eqn. (6.1.4) 

(also eqn. 3.1.31) Is strictly true only for a statlonaiy bucket, I.e. when ;s = 0. A more 

general expression gives a moV!ng bucket dependence of (1 + f tan2 ; 5 ) (eqn. (3.1.32)). 

This result, by the same analysis as eqn. (6.1.5), would predict growth rates reduced by 

up to a factor of ten when, as near transition energy, ; 5 = 65'. This seems, however, 

Inconsistent with observations. Second, the analytical results depend strongly on the 

evolving particle distribution, as noted in the simulations in the next chapter. This 

dynamic picture Is not taken Into consideration In this analysis. 

Finally, other sources of Impedance, such as due to space charge and the 

broadband components, have been neglected. In the Booster, the major contribution - . 
to the broadband Impedance Is due to the magnets. There Is no smooth beam pipe: the 
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Figure 6.6 Comparison of the Linear Instability Theory With the Data. The plots 
show the comparison of measured dipole coupled-bunch mode amplitude (from Chapter 
5) for modes (a) 16 and (b) 48 In the Booster with the growth predicted by linear 
instability theory both without and with Landau damping .. (ROI) 
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Figure 6.7 Coherent Instability Growth Time vs Decoherence Time. Plotted are the 
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Figure 6.8 Measured Impedance due to Booster D Magnets. This Impedance compares 
fairly well wtth a model LRC resonance with f=IOO MHz. R= 12 kn. and Q=l. (Ref. 3.43) 
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bending magnets are inside the vacuum chamber and thus the beam Is exposed 

directly to the larnlnations. The amall spaces between the laminations create the effect 

of tiny cavities, which allows for short-range wake fields to be generated by the beam at 

high frequency. The impedance was studied extensively In the early days of the 

Booster, with a resulting energy loss estimated to be between 50-100 keV per particle 

per tum around transltlon.39,40 The impedance also has been measured in the past 

using the stretched-wire technique, and the result Is shown in Figure 6.8.3,43 

Analysis of the instability properties of the beam due to the broadband 

impedance proceeds similarly to that for narrowband resonances. One writes the 

proper expression for the dispcrston relation and solves for growth rate and frequency 

shift for a particular mode. In the ltterature, the stablllty threshold Is determined by 

calculating the threshold Z/n ustng the Boussard criterion for bunched bcams38 

~ :S 2HE 1$(t:..E)2 
n e I E 

(6.2.1) 

where i Is the peak beam current and ~lnt(a.>/ a.>o). Eqn. (6.2.1) Is a speclal solution of 

the dispersion relation eqn. (6.1.1) applled to a single bunch38 and compares the 

frequency shift due to the reactive impedance with the frequency spread In the beam 

(Landau damping). Although the energy spread cannot readily be measured directly 

through the cycle, It can be estimated from the bucket parameters and the bunch 

length using eqn. (3.1.34). For the typical case of 15 cavities and 1.7xl012 protons per 

pulse (ROI, no HOM dampers), the Zin threshold ls calculated using the values In 

Table 6.1 and plotted In Figure 6.9. Rcca1I that K=E-EO ls the kinetic energy. 

One can, In principle, compare these results with the measured magnet I ZI In. 
There are different Interpretations In the llterature of the lowest unstable mode n to 

use. Some use the lowest propagating mode, i.e. the cutoff frequency, which 

corresponds to the frequency at which the measured reactance becomes capac!Uve.44 

This would give Z/n=(6.2kn)/(lOOMHz/62SkHz)=400.. The result suggests that the 

microwave lnstablllty threshold llmit Is exceeded through transition (see Figure 6.9). 

However, this analysis Is oversimpllfled, since other conditions such as n, >> OJ8 and 

a.> <<I /bunch length must be met. However, there In no evidence of a microwave 

Instability In the Booster, so we consider this analysis beyond the scope of this thesis. 
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Table 6.1 Criterion for Microwave Instability Threshold In the Booster 

time K 

(ms) (GeV) 

3.0 0.2151 

6.0 0.3910 

9.0 0.8451 

12.0 1.5921 

15.0 2.5653 

17.0 3.2935 

19.0 4.0508 

21.0 4.8079 

23.0 5.5363 

25.0 6.2090 

27.0 6.8015 

29.0 7.2921 

31.0 7.6632 

33.0 7.9014 

35.0 7.9980 

§:aoo 
c 

....... 700 
N 

600 

500 

400 

300 

I] 

-0.6281 

-0.4645 

-0.2431 

-0.1038 

-0.0380 

-0.0154 

-0.0017 

0.0071 

0.0127 

0.0165 

0.0190 

0.0207 

0.0218 

0.0224 

0.0227 

bktH bnchL bktL 

(MeV) (ns) (ns) 

l.0897 19.8 24.3149 

l.6486 13.5 15.5857 

2.6027 9.2 10.4138 

4.0046 6.0 7.6740 

5.4278 4.2 5.5516 

5.6938 3.3 3.9074 

13.6224 2. 3.1666 

8.9888 3.2 3.6448 

8.6935 3.5 4.1926 

9.3316 . 4.5 4.7590 

12.0299 4.5 5.9809 

12.7078 4.7 6.6663 

13.8906 5.0 7.7587 

17.5090 5.3 10.2297 

23.0118 5.8 15.5864 

stability limit 
colc from /ip/p 
(Boussord criterion) 

200 · threshold estimated 
from mognel lm(Z/n) 

Ap/p l_pk 

(%) (am1>) 

0.2578 l.7778 

0.2366 2.6074 

0.1952 3.8261 

0.1649 5.8667 

0.1466 8.3810 

0.1335 10.6667 

0.2414 15.3043 

0.1549 11.0000 

0.1285 10.0571 

0.1325 7.8222 

0.1380 7.8222 

0.1304 7.4894 

0.1269 7.0400 

0.1287 6.6415 

0.1226 6.0690 

100 
(w=100 MHzL ........................ . 
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Figure 6.9 Microwave Instability Threshold for Booster. Shown Is the calculated 
value ofZ/n (Boussard crtterton) vs. that estimated from the magnets In Figure 6.8. 
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7. SIMULATION 

To study the detailed time evolution In phase space of a beam undergoing 

Instabilities and the connectlon with emittance growth, we tum to the longitudinal 

particle tracking code ESME. This code was developed at Fennllab and has been 

valids.ted Independently by ·a number of users over the years. In our case, with the 

code we simulate the Booster beam under the Influence of several RF cavity HOM 

Impedances modeled as lRC rmonators. In addition, the broadband component 

contributed by the magnets IS Included. All Input parameters, e.g. Initial emittance, 

beam Intensity, RF voltage, and HOM and magnet Impedance, are taken from the 

recent data described In earlier chapters. The goal Is to reproduce, If possible, the 

observed coupled-bunch mode amplitude growth as well as the emittance growth, both 

before and after the RF cavity HOM dampers were Installed. Once this Is achieved, we 

can, with some confidence, predict the behavior In the Booster with Increased Intensity 

as envisioned for the Unac post-upgrade era. The present work Is rather different from 

a ptior coupled-bunch Instability simulation study of the Booster, which was more a 

comparative study of conceptual stabilizing techniques using entirely different Input 

Impedance data. 55 We proceed now a description of the code followed by the results of 

our comprehensive, quantitative simulation study. 

7 .1. ESME: Longitudinal Particle Tracking Code 

ESME Is a computer program which calculates In a proton synchrotron the 

evolution of a distribution of particles In longitudinal phase space. It allows the user 

to study the behavior of the beam as It Is acted upon by the RF system and, optionally, 

by longitudinal forces due to collective effects such as Image currents In the resistive 

walls, excitation by the beam of RF parasitic modes, and space charge. The results 

may be viewed graphically In vartous forms, Including phase space plots and output 

resembling the mountain-range display. ESME has been used at Fermilab as a tool In 

a number of applications: the design of· the Antiproton Source and study of the 
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transition-jump system In the Booster, to name two. It has also been used at CERN to 

study RF ~pulations. The code Is documented, and the description below IS 

summarized directly from References 52, 53, 54, 55. 

At the heart of the program are a pair of single-particle difference equations 

which are derived from the Hamiltonian equations of motion of Chapter 3: section 1. 

These are used to calculate tum-by-tum the change In azimuth 81,n and energy E1,n for 

each J-th particle during the n-th tum of the synchronous particle. The time evolution 

of the particle distribution Is produced by Iterating a discrete map of the longitudinal 

motion from the n-th to the (n+ 1)-th tum, applied to each particle Individually. 

In the ESME mathematical framework, the RF force ls applied impulsively at 

localized gaps at which the particle receives a flnlte energy Increment followed by a 

force-free drift. The ring may be azimuthally divided Into equal periods, one RF gap per 

period. Invoking periodicity can save computation time In that only a fraction of the 

total particles need be tracked. However, to study a coupled-bunch Instability where 

the mode number n divided by the machine harmonic number h Is not an Integer, such 

periodicity cannot be imposed. The effect of all the RF cavities Is Instead lumped 

together as If acting at a single gap. This assumption Is not unrealistic, recalling the 

argument presented In Chapter 4 where we describe the calculation of the net sum 

impedance. The parasitic modes are In phase with the beam because they are driven 

by the beam. Thus the impedance due to these modes also add In phase from one 

cavity to the next and can be lumped Into a single net Impedance. 

The relation between the circulation pcrtods of the synchronous and J-th 

particle Is treated exactly. Therefore, the kinematic nonllnearttics, such as within the 

RF potential, are also treated exactly. This Is important In our study of the couplcd

bunch Instability because It Is precisely this nonllneartty which gives rise to sclf

stabllization of the beam. or Landau damping. The stabilization of large-amplitude 

coherent oscillations In tum leads to a spreading or "fllamcntation" of the particles In 

phase space and can thus help explain the observed emittance growth. This Is 

demonstrated dramatically In the simulation results to be shown later. 

The beam-Induced voltage from space charge and the longitudinal coupling 

impedance may be evaluated In ESME from data and specifications In the Input file. 
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The various contributions to the Impedance In the ring are fm;t summed. The energy 

gain In the n-th turn for the J-th particle Is then calculated by using the expression 

:Jerived In Chapter 3, eqn. (3.3.20). In the Booster simulation, two sources of 

Impedance are Included: hlgh-Qresonatoi:s and the broadband Impedance. 

The narrow resonant Impedances due to the excitation by the beam of the RF 

cavity parasitic modes are represented In the simulation by a table llst of resonant 

frequency, magnitude on resonance, and Q. To calculate the beam Induced voltage 

due to the narrow resonance, ESME convolves the longitudinal charge distribution 

hlstogrammed as a function of Ume with the Green's function given earlier In eqn. 

(3.3.9). The convolution Integral Is evaluated for all times corresponding to the bins 

deftnlng the current density An(0) so that the voltage acting on the particle can be 

found by detenninlng which bin the particle populates. The solution for v (t) for prior 

turns Is updated to the present turn by relabllng bins to account for the phase change 
and by reducing all values by exp(-(wr/2Q)t). The voltage acting on a particular 

particle Is evaluated by summing the voltage corresponding to the azlnmth bin over 

how many voltage-azimuth tables are retained. 

The broadband wall Impedance Is characterized In the code by a table of cubic 

polynomial values representing the real and lmaglmuy part as a function of frequency. 

In the code, the Impedance Is evaluated at the frequencies 1T1<1Js and added to the total 

to find the contribution to the beam induced voltage. This effect, In addition to the 

self-force due to space charge, Is potentially Important around transition, when the 

bunch length Is minimum and the charge density maximum. 

The self-Impedance due to space charge forces Is pure lmaglnaiy and behaves 

as a capacitive reactance. Assuming a uniform cylindrical beam of radius a In a beam 

pipe of average radius b, this Impedance Is evaluated using a formula well known from 

the llterature: Zj( = -1 ~o.2 (1+21og(b/a)), where Z 0 = Jµ0/&o = 377'1. Because of 
k 2Pr 

known problems with the Implementation of this space charge calculation In version 

7.2 of the code, we ellmlnate Its effect by specifying b such that 2Jog(b/a) = -1. In 

order to justify this, we verUled that the tracking results with and without the space 

charge calculation are Identical with no other Impedance present. 



153 

7.2 Booster Simulation Results 

Study of the Booster coupled-bunch Instability vta simulation spanned 

approximately one year, during which about 140 runs were perl"ormed requiring over 

1600 hours cpu time. For most of these , the UNIX version of the code was executed 

on a SUN SPARC 10 or a Silicon Graphics IRIX computer. Various cases were studied 

before the full simulation was attempted. Much effort was devoted to reallstlcally 

represent In the code the RF cavity parasitic modes due to all 17 cavities. In the final 

analyses, conditions both before and after Installation of the RF cavity HOM dampers 

were studied. The full simulations required about 30 hours cpu time to track 67,200 

particles. A notable disadvantage of this UNJX version are the huge PostScrtpt 

graphics files generated. This Is allevtated somewhat by only plotting a fourth of the 

particles, sacrillclng the finer graphical details of the collective particle motion In the 

phase space. 

To simulate the baseline, undamped case with nominal RF cavities, the beam Is 

drtven by four resonances with Intensity to compare directly with expertmental data set 

ROI, Table 5.1. For the case with the HOMs damped, and three resonances are Input 

to compare with data set R36. Tracking Is begun just before transition, starting with 

an Initial elliptic charge dlstrtbutlon, and continued to extraction, totalling about 

11,000 turns. Before presenting the final tracking results, the specifications and data 

In the Input files are descrtbed In some detail. Next, some of the lntertm conclusions 

and difficulties which arose durtng the course of the parametertc studies are explained 

and Illustrated. 

Input Data Sets 

The required Input data to ESME can be seen In a set of files reproduced In 

Appendix C. This particular set descrtbes the Booster running with 15 cavities and an 

Intensity of 1.7el2 protons per pulse (ppp) before Installation of the RF cavity dampers. 

Usted In the appendix are the main Input file HOMBB.DAT, the broadband Impedance 

file DMAGNET.DAT, and the hlgh-Q resonance files RBttHO.DAT and RBttHl.DAT, 

where tt Is the time In the cycle. 
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In the main file, the ln!Ual conditions arc entered and the particle dlstrtbutlon 

Is specified. The lnltlal conditions, which Include Injection and extraction energy, 

transition gamma, ring dimensions. beam Intensity, lnltlal emlttance, number of RF 

cavities, and RF voltage, arc chosen to match a particular Booster expertmental data 

set. All 84 RF buckets arc populated to study the coupled-bunch Instability, With 

between 500 and 1500 macropartlclcs per bunch, representing the specified total 

number of protons (Intensity). The statistics In the azimuthal binning Improve With the 

larger number of macropartlcles, but It slows the calculation considerably. The RF 

voltage ls specified at half- or one-msec Intervals. with a linear Interpolation assumed 

between values. For the nominal case of HOM dampers out, the RF voltage data arc 

obtained from the earlier expertmental data sets ROS and ROG for I 5 and 17 cavities, 

respectively. In the case of HOM dampers In, the data are obtained for 16 cavities from 

a separate measurement recorded durtng the studies of set R36. 

The magnet Impedance, shown In Figure 6. , Is fitted to a cubic polynomial over 

five frequency lntcivals using a standard mlnlmlzatlon routine to obtain the required 

table. The results arc given In the data file DMAGNET.DAT. In each of the five 

lntcivals, the data, llnc-by-llnc, arc: starting frequency, and real and tmaglmuy 

coefficients. 

In the analytical calculations, we had used the net sum Impedance dcrtvcd from 

the single-gap stretched wire measurement directly, With no need for a functional 

model. Because the Input for ESME requires that the HOMs be represented by a model 

resonance, the sum Impedance for each mode of Interest ls fitted to a classical parallel 

LRC response (sec Figure 3.11). Care was taken to match to the extent possible the 

area under the cuivcs. The results for equivalent R and Q for the Impedance 

measurements arc tabulated In Appendix B, Tables B.7 and B.S. Sample fit results at 

one time In the cycle (t=21 msec) arc shown In Figures 7.1 and 7.2. In the undamped 

case, for some higher-order modes, like ffi, the representation Is good, for others, like f2 

or f4, only fair. The resonant Impedance Input flies RBttHO.DAT and RBttHl.DAT arc 

constructed on this basis. 

There Is some ambiguity In the dctennlnatlon of the equivalent Q. Physically, 

for the coupled-bunch Instability, the Q determines the decay time between bunches 
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for that particular parasitic mode In each cavity. For this reason, the g of a single 

cavity might best describe the mode res?onse. However, the g also determines how 

many beam spectral lines arc coupled to, and hence driven by, the parasitic mode. 

This Is precisely what Is represented by the effective broadening, or lowered g, In the 

sum Impedance when Including the spread In HOM frequencies. The effect which 

dominates In the Booster determines which Q to specify In ESME. Using the example 

of cavity mode f6 (220 MHz) at 29 mscc, HOM out ffable B.7), and using the time 

between bunches ll.tb = 19 nscc, we see that for a single cavity Z. Q=550, so the 

dclay=0.98 and the width ll.F-400 kHz. For the net sum Z. Q=260, so the dclay:0.95 

and ll.F-850 kHz. Since the spacing of the beam spectral lines Is the revolution 

frequency J0=628 kHz, the lowered equivalent Q of the net sum Z means that two 

spectral lines may be excited simultaneously. As a test, we varied the Q In ESME 

keeping the magnitude constant. It was found that the beam becomes far more 

unstable for a lower Q as expected comparing with observation. The difference In 

decay time Is Insignificant; therefore, we choose the net sum equivalent Qs based on 

physical arguments. 

Another Important consideration In representing the HOMs In ESME is the fact 

that the frequencies of some of the modes sweep rapidly over a portion of the 

simulation time period. The data arc read Into the code at specified time Intervals. The 

Impedance data arc recorded at t=l7, 18, 19, 20, 21, 23, 25, 29 msec. Over the period 

between 17 and 25 mscc, the step sizes arc not fine enough. These data arc therefore 

Interpolated to obtain values at t=l 7.5, 18.5, 19.5, 20.5, 22, 24, 26, 27. The effect of 

the smaller step size Is depicted In Figure 7 .3, which shows the difference In smoothing 

out the sweeping Impedance at f6. 

Parametric Studies 

Several parameters were varied to study the effect on beam stablllty: slnglc

bunch vs. AF-bunch simulation, the initial matched particle distribution, track starting 

time (In the cycle), RF voltage, one or multiple HOMs, space charge on/off, and 

broadband magnet Impedance on/off. An alternate goal of these studies was to tcst

chcck the code. 
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To simplify the problem, It may seem reasonable to reduce the simulation to a 

single bunch, scaling the drtvlng Impedance by Mand changing the hannonlc number 

to h=l. However, the lnterbunch phase specified by the coupled-bunch mode cannot 

be accounted for by a single bunch, and hence the charge dlstrtbution which exc;ltes 

the parasitic mode Is not realistic. Tests were made using one bunch, and the results 

indicate that the beam ls wildly more unstable With this scaling analysis than as Is 

observed. The particle dlstrtbutlon expertences a complicated fine-structure time 

development Inconsistent with what the data Indicate. 

Two lnltlal particle distrtbutlons were compared: the elllptlc, with parabolic 

projections on the phase space axes, and the bl-gausslan. Analytically, proton beams 

are often descrtbed as elliptic, but a gausslan distribution adds the possibility of 

damping due to the presence of tails In the dlstrtbutlon. No significant d11Jerence Is 

seen between these two dlstrtbutlons with respect to beam stability, whether tracked 

from just after or just before transition. One case tracked from Injection resulted In a 

mostly elllptlc beam near transition, so the elllptlc was chosen. 

A dramatic difference In the stability properties Is seen If the beam ls allowed to 

evolve through transition around t=l9 msec. Initially, all simulations were begun at 20 

msec In the cycle because we wanted to avoid the complications concerned with 

transition crossing. However, the time development of the unstable mode n=l6 In the 

simulation did not correspond to the data. When tracking from 20 msec, It begins to 

grow only In the final few msec before extraction. while In reality, It Is seen to begin 

around transition. For the case tracked from 17 msec In the cycle, the time 

development more closely follows the data. Note the tails which develop In the 

dlstrtbutlon In this case after transition, seen In Figure 7 .5 In the fourth plot down 

(t=20 msec). This dlstrtbutlon has enhanced hannonlc content as compared with a 

symmetrtc elllptlc, and "seeds" the lnstablllty. Also, It ls found that for approx:lmately 

the same final coupled-bunch osclllatlon amplitude, the drtvlng resonant Impedance 

can be about a factor of two larger than the .measurements when tracking only from 

1==20 msec. Because of these Inconsistencies, the final simulations track the particles 

from 17 msec In the cycle. 

The effect of the RF bucket area on beam stability was studied Inadvertently. 

When the beam was driven by the resonant Impedance of 15-cavlty HOMs but 
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accelerated accidentally In a 17-cavlty potential, the beam was more unstable than 

when the bucket was reduced to the correct 15-cavlty area. In the two cases, the 

bucket fill ratio Is similar In the last l 0 msec tn the cycle, but very different coming 

Into and through transition. With 15 cavities, the bucket Is about 90% full between 

t= 17 and 24 msec. For 17 cavities, the ratio Is closer to 50%. The synchrotron phase 

angle Is also reduced, so the synchrotron frequency Is more constant ~th small 

amplitude and thus, the beam Is In a far more linear regime through this pertod. A 

compartson of the Initial conditions Is Ulustrated by comparing Figure 7.5 and Figure 

7.8. In the fonner case, a bunch of Initial area 0.028 eV-sec populates a bucket 

corresponding to a 15-cavlty RF voltage. For the latter, the same beam populates a 16-

cavlty RF bucket. It Is probable that some of the vartatlon tn emittance seen In the 

beam studies wtth varying the number of RF cavities has not only to do wtth the 

scaling In HOM Impedance but the stabllity produced by the nonllneartty of the RF 

bucket as well. 

A true advantage of simulation Is that the effect of single resonant modes can 

be studied Individually. In the present version of the code, there Is no provision for the 

Fourter analysis of the bunch train, which would produce spectra such as shown In 

the beam studies. Instead, the Influence of Individual HOMs, known to drtve one or 

two nelghbortng beam modes, Is deduced by observing the time evolution of a bunch In 

phase space. Most likely, It would not have been possible to resolve the difficulties In 

reproducing the multiple-HOM Booster results had It not been for this simplifying step. 

Before Installation of the RF cavity HOM dampers, two dominant beam modes are 

drtven wtth different time structure. The simulation result Indicates, as we wlll see 

later, that the final emittance growth In the beam cannot be easily predicted for 

excitations by multiple modes occurtng at different times In the cycle. 

Runs are compared wtth the nominal l.7el2 proton Intensity but wtth no 

resonant drtvlng Impedance to study separately the effect of the space charge force and 

the magnet broadband Impedance. However, the space charge force calculation Is 

suspect In the version 7.2 of the code, as stated earlier. With space charge and HOM 

Impedance, bizarre particle losse_s of up to 40% are observed tn the simulation on 

development of strtation and filaments tn the particle dlstrtbution soon after transition. 

This Is a numertcal artifact and not observed. No measurable differences are seen In 

the simulation results for any combination wtthout HOM Impedance (see Figure 7.10 
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(b)); therefore, we deduce that as far as ESME Is concerned, the space charge effects 

are not Important In the Booster stuc!y. For these reasons, we are justified In 

neglecting It. Although the Boussard crtterton of eqn. (6. ) would predict microwave 

Instability around transition, the null result could be explained perhaps by the same 

dwell-time argument for the resonant mode response: the beam passes rapidly through 

the unstable condition. Because the magnet Impedance causes no surprtslng effects, It 

is included In the final simulations for completeness. 

Final Tracking Results 

A summaiy of the final simulations are found In Table 7.1. The expertmental 

data set ROl (15 cavities, l.7el2 ppp) Is chosen as the baseline for compartson before 

the HOM dampers were Installed, and data set R36 (16 cavities, l.9el2 ppp) for 

compartson after installation. The time development of each of the n=l6 and n=48 

coupled-bunch modes, the final mode amplitude, and the emittance growth are all 

compared with the data. The coupled-bunch mode amplitude and time development Is 

estimated from the "mountain-range" graphical output. The program performs a 

calculation of the rms emittance, but In order to best compare the results with the 

observations, we measure the "bunch length" from the azimuth histogram in a way 

comparable to the digital oscilloscope (without averaging, however). Note that In the 

simulations with a 15-cavlty RF bucket, about 10% of the particles are Jost from the 

bucket durtng the first 10 msec (from t=17 to 27 msec In cycle), which Is not generally 

seen In the Booster. This may be attrtbuted to numertcal noise" Jsoo /bunch. 

Although fast losses are sometimes observed at transition and slow losses late In the 

cycle, the causes are most likely not related to the coupled-bunch instability. 

In the first slX runs listed In the table, the beam Is drtven by a single resonant 

Impedance. The starting time of the tracking Is varted, as Is the sealing of the 

measured HOM Impedance. The results for the cases tracked from 20 msec proved to 

be veiy stable, even when the Impedance Is Increased by 40%. For the remaining 

cases, tracked from 17 msec, scaling the Impedance by 40% compared somewhat better 

with the expected coupled-bunch mode growth than no sealing. The results are shown 

In mountain range plots In Figure 7.4. The vertical scale shows tum number; the 

corresponding time In the cycle Is shown In Figure 7.7 (b). In Figure 7.4 (b), excitation 



Table 7.1 Final ESME Simulations. 

compara- tnten-
name tlve VRF slty HOM hlgh-Q 

data run• (# cav) (ppp) In/out modes•• 

homaa - 15 l.7el2 out 12 

hom96 - 15 l.7el2 out 12 

hom94 - I5 J.7eI2 out 12 

hom99 - I5 l.7eI2 out f6 

hom97 - I5 l.7eI2 out f6 

hom95 - 15 l.7el2 out f6 

hombb ROI 15 l.7eI2 out 12,f4,f6,ffi 

homcc ROI I5 l.7el2 out 12,f4,f6,ffi 

homgg R36 16 l.9eI2 In 12,f4,ffi 

homhh R36 16 l.9eI2 In 12,f4,ffi 

homff (400 MeV} 15 3.4eI2 In 12,f4,ffi 

homll (400 MeV} 16 3.0el2 In 12,f4,ffi 

• Experimental data runs are defined In Chapter 5, Table 5.1 
•• Mode designations are defined In Table 4.1 
••• Scaling of net sum Impedance from Tables B. 7 and B.8 
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z time 
scaling start · 

••• (msec) 

1 17 

1.40 17 

1.40 20 

I I7 

1.40 I7 

1.40 20 

l 17 

1.25 I7 

I I7 

1.25 I7 

1.25 17 

1 17 

by f6 only (220 MHz. n=l6) shows a blowup soon after transition and saturation until 

the final msec. In (a), excitation by 12 only (83 MHz, n=48) Is fairly stable, even when 

scaled by 40%. 

In the full simulation (homcc), both HOM Impedances 12 and f6 from above, In 

addition to f4 (169 MHz, n=l8) and fB (345 MHz, n=46) are added, scaled now only to 

25%. Now. the mountain range time development compares with observation (Figure 

7.4 (c)). Although unfortunately, no mountain range plots were recorded In this data 

run (ROI), we may refer to the coupled-bunch amplitude growth shown In Chapter 5 

and comparable mountain range data (not shown). An Initial Instability (n=I6) grows 

rapidly and saturates without an obvious large dipole coherent oclllatlon soon after 
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(c) 

Figure 7.4 Mountain Range Plots tn Simulation. HOM Dampers Out. Shown are the 
results for (a) f2 RF cayity mode only. lb) ffi only. and (c) all 4 HOMs (f2.f4.f6.f8J. In all 
cases, the impedance has been multiplied by 1.4. The case tn (cl corresponds to the 
simulation of ROI. (hom96. hom97, homcc) 
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transltlon, and a new dipole osclllatlon (n=48) begins to grow around 29 msec. Clearly, 

the Influence of the n=I6 coupled-bunch mode earlier In the cycle cannot be neglected 

In the development of the n=48 mode. 

The details of the time development In phase space may be seen In Figure 7 .5. 

The phase space plots are at one-msec lnteivals, starting at 17 msec. One can clearly 

see the decoherence of n=l6 by 27 msec, and a more coherent mode growing 

afterwards. Note that the particle dlstrtbutlon becomes quite distorted at the end. The 

projected charge density Is double-peaked, sometimes but not necessartly always 

obseived In the beam with these conditions (see example In Figure I. I). Also, such 

fine structure In the bunch profile would be smoothed In our averaging process. 

However, such distortion ls plausible, with the effect that the calculation of the 

emittance overestimates the true beam area. Recall that the emittance calculation 

using eqn. (3.1.33) assumes a matched beam In the RF bucket. lf such a beam Is 

extracted, It will decohere and fill the area bounded by the largest amplitude particles. 

One simply needs to take care when discussing or Interpreting the data. 

The emittance for the ESME results for HOM dampers out Is plotted In Figure 

7 .6 compared with data run RO 1. Again, scallng the Impedance by 25% compares more 

closely with the data. The estimated coupled-bunch mode amplitudes In ESME (from 

Figure 7.4 (c)) are comparable to ROI, but the emittance In somewhat smaller. Also, 

the bunch length in ESME Is seen to osclllate, hence the osclllatlon in the emittance, 

which Is not obseived in reality. One possible explanation Is the fact that we cannot 

average over pulse-to-pulse vartatlons In ESME unless perhaps the Initial conditions 

are vaned. Another possibility Is that RF phase noise tends to "smear" the fine 

structure as the beam lnstablllty develops, leading to greater spreading. 

In the case of HOM dampers In, the ESME result Without scaling compares best 

with the data In R36. Figure 7.7 shows the mountain range plots for the data 

compared with the simulation. The final coupled-bunch mode amplitude compares 

well. The phase space plots In Figure 7.8 show a single mode. The emittance ls plotted 

In Figure 7 .9. Although three resonances are driving the beam In the simulation, only 

12 (84 MHz, n=50) corresponds to a mode obseived In the beam spectrum (see Chapter 

5). The other cavity modes are Include for completeness In the event that they become 
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Important with, for example, higher Intensity. The simulation Indicates essentially a 

single mode developing In the beam. 

As a final study, the parameters of the main ESME Input data files are scaled to 

the goals of the Unac upgrade; namely, hlcrease the Injection energy to 400 MeV and 

Increase the Intensity by about a factor of two. Two cases are compared, 16 cavities 

and no scaling of the Impedance and 15 cavities with scaling. The result for 16 

cavities, with Intensity scaled 40% to 3.0el2 ppp, ls shown as a mountain range plot In 

Figure 7 .10 (a) and phase space plots In Figure 7 .11. The results Indicate a veiy 

unstable beam with emittance growth, shown In Figure 7.12, comparable to the pre

HOM dampers levels. 
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Figure 7.7 Mountain Range Plots in Simulation Compared with Data. HOM Dampers 
In. The case of study is data run R36. In which the beam Intensity Is l.9el2 ppp. HOM 
dampers in. 16 cavities. The data (a) mountain range sequence Is partial, one msec per 
plot. one nsec per division, at times In cycle shown. The (b) ESME simulation results 
are for 3 HOMs (f2.f6.f8) for 16 cavity net Impedance. The time development and final 
coupled-bunch mode amplitude in the simulation matches the data. (homgg) 
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8. CONCLUSIONS 

In this thesis, we studied the long-observed longitudinal coupled-bunch 

Instability In the Femillab Booster, a rapidly-cycling proton synchrotron. Following 

careful measurements and analysis, several RF cavity parasitic higher-order modes 

were found to drive the unstable modes. Installation of passive RF cavity HOM 

dampers proved to strongly suppress the Instability. The well-known longitudinal 

coupled-bunch mode theory was reviewed and evaluated Including finite bunch length 

effects and Landau damping for the parameters of the Booster. Predictions of mode 

growth rates were found to be In general good agreement with experimental 

observations, both temporally and In frequency space. With the inclusion of Landau 

damping. the stability analysis Is in overall agreement with the observed unstable 

mode spectrum. Particle simulation using the ESME code were carried out to describe 

observations of large amplitude oscillations and saturation effects leading to emittance 

growth In the latter part of the acceleration cycle. These efforts represent the most 

comprehensive study to date of this Instability In the Booster. 

8.1 Conclusions 

In hindsight, the Identification of the offensive RF cavity parasitic higher-order 

modes appears to be straightforward. The data presented actually follow a long series 

of studies In which we systematically overcame the difllcultles and limitations of such 

measurements In a rapidly-cycling machine such as the Booster. In the final analysis, 

a multiple-step approach combining experiment and theory was required to study the 

problem from all angles: the beam, the RF cavities, and analysis. Even after Installa

tion of RF cavity mode dampers suppressed the long-observed longitudinal coupled

bunch Instability, questions remained as to whether the behavior scaled as predicted 

by the theory. Also, the details of the longitudinal emittance growth were unclear. 

Fti-st, we compared observations In the Booster data with the predictions of the 

linear coupled-bunch mode theory. While there Is strong evidence that nonlinear 
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effects are Important, we wished to study the unstable mode growth data quantitatively 

at least to r;letennlne the regime for which the llnear theory Is valid. A rigorous test of 

and modlflcatlon of some of the assumptions used In the literature Is required for 

proper application to the Booster. Solutions were found numertcally using standard 

algortthms. lt was found that Including self-consistently the effects of the beam 

momentum spread In the nonllnear RF potential (Landau damping) Is essential to 

accurately descrtbe the unstable beam behavior. 

The llnear theoiy Is completely Inadequate In explaining the emittance growth 

resulting from the Instability. Instead, a fully nonllnear simulation was Invoked using 

the longitudinal particle tracking code ESME developed at Fennllab to study the 

response of the beam In the presence of a high·Q drtvlng Impedance. Subsequent 

analyses of the results Indicate that the emittance growth may be explained by the 

filamentatlon of the bunch In the nonllnear RF potential. There Is a complex 

Interaction between the two unstable modes (before HOM damping) which Is not 

obvious when studying the effect of each drtvlng coupllng Impedance individually. The 

coupled-bunch Instability cannot be studied adequately by simulating only a single 

bunch; although the Impedance may be scaled, the lnterbunch phase cannot be 

properly modeled In a code such as ESME. While some details may not correspond 

exactly to obseivatlons of the beam, the general charactertstlcs of the results compare 

well With the data and thus, we have some confidence In explortng the parameter 

space. For example, parameters such as the RF voltage have not been optlmlzed for 

the simulation of the 400 MeV upgrade; however, the simulation results predict that 

for Increased Intensities, the coupled-bunch Instability continues to present the 

problem of emittance growth. The simulation has led to a deepened understanding of 

the subtleties and sensitivities of the Instability on vartous parameters. 

The main lesson learned from these efforts Is that while analytical means can be 

used to predict general Instability charactertstlcs for an accelerator, at best It can be 

used as a tool to detennlne possible worst-case scenartos. Uinlts on the maximum 

allowable coupllng Impedance given by these worst-case Instability thresholds may 

prove to be over·restrtctlve. The damping mechanism provided by the momentum 

spread In the beam can significantly alter the threshold. While the Importance of this 

effect can perhaps be predicted qualitatively, the exact time development of the 

Instability behavior, Including emittance growth, most probably cannot be 
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predetcnnlned without experiment or further study. The quantltatlve analysis of the 

data was an Iterative process, and supporting data from the beam and bench 

measurements were essential In the success of the effort to suppress this particular 

Instability for this machine. 

8.2 Recommendations 

An analytical model of the emittance growth, which ls valid for growth rates 

slow with respect to mode frequencies, should be explored. In this model, the 

stationaiy distribution In the Vlasov equation Is allowed to evolve In time. This 

corresponds to an emittance growth which may be described as a radial diffusion. This 

can be expected to be valid In the case that the decoherence time ls of the order of the 

Instability growth rate. The simulation results suggest that under certain conditions, 

this quasilinear theoiy may be applicable. A natural extension may be made to use the 

measured particle distribution rather than a gausslan In the numerical analysis. 

Further studies would be fruitful wlth a tracking code such as ESME. It would 

be useful to modify the code to produce spectral output such as the FITs measured for 

the beam. Given a set of data files which compare well with observations, a more 

extensive study of the sensitivity and scaling of parameters such as Intensity and 

Impedance could be performed. A comparison of the scaling between the present case 

after HOM dampers Installed, with one coupled-bunch mode, could be made to that 

previously, wlth two modes. 

Finally, the details of the space charge and microwave Instabilities should be 

studied In a self-consistent matter In a way stmilar to the procedure for the couplcd

bunch Instability. The properties and conditions of thresholds need to be better 

understood In the dynamic case of slewing frequencies In a rapldly-cycllng synchrotron 

such as the Booster. The spec1flc Influence o~ crossing transition energy as It relates to 

altering the particle distribution should be explored to better characterize the effect on 

the coupled-bunch Instability. Jt should be studied as to whether the higher charge 

densities and peak current or the whether the presence of higher-order synchrotron 

mode components Is the dominant effect. 
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Appendix A: Booster Kinematic and Operational Tables and Curves 

Tables and plots of Important Booster parameters arc assembled ln this Appendix. 
Included arc kinematic parameters of the beam as well as operational parameters of the 
RF system. 
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Table A. I Standard Booster Kinematic Parameters: 200 MeV to 8 GeV. I 17 cavities) 



Table A.2 Variation on Booster Klnemalfc Parameters: 200 MeV to 4 GeV 

TIME BETA GAMMA ETA CP K FREQ.II TREV VOLTA 
(m•) (GeV) (GeV) (MH•) (u•) (kV) 

9.9 ••• no beam ••• 
l ,9 ••• no be•m ••• 
2.8 0.67e3 1.2174 -9.8419 9.6616 9.2949 39.2883 2.7733 9. 9e0e 
3 ,8 9.6768 1.2231 -9.8347 9.6898 9.2893 39,6784 2.747" 29.4392 
4. 8 8.6917 l.24e4 -9.8182 9,6887 9.2266 31.4222 2.8733 68.8171 
6. 8 9.8188 1. 21e2 -8.6881 9,7348 e.2636 32.7434 2.6864 87.2747 
8.8 8.6483 1.3133 -9.6489 9,7989 9.2949 34,4288 2.4499 116. 1678 
7.8 8,8842 1.3711 -9.4982 9.8892 e,3482 38.3337 2 .3119 142.9184 
8 ,8 9. 7217 1.4448 -9.4466 9.9782 9,4171 38.3246 2 .1918 187.8188 
9.8 9. 7684 1.6343 -9.3911 1.9918 9.6913 49.2788 2.9868 191.7319 

19.8 8.7927 1.84116 -9.3379 1,2292 9.8919 42,9999 1.9963 214.1418 
11.0 8.8236 1. 7829 -9.2881 1.3822 9, 7168 43,7369 1.92117 234.8616 
12.8 9.85114 1.99118 -9.2431 1.6186 9,8469 46 .1888 1.8899 263.9788 
13,9 9,8733 2.9624 -9.2937 1.9817 9.9876 48,3783 1.8113 289.2693 
14.9 9.8926 2.2189 -9.1898 1. 8686 1.1418 47 .3984 1.7723 283.9691 
16.9 9.9984 2.3922 -9.1419 2.9391 1,3983 48,2437 1.7412 294.3286 
18~9 9.9218 2.6786 -9.1189 2.2281 1.4793 48.9433 1. 7183 392.9946 
11.1 11.9326 2.7879 -9.9968 2.4:1:17 1.6688 49.6191 1.8983 398.9719 
18.9 11.9414 2.9841 -9.9891 2.8182 1.8429 49.9928 1,8892 312.21168 
19.9 11.9487 3.1832 -111.9882 2.8168 2.9297 69,3827 1.8672 312.6689 
21.8 9.9648 3.3832 -9.9647 3.9129 2.2173 69.7844 1.8667 3111.3666 
21.8 9.9698 3.6819 -0 .0461 3. 2977 2.41138 69.97113 1.64811 31!5.2888 
22.8 9.9839 3.7673 -11.9371 3.3984 2.6872 61.1999 1.8499 297 ,6117 
u.e 9.9874 3.9477 -9,8396 3.6833 2.7868 61.3742 1.8361 287 .9941 
24.• 9.9783 4 .1319 -11.9249 3.7888 2.9378 61.6288 1.8382 274.1283 
26.9 9.9727 4.3966 -0. 0202 3.9294 3.11118 61.86411 1.6282 268.7293 
28.11 8.9747 4.4898 -9 .11163 4.9876 3,2666 61.7809 1.6229 241.11338 
21.e 11.9763 4.6218 -11.9131 4,2337 3,3982 51. 8482 1.6291 221.1988 
28.11 11.9777 4.7602 -11.111114 4.3868 3,6281 61.9212 l.6178 199.40114 
29.9 11.9788 4.8839 -II. 0982 4.4866 3.8443 51. 9811 1.81611 176.8323 
311. 8 11.9797 4.9917 -11.1!984 4.6888 3. 7464 52.11297 1.6146 1511.711133 
31.11 11.98116 6.8828 -II. 81!611 4.6768 3.8387 52.0882 1.8133 124.2368 
32,11 11.9818 6.1666 -0 .111139 4.7466 3.8992 62.11977 1.6124 98.6674 
u.e 11.9814 6.21112 -11.1111!131 4.7978 3.96114 62.1189 l .6117 68.2401 
34 ,II 9.9817 6.2467 -9.111128 4,8318 3,9838 62.1324 l.6113 39.2111711J 
36.9 11.9818 6.26111 -fl. 9924 4.9473 3.9999 62.1384 1.6111 9.8260 
38.11 ••• no beam ••• -~ 



Table A.3 Booster Kinematic Parameters after Llnac Upl(rade: 400 MeV to 8 GeV 

TIME BETA QAMMA ETA CP K FREQA TREV VOLTA 
(ms) (CeV) (C•V) (MHz) (us) (kV) 

II. l!I ••• no b••• ••• 1.11 ••• no b••• ••• 2 .II II, 7131!1 1.4283 -8,4678 8, 9643 8 .4888 37.8874 2.2183 II, 1110011 
3.1!1 II. 7194 1.4397 -11.4487 11.9719 1!1,4128 38.21181 2.1988 66.8683 
4.11 8.7376 1.48118 -11.4224 1.11246 ll.46111 39,18411 2 .1448 1111 .8226 
6.11 8.7842 1.66116 -11.3823 1.1118 8.6186 411. 6848 2.11897 186.111131 
8.1!1 11.7968 1.8612 -8.3331 1.2329 11.81111 42.2696 1.9877 217.7191 

7 ·" 
11.8282 1.7844 -11.28113 1.3887 "· 73811 43.9834 1.91198 288.61128 

8 ·" 
11.8687 1.96111 -11,2298 1.6719 8.8923 46.6999 1.8421 318.91129 

9.11 11.8864 2.16119 -11.1824 1.7888 1.8799 47.8177 1. 7888 382.491!13 
111.11 11.91177 2.38311 -8.1424 2.11296 1.2978 48.211411 1. 7428 404.8803 
11.11 11.9268 2 .8464 -8.11192 2.29811 1.6438 49.1868 1. 71186 443.8388 
12 .8 9. 9492 2.9366 -9.9823 2.6897 1.8181 49.9299 1.8824 478.4762 
13.8 11.9616 3.26116 -8,8889 2.91121 2.1117 61!1.63117 1.8824 6119.0888 

14 ·" 11.98114 3.6871 -11.8449 3,2324 2.4276 61.1110111 1.84711 636.14011 
16.11 11.9873 3.9419 -II. 113118 3.6777 2,7804 61.3890 1.8362 668.4831 
18.8 11.9727 4.3113 -11.82111 3.93611 3.1870 61.8680 1.8261 672.8471 
17.8 11.9778 4.8918 -11.8117 4.38111 3.4838 61.8869 1.8189 684.1464 
18.0 0.98114 6.8791 -II, 811611 4.8726 3.8276 62.8868 1.6133 690.2808 
19.0 11.9831 6.4702 ". 01103 6.11462 4.19H 62 .2114 1.6088 691.1369 
211." 11.9863 6.8811 II. 111146 6.4188 4.6612 62.3278 1.6063 688.7642 
21.11 II. 9871 8.2481 ". 0081 6.78711 4.9243 62.4217 1.81124 677 .1843 
22.0 11.9886 8.8277 0.8111!1 8.1478 6.2806 62.4983 1.81101 662.4813 
23.11 11.9897 8.9983 11.11133 8.4972 6.8263 62.6610 1. 6981 542.7866 
24.11 11.9907 7.3606 ll.1!1162 8.8329 6.9687 62.6126 1.6966 618.2722 
26.0 0.9916 7.8871 l!l.1!1188 7.1618 6.2746 62.6660 1.6963 489.1685 
26.11 11.9922 8.11031 11.11181 7.46116 8.61111 62.8901 1.6942 455.711311 

27 ·" 11.9927 8.2966 11.11192 7.7289 8.6464 62. 7190 1.6934 418.21126 
28.11 11.9932 8.6817 ". 112111 7.9786 7.11962 62.7428 1.6926 376.9903 
29.11 0.9936 8.7993 11.11208 8.21129 7.3181 62.7622 1.6920 332.4318 
30." 9.9938 9.111181 11.11214 8.3982 7.6121 62.7779 1.6916 284.9226 
31.11 11.99411 9.18113 11.11219 8.6828 7.6766 62.7903 1.6912 234.8843 
32.11 8.9942 9.3283 8.11222 8.8947 7.8889 62.7997 1. 6909 182.7613 

33 ·" 8.9944 9.4248 11.8226 8.7934 7. 911611 62.8066 1. 69117 129.0100 
34.11 9.9944 9.4929 1!1.11228 8.8678 7.9889 62.8108 1. 6908 74.1266 
36.0 9.9946 9.6240 11.11227 8.8870 7.9981 62.8127 1. 69116 18.6772 
38.0 ••• no beara ••• -00 
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Figure A. I Moving RF Bucket Parameters. The RF bucket area, height, and length 
may be determined from the plot given the shynchronous phase angle. (Ref. 14) 

, ...... QI 

Figure A.2 Amplitude Dependence of Synchrotron Frequency. The vertical scale is 
ro5(1/l)/ ro5(0) and the horizontal Is (l/l5 -l/Ji). The synchrotron frequency ts fairly constant 
for small I/ls and bunch lengths small compared to the bucket length, and falls rapidly to 
zero at the separatrtx. (Ref. 11) 
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Figure A.3 Beam Scaling Parameters. Cmves give ratio of bunch to bucket 
area (left) and height (right) for varying synchrotron phase angle ~.. {Ref. 13) -~ 
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Figure A.4 Standard Booster Kinematic Parameters. Shown IS the variation with 
time In the acceleration cycle for Cal relativistic /3. (bl slip factor I), (cl kinetic energy K, 
and (d) RF frequency. 
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Appendix B: RF Cavity Impedance Tables 

Tables of Booster RF cavity Impedance data and calculations arc assembled In this 
Appendix. Included arc records of the single-gap stretched-wire, bead-pull and doublc
gap stretched wire measurement results. The equivalent model resonator R and Q arc 
calculated and tabulated for the single cavity and net sum Impedance based on the 
single-gap stretched-wire data. 



Table B. l Single-Gap Stretched Wire Datasets 

tcycle fRF calc fRFmsrd Q .. v ••• 
pgm 

SGSWnn 
• (msec) (MHz) (MHz) (V) 

01 3 30.8822 30.87 191 0.277 
02 6 37.6181 37.715 324 0.968 
03 9 45.1619 45.28 602 2.621 
04 12 49.3203 49.16 804 4.48 
05 15 51.1665 51.025 829 6.04 
06 17 51.7844 51.70 896 6.83 
08 18 51.9940 52.00 799 7.22 
09 19 52.1586 52.122 898 7.41 
10 20 52.2891 52.251 902 7.61 
11 21 52.3935 52.378 898 7.81 
12 23 52.5457 52.543 881 8.10 
13 25 52.6467 52.647 970 8.29 
14 29 52.7600 52.7575 969 8.49 
15 short out (HOM dampers OU11 0 
16 short In, unshorted gap 0 
17 short In, shorted gap 0 

reference pipe 
cable calibration 

28 3 30.8822 30.84 187 0.254 
29 6 37.6181 37.65 327 0.897 
30 9 45.1619 45.197 583 2.489 
21 12 49.3203 49.397 942 4.48 
31 15 51.1665 51.166 llOO 5.90 
32 17 51.7844 51.792 1112 6.57 
23 18 51.9940 51.992 1156 6.83 
33 19 52.1586 52.161 1140 7.04 
24 20 52.2891 52.291 1129 7.22 
34 21 52.3935 52.364 ll60 7.30 
26 23 52.5457 52.561 ll48 7.61 
35 25 52.6467 52.623 ll75 7.72 
36 29 52.7600 52.746 ll90 7.90 
37 35 52.8127 52.813 1355 8.02 
38 short out (HOM dampers IN) 0 
39 short In. unshorted gap 0 
40 short In, shorted gap 0 

reference pipe 
cable calibration 

• HOM dampers OUT for nn•l-17; HOM dampers IN for nn•21-40 
•• Via transmission measurement through gap monitors 
••• Blas current program voltage scaling: 250 A/V 

archive 
no . 

1657 
1688 
1719 
1750 
1781 
1812 
1874 
1967 
1998 
2029 
2060 

125 
156 

1905 
1936 

187 
1626 
1595 

716 
842 

1030 
468 
999 
968 
530 
906 
561 
875 
654 
8ll 
780 
749 
937 

1063 
ll62 
344 
592 
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date 

91/6/19 
" 
" 

" 
" 
" 
" 

91/6/20 
" 
" 
" 
" 
" 

91/6/19 
" 

91/6/21 
91/6/19 

" 
91/6/28 

" 
" 

91/6/26 
91/6/28 

" 

91/6/26 
91/6/28 
91/6/26 
91/6/28 
91/6/27 
91/6/28 

" 
" 

" 
" 
" 

91/6/26 
91/6/27 
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Table B.2 Single-Gap Impedance. Single-Gap Stretched Wire. HOM Dampers Out 

t IRF R g n R g 12 R Q 
(ms) (MHz) (ltO) 

3 -- 191 79.91 8.2 127 82.71 6.0 182 
6 37.72 -- 324 79.93 7.95 174 82.08 3.9 342 
9 45.3 8.4 566 79.9 7.9 182 82.6 5.75 217 

12 49.2 11.3 703 79.9 7.9 182 82.6 5.8 212 
15 51.04 13.3 850 79.93 7.95 170 82.65 5.9 .210 
17 51.7 14.7 862 79.93 8.1 182 82.65 6.05 202 
18 52.01 15.0 867 79.93 8.1 182 82.67 6.15 223 
19 52.14 14.7 869 79.93 7.8 174 62.67 5.65 212 
20 52.26 14.5 871 79.93 7.85 174 62.67 5.65 212 
21 52.39 14.8 873 79.93 7.95 182 82.65 5.9 212 
23 52.56 14.8 876 79.93 7.75 174 62.67 5.9 212 
25 52.66 14.7 752 79.91 7.9 182 82.65 6.0 212 
29 52.76 • 969 79.93 7.7 174 82.65 5.65 212 

t f3 R 0 f4 R t"l rs R a 
3 73.8 1.04 207 108.9 1.67 156 195.9 28.4 1120 
6 84.0 3.51 247 124.9 1.26 178 196 27.3 1120 
9 93.8 4.25 335 147.1 1.65 245 195.9 33.0 1570 

12 99.5 4.32 369 158.8 2.71 316 196 30.6 1310 
15 102.8 4.45 340 164.2 3.2 330 196 31.9 1310 
17 104.0 4.58 347 166.2 3.3 416 196 36.2 1570 
18 104.6 4.52 349 167 3.4 334 196 36.8 1960 
19 104.9 4.45 466 167.4 3.16 419 196 31 1570 
20 105.1 4.46 350 167.8 3.24 336 196 32.3 1570 
21 105.4 4.45 420 168.1 3.3 336 196 36.9 1960 
23 105.8 4.51 353 168.6 3.27 422 196 31.6 1307 
25 106 4.44 471 168.9 3.28 338 196 34 1307 
29 106.2 4.43 531 169.2 3.2 423 196 27.9 1120 

t f6 R t"l f1 R ,.., f8 R a 
3 160 0 0 326.5 3.5 93.3 341.9 5.3 58.9 
6 170.3 0.32 68.1 326.3 3 58.3 342.2 3.55 81.5 
9 198.7 2.71 284 326.6 3.9 85.9 344.6 6.3 49.9 

12 209 5.12 523 326.1 1.24 81.5 349.9 1.27 72.9 
15 214.8 6.2 430 326.5 1.57 110 341.6 2.94 120 
17 217 6.15 434 326.6 1.5 102 343 3.4 137 
18 217.9 5.65 436 326.6 1.67 109 343.5 3.7 143 
19 218.3 5.05 364 326.8 1.62 113 343.8 3.53 149 
20 218.7 5.05 365 326.8 1.64 109 344 3.54 150 
21 219 4.88 313 326.8 1.67 109 344.3 3.69 157 
23 219.5 4.71 314 327 1.71 105 344.7 3.69 157 
25 219.9 4.58 314 326.9 1.75 109 344.9 3.76 157 
29 220.2 4.24 315 326.9 1.68 105 345.2 3.60 164 
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Figure B. l Single-Gap Impedance (ReZ, ImZ) De-embedded, HOM Dampers Out, 
Showing Detail (t=2 l msec). 
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Table B.3 Single-Gap Impedance, Single-Gap Stretched Wire, HOM Dampers In 

t . fRF R Q n R Q 12 R Q ra 
(ms) (MHz) (kO) -
3 30.87 
6 37.72 (raw data recorded but not analyzed) 
9 45.3 9.0 560 

12 49.2 11.5 700 
15 51.18 16.l 850 82.12 2.J J 3l 84.7 2.5) 55 103.J 
17 51.78 18.2 1000 82.15 2.J2 3l 84.7) 2.53 56 104.J 
18 52.00 16.8 1300 82.12 l.82 31 84.7) 2.17 43 l04.5 
19 52.16 17.6 870 82.14 2.11 30 84.7 2.5 53 104.8 
20 52.29 15.6 870 82.09 l.88 31 84.69 2.21 56 105.l 
21 52.34 18.3 870 82.)2 2.11 32 84.71 2.52 56 105.2 
23 52.56 18.8 876 82.15 2.22 30 84.71 2.66 54 105.6 
25 52.63 18.2 1053 82.12 2.08 30 84.7 2.5 54 105.7 
29 52.76 l8.0 959 82.l 2.08 30 84.7 2.5 56 106.0 
35 52.8 20.l 1056 82.l 2.08 32 84.7 2.5 56 106.l 

t R a f4 R a ffi R " f9 R 
3 
6 
9 

l2 
JS 5.55 450 162.0 2.47 220 196.8 2.14 120 262.l J.73 
17 5.75 450 163.6 2.13 220 196.8 2.15 120 262.7 2.12 
18 5.13 450 164.1 J.81 220 196.8 1.99 120 263.0 2.10 
19 5.93 450 164.5 l.89 206 196.8 2.15 109 263.4 2.2 
20 5.42 460 164.8 l.75 180 196.7 2.15 120 263.5 2.44 
21 5.95 470 164.9 l.72 165 196.8 2.13 123 263.7 2.2 
23 6.35 459 165.4 J.63 165 196.8 2.26 123 264.1 2.32 
25 6.0 470 165.6 J.5 153 196.8 2.12 123 264.2 2.2 
29 6.0 461 165.8 J.37 144 196.8 2.09 116 264.4 2.18 
35 6.0 530 166.0 J.27 138 l96.8 2.10 116 264.6 2.17 

t a no R ,.., fl l R ,.., f8 R " 
3 
6 
9 

12 
15 130 -- -- -- 302.8 0.96 63 338.2 2.9 210 
17 220 -- -- -- 302.9 J.05 63 339.S 3.17 230 
18 240 - -- -- 302.9 l.l 89 340.0 3.2 240 
19 220 -- -- -- 304.0 l.16 101 340.4 3.18 243 
20 240 301.7 0.9 140 304.8 l.25 140 340.7 3.85 240 
21 240 302.l 0.77 82 305.4 l.11 133 340.9 3.25 244 
23 240 302.3 0.85 70 306.9 l.15 162 341.5 3.37 244 
25 240 302.4 0.81 69 307.5 l.12 162 341.7 3.24 263 
29 259 302.5 0.82 69 308.2 J.14 181 342.0 3.28 263 
35 265 302.6 0.82 70 308.8 l.17 193 342.2 3.29 263 
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Figure B.2 Single-Gap Impedance (ReZ, lmZ) De-embedded. HOM Dampers In, 
Showtng Detail (t=2 l msec). 
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Table B.4 Phase Shift Results from Bead-Pull Method. 

Vpgm=6.0 V • (t=l5 msec) Vpgm=7.2 V (l=21 msec) Vpg111=8.5 V (t>35 msec) 

freq phase phase freq phase phase freq phase phase 
shift slope shift slope shill slope 

deg/Hz deg/Hz deg/Hz 
(MHz) (de<tl (xl0-4) (MHz) (de<tl (xlo-4) (MHz) (de<'l · (xJ0-4) 

fRF" 51.429 0.3 16 52.431 0.20 16 53.231 0.4 16 
fl 79.821 0.3 2.3 79.853 0.28 0.6 79.856 0.26 2.4 
f2 83.699 0.16 2.5 83.755 0.16 2.4 83.703 0.2 2.3 
f3 103.109 0.17 4.5 104.950 0.2 3.5 106.581 0.16 4 
f4 164.404 0.2 2.5 167.312 0.2 2.0 169.517 0.2 2.2 
ffi 196.178 2.70 10 196.761 2.8 10 196.168 2.7 10 
f6 214.848 0.5 2.7 219.988 -- 0.1 220.372 0.48 2.5 

393.199 0.25 1.2 392.988 0.2 1.0 393.089 0.26 1.2 
444.802 0.30 0.95 444.909 0.32 1.0 445.109 0.22 0.8 

• Blas current program voltage scaling; 250 A/V 

Table B.5 Comparison ofStngle-Gap Impedance Calculation Between Bead-Pull and 
Stretched-Wtre Methods. (HOM Dampers Out, t=l5 msec) 

Bead-Pull 

f R g 
(MHz) (kO) 

fRF" 51.429 15 720 
fl 79.821 9.8 160 
f2 83.699 5.0 180 
f3 103.109 4.3 400 
f4 164.404 3.2 360 
ffi 196.178 36 1710 
f6 214.848 6.0 510 

aR/<R> 
(%) 

12 
21 
16 
3 
0 

12 
3 

Stretched-Wire 

f R g 
(MHz) (kO) 

51.04 13.3 850 
79.93 7.95 170 
82.65 5.9 210 

102.8 4.45 340 
164.2 3.2 330 
196.0 31.9 1310 
214.8 6.2 430 
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Table 8.6 Frequency Spread In HOMs Among Booster RF Cavities. 

position In 
cavity ring rel. to fl f2 f4 ffi f6 

no. cav. no. 1 (MHz) (MHz) (MHz) (MHz) (MHz) 
(de"' (a) (b) (ave.) 

1 0.0 79.95 82.67 82.67 
2 2.38 79.90 82.39 82.62 82.51 
3 19.77 79.88 82.80 82.79 82.80 
4 22.15 79.91 82.72 82.93 82.83 
5 39.54 79.82 82.37 82.83 82.60 
6 41.92 79.84 82.02 82.79 82.40 
7 59.31 79.86 82.66 82.89 82.78 
8 61.69 79.93 82.65 82.65 169.2 196.0 220.2 
9 138.39 81.83 82.40 83.56 82.40 168.0 196.3 220.4 

10 140.77 81.71 82.83 83.33 82.83 169.6 197.3 220.8 
11 158.16 81.56 82.40 83.86 82.40 198.4 221.2 
12 160.54 82.40 82.40 196.1 220.4 
13 177.93 80.12 82.20 82.72 82.46 222.4 
14 180.31 79.84 82.90 82.66 82.78 
15 197.70 79.64 82.40 82.46 82.43 168.4 220.0 
16 200.08 80.00 82.40 82.66 82.53 168.8 220.4 
17 98.85 79.99 82.53 82.90 82.72 
18 101.23 79.94 82.00 82.94 82.47 168.8 220.8 

• After HOM dampers Installed, terminated In cantcnna only (not Included In average). 
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Table B. 7 Equivalent R, Q for Single-Cavity and 
Net Sum Impedance, HOM Dampers Out. 

Single-Cavity Z NetSumZ 

(15 cavities} 

fRF R g R/Q fRF R g 
(MHz) (kO) (Cl) (MHz) (kCl) 

51.71 50.5 1030 49 17 51.71 755 1030 
52.14 41.8 870 48 19 52.14 630 870 
52.40 43.4 870 50 21 52.40 650 870 
52.57 43.l 750 57 23 52.57 645 750 
52.66 44.0 880 50 25 52.66 660 880 
-- -- -- -- 29 -- -- --

12 R a R/O 12 R a 
82.61 21.8 300 73 17 82.58 195 190 
82.61 21.6 280 77 19 82.59 192 190 
82.61 21.8 290 75 21 82.57 193 190 
82.61 22.2 290 76 23 82.59 197 180 
82.61 21.6 280 77 25 82.58 195 180 
82.61 21.5 290 74 29 82.59 192 180 

f4 R a R/Q f4 R g 
166.3 7.2 420 17 17 166.4 51.5 200 
167.5 7.35 420 17 19 167.6 52 200 
168.2 7.3 420 17 21 168.3 52 190 
168.8 7.6 420 18 23 168.8 54 190 
169.l 7.1 440 16 25 169.l 51 190 
169.4 7.3 420 17 29 169.2 52 190 

re R a R/O f6 R (} 

216.9 23.3 540 43 17 217.0 169 300 
218.2 18.7 550 34 19 218.4 146 280 
219.0 17.5 440 40 21 219.1 144 280 
219.5 17.l 440 39 23 219.6 142 260 
219.8 17.l 440 39 25 219.9 142 260 
220.l 15.9 550 29 29 220.2 134 260 

Ill R a R/O rs R 0 

343.0 11.7 180 65 17 343.2 147 190 
343.8 12.2 200 61 19 344.0 151 190 
344.3 12.8 200 64 21 344.6 157 190 
344.7 12.8 220 58 23 345.0 157 190 
345.0 13.0 200 65 25 345.2 159 190 
345.2 12.6 220 57 29 345.5 154 190 
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Figure B.3 Single Cavity Impedance ·(ReZ, ImZJ Calculated, HOM Dampers Out. 
Showing Detail lt=21 msec). 
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Figure B.4 Net Impedance (ReZ, lmZ) Calculated, 15 Cavities, HOM Dampers Out. 
Showing Detail (t=2 l msec). 
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Table B.8 Equivalent R, Q for Single-Cavity and 
Net Sum Impedance, HOM Damper In . 

Single-Cavtty Z • NetSumZ 

(I 5 cavities) 

fRF R g R/Q fRF R Q 
(MHz) (kn) (0) (MHz) (kO) 

51.79 60 860 70 17 51.79 900 860 
52.18 68 1300 52 19 52.18 1020 1300 
52.35 68 1300 52 21 52.35 1030 J300 
52.57 65 1100 59 23 52.57 975 1100 
52.64 61 1100 55 25 52.64 9J5 J JOO 
52.75 51 1100 46 29 52.75 765 J JOO 

f2 R n R/O f2 R Q 

84.61 7.25 110 66 J7 84.56 104 60 
84.63 7.25 68 110 19 84.56 103 60 
84.63 7.4 68 110 21 84.56 105 62 
84.63 .7.65 66 110 23 84.56 110 60 
84.63 7.15 68 100 25 84.56 100 62 
84.63 7.2 70 100 29 84.56 JOO 62 

f4 R n R/" f4 R Q 
163.9 4.09 200 20 J7 J64.J 39.9 J20 
164.8 3.81 170 22 19 J65.0 38.4 110 
165.3 3.34 150 22 2J 165.5 35.7 JOO 
165.8 3.28 150 22 23 165.9 36.3 100 
166.0 2.85 140 20 25 166.J 32.5 JOO 
166.2 2.70 130 21 29 J66.3 31.4 JOO 

Ill R n R/O m R n 

339.6 11.5 310 37 J7 339.8 J28 220 
340.5 11.7 310 38 19 340.8 128 2JO 
341.0 11.8 280 42 2J 341.2 J27 220 
341.6 12.2 310 39 23 341.9 132 230 
341.7 11.9 340 35 25 342.1 126 220 
342.1 12.0 310 39 29 342.4 127 220 

201 

R/Q 
(0) 

1000 
780 
790 
890 
830 
690 

R/O 
1700 
1700 
1700 
1800 
1600 
1600 

R/Q 
330 
350 
360 
360 
320 
3JO 

R/O 
580 
6JO 
580 
570 
570 
580 



~ 80 
~ 
N 

40 -

N 

~ c _,. 
~ 

N 

0 

. . . : \ ......... ..'') i 
~ ----··· . ,,. .. ---: ,. .. .. . . .. 

~ \; 

-40 ......... _........_,_..L..J ·•c... ...... ··....L...L..J "''"-._... ............... 
52 52.25 52.5 52.75 

fRF(MHz) 

2.5 

0 
\ .......... -·--···· I • . \ _, ... 

-2.5 ·-· 

162.5 165 167.5 170 
14 (MHz) 

2 

0 . l: . 
\ '~ 
•,,,,./ \ 

-1 

220 2.0 260 280 
19 (MHz) 

10 

5 

0 

-5 

2 

0 

10 

0 

-10 

--·--··-· ...... \ 

80 

192.5 

. 
-
• 
• 
• 

• 
• 
• 
~ 

275 

195 

. 

. 
\, .................. .. ... 

84 

I • . , .. 
88 

11, 12 (MHz) 

"•" ..... .. ................. 

197.5 200 
15 (MHz) 

- ...i;: ~ 

~ \.,.··"-... J . .--! ! 
!! .. .. .. 
I 

. ' I • I • 

300 325 350 
110, 111, 18 (MHz) 

202 

Figure 8.5 Single Cavity Impedance {ReZ. ImZJ Calculated, HOM Dampers In, 
Showtng Detail (t=2 I msec). 
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Figure B.6 Net Impedance (ReZ. ImZJ Calculated, 15 Cavities. HOM Dampers In. 
Showing Detail lt=2 l msec). 
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Table B.9 Comparison of Single-Gap Impedance due to Resonant Modes 
for Nominal and Damped RF Cavity at t=2 I msec. 

frequency Af R R ratio R R/Q R/Q 
nominal damped nominal damped damp/nom nominal damped 

(MHz) (MHz) (kn) (kn) (0) (0) 

fRF 52.4 -(0. l) • 14.8 18.3 1.2 17 21 
fl 79.9 +2.2 7.95 2.11 0.3 44 66 
t2 82.7 +2.0 5.9 2.52 0.4 27 45 
f3 105.4 -0.2 4.45 5.95 1.3 10 13 
f4 168.1 -3.2 3.3 1.72 0.5 10 10 
f5 196.0 +0.8 36.9 2.13 0.06 19 17 
f6 219.0 +4.1 •• 4.88 0.35°0 0.07 16 •• 
f7 326.8 -- 1.67 -- -- 15 --
rs 344.3 -3.4 3.69 3.25 0.9 23 13 
19 -- (263.7) -- 2.2 -- -- 9.2 
flO -- (302.1) -- 0.77 -- -- 9.4 
fl 1 -- (305.4) -- 1.11 -- -- 8.3 

• Comparison between nominal and damped fundamental frequency inexact because bias 
current chosen by hand. In operation, values are equal for a particular time in the cycle. 

• Damped m no longer a real mode 

Table 8.10 Effect of Cavity Shorts on Impedance vs. HOM Dampers (bias Ib=O). 

f R R/Q 

(MHz) (kfl) (fl) 

no short 79.89 8.05 51 
82.61 5.95 28 

nominal 195.9 26.4 24 
cavity unshorted gap 81.57 10.5 70 

195.3 2.71 26 
shorted gap 86.49 5.7 47 

195.2 2.12 26 

no short 82.06 2.11 68 
84.57 2.45 45 

damped 196.7 1.91 21 

cavity unshorted gap 83.82 3.34 86 
196.2 1.54 20 

shorted gap 88.32 2.64 55 
196.2 1.14 17 
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Appendix C: ESME Input Data Flies for Simulation of Booster 

Sample Input files used In the Booster ESME simulation of coupled-bunch Instability 
are reproduced here. corresponds to the nominal conditions: l.7el2 ppp. nominal 15 
cavities, no HOM dampers. The main Input me HOMBB.DAT l(lves the tracking and RF 
voltage data. The simulation Is begun at 17 msec tn the global cycle. Note that there Is a 
2 msec la.e; between the time In the cycle and actual time on the sinusoidal acceleration 
curve. The space charge calculation Is turned off, but the effect of the broadband and 
hlgh-Q resonant Impedances are Included. The file DMAGNET.DAT (broadband) gives 
the coefficients for the real and lmaii;lnary Impedance over five frequency ranges. The 
files RBttHO.DAT (HOM resonances. dampers out) give frequency, R. multiplier and Q. 
These were created from the calculated net impedance of Table B.7, Interpolating 
between measured values for a smooth variation In frequency and R over the 
simulation. Also !(lven are the files RBttHJ.DAT (dampers in) from Table B.8. The 
Impedance files are called at appropriate limes tt during tracktng. 



Main Input file: HOMBB.DAT 

W HOMbh Boostl"T cbm 4 HOM thru cylo. HOM OIJT. 15 mv 
W mistakr in .homaa: forgot to tw:t nr-4 
W Sc.air 7...-z• 1 stJ"f"tC'htd wirr. rhxxhO.dat 
W lnt~1ulatt" HOM Z c:\Ud VRF IX"tW("C'n tt1SC9 data t• 17 .18.19.20 
W Tum S< :< >N on. ~• l..0.6U653U6511'a !problems wil/1 •pact' charge caJ<1 
W npobll•HIKl, HOM swnZ (151. nr.lmp-4. •mil•<J.027 
W dma~ it·I Z/n. brruupipt· radiusa..1 <'Ill. f'llil>lir.. ur1e.·k t• 17 to t-35 
W VRF !rum R07 data (11<'<· 1.llllKTIVRF R07. JAn 
W ESME v7.2. QREZON for llOM. niagaYt 
w 
R FERMl!.AJl BOOSIER 
SRJNG REg..75.47. GAMMAT•S.446. AIJ'HAhO.O. EKOl•203 .. EKOF-SOOO .• 

TI-0.0. Tl'-0.033.1333.13. TSJ'AHT-0.015. KIJRVEU-.1. FRAC•l SEND 
A 53 MHZ RI-" SYSTEM 11•17-17.5 b1 cycl•I 
SRF H"'84. Vl-.!l78. VF-.!lll7. KlJINE-1. lVBEG..0.0150. TVEND-0.0155. 

!SYNC• I s~:ND 
P PIJT IN "4 HUNCHES (I) 
$POPL8KlNIJ•14. SBNCH•.027. NPO!r<r..SOO. rnoFF-· 180. $END 

P PlJT IN H4 BUNCHES 121 
$POPL8 rn·mAN"4.28S714286. ETRAN-0. SEND 

( ... JTp<"RI for buncht-s (3) through (831 ... 1 

P PlJT IN 84 BUNCHES 1841 
SPOPl..B TI llllAN•4.285714286. ETRAN-0. SEND 

W Foret" I I +2*1n(h/R)•U by l~tling h-O.G<~530G5n•a. whr-fr' a-0.002 default 
B SET UP '11 IE SPACE CHARGE CALCULA11< lN lnolr ENQ Is pppl 
$SCHG NBl~;s-so<lO. NZ-S. NR•4. ENQ•l.7•12. QREZON•T. 
SCON•T. A-ll.ll02. B-IJ.Wl213<llll3Sl';ND 

dmal!Jl•l.<IM 
Tb 17110.dal 
O Graphi<' fonnat. 
$GRAPH MPUlT-625. !OPT•!. nfPMIN•-1.35. nfPMAX•J.35. DEPMIN•·30 .• 
DEPMAX-.10 .. TITI.E•T. !DEV•!. PLTSW(5J•~·. PLTSW(lll•T. PLTSW(IOl•T. 
PLTSWl12J•F. PLTSW116l•T. RllMIN•·l.35. RllMAX•l.35. NPJMP-4 SEND 

HOMbb .027 4llOMl,.1 SCllGI Z/n ,.Uip (1.7•1211•17 
D Dtspl<ly startina rondttious. 
M Save- his1o~ran1s for inounrain mn~ 
$MRANGE MllTHllMIN•· l .35. Mlm lllMAX• l .35. MRMPl..OT•25 SEND 

W4 C'.alrulalt· rnommts for na4:l hunr!h 
w STAKEM< •M IHOllNU-1. TIIRMIN•·3.0. rnRMAX-:i.o SEND 
T Now tra<'k (0.5 JTIM"(') 
$CYCLE TTHACK-.tl005. HIS'IRY•.T .. MOMNTS•.T. SEND 

B SET UP TI ir; SPACE C:llAHGE CALCULATION (11010 ENQ Is pppl 
$SCHG NUl~:s-so<lO. N7,.S. NR•4. ENQ•l.7•12. QREZ<lN•T. 
SCON•T. A-ll.002. ll-O.!Xll21:11Wll3 $END 

dma,e;nct.dnt 
rb 175h0.dnl 
A 53 MHZ RF SYSTEM (I• 17.5-18 In cyrk) 
$RF H•84. Vls.C>ll7. vr ... r.ss. KllRVt:-1. lVBEG-0.0155. TVEND-o.0160. 

!SYNC• I Sl>ND 
T Now lra<'k (U.5 m.=l 
$CYCLE TTRACK•.0005. HIS'IRY•.T .. MOMNTS•.T. SEND 

B SET UP 11 Jt; SPACE CHAf~Gl': CALC\JLATIDN lml<" ENQ Is ppp) 
$SCHG NllJ-0-~<;..S(J(lO. Nz-5. NR-4. ENQ•l.7<12. QRE7 . .0N•T. 
SCON•T. A-ll.<l02. B-IJ.ll01213<K>I3 SEND 

dmagne-t.dat 
rbl8h0.dal 
A 53 MHZ RF SYSTEM (1•18·18.5 In cycl.J 
SRF H•84. Vl•.655. VF•.654. KURVE-1. lVBEG-0.0160. TVEND-o.0165. 

!SYNC• I SEND 
T Now tra<k (U.5 ms«.\ 
$CYCLE TTRACK•.0005. HIS'IRY•.T .. MOMNTS-.T. $END 

B SET UP lliE SPACE CHARGE CALCULATION (nol• ENQ is PPPI 
$SCHG NBI~. NZ-S. NR-4. ENQ•l.7<12. QI<F.Z.ON•T. 
SC.ON•T. A-ll.002. B-IJ.W1213Ull3 SEND 

dma~et.dat 
rb185h0.dn1 
A 53 MHZ RF SYSIEM (I• 18.5-l!l In cyd<) 
$RF H"'84. vr-.r>.54. w· ... 652. KURVt:-J. lVBEG..0.0165. TVEND-o.0170. 

!SYNC• I ~:ND 
T Now tm.rk 
$CYCLE TTRACK•.0005. HIS'IRY•.T .. MOMNTS-.T. SEND 

B SET !JP TI 11, SPACE CliARm: CALCULATION lnoh• ENQ is pppJ 
$SCHG Nlll{J-~<;..5<Jll0. N7,.S. N1~4. t:Ny•I.7d2. Yl{J-2.11N•T. 
SCON•T. A-lJ.1){)2. ll-IJ.ll01213U>l3 SEND 
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dmal!fl•l.dal 
rb19h0.da1 
A 53 MHZ RF SYSTEM (1•19-19.5 in cyclr) 
SRFH-84. Vla.652. VF•.658. KURVE-l.1VBF..G-0.0l70.1VENDoO.Ol75. 

lSYNC• I SEND 
T Now track (0.5 lllS<'C) 
$CYCLE TIRACK•.0005. HISTil.Y•.T .. MOMNTS-.T. $END 

B SET UP TiiE SPACE CHARGE CALCULATION (not• ENQ Is pppl 
$SCHG NBRES-5000. NZ-S. NR-4. ENQ•l.7rl2. QREZONaT. 
SCON•T. A-0.002. S-0.0012130613 $END 
d~et.dat 
rbl95h0.dal 
A 53 MHZ RF SYSTEM (1•19.5-20 In cyd•l 
$RFHa84. Vla.658. VF•.664. KUR\'E-l.1VBEG-0.0l75. lVENDo0.0180. 

ISYNC•l SEND 
T Now track (U.5 trul<C) 
$CYCLE TIRACK•.0005. HlSTil.Y•.T .. MOMNTS•.T. $END 
B SET UP TI IE SPACE CHARGE CAU:ULA'nt >N (rKlt< ENQ Is ppp) 
$SCHG NBl~:s.51Xl0. NZ-5. NR•4. ENY.,1.7d2. Ql{EZ(>N•T, 
SCON•T. A-o.m2. B-O.llll2l:IU6l3 si-:No 

dmagnt-t.d111 
rb20hO.dat 
A 53 MHZ RF sYSTEM 11-20-20.5 In cyclr) 
$RF Ha84. Vl•.!''64. VJ--•.661. KURVEal.1VBEG-0.0180.1VENDo0.0185. 

!SYNC• I Sr:ND 
T Now tra"k (U.5 111S<t') 
$CYCLE lTHACK•.0005. HISTRY•.T .. MOMNTS•.T. SEND 

B SET UP TI ll' SPACE CH/IRGE CALCULATION (11010 ENQ Is pppl 
$SCHG Nlll~r:s-sooo. NZ-5. Nl{-4. ENQ•l.7d2. gl{l:J~ONaT, 
SCON•T. Aall.IXJ2. BaO.tXH2131Mil3 SEND 
dma~et.dal 
rb205h0.dat 
A 53 MHZ RF SYSTEM (1•20.5-21 In cyclr) 
$RF H•84. Vl•.1''61. VF•.658. KlJIM'81. 1VBEG.0.0185.1VEND-0.0!90. 

lSYNC• I Sl:ND 
T Now track (I J.5 tnSt'C) 
$CYCLE rfl{ACK•.U005. HlSl'RY•.T .. MOMNTS•.T. SEND 

B SET UP 111E SPACE CHARGr: CALCULATION (!IOI• ENQ Is pppl 
SSCHG NBJ~::s-&KXI. NZ-S. NH•4. ENQ•l.7rl2. QIIBZONaT, 
SCON•T. A.U.002. S-0.0012131Jfil3 SEND 
d~nf"t.dar 
rb2lhO.dat 
A 53 MHZ RF SYSTEM (1•21-22 In cyck) 
$RFHa84. Vl•.1'>58. VF•.655. KURVJ-:-l.1VBEG•0.0190. lVEND-0.0200. 

lSYNC• I SEND 
T Nowtrnrk 
$CYCLE rrRACK•.(JOJ. HlSl'RY•.T .. MOMNTS-.T. SEND 

W lNTERPOl..ATED 
B SET UP TI ll: SPACE CHARGE C.J\LCULATION (not• ENQ Is ppp) 
$SCHG NB1~;.<;..5U(xJ. NZ-5. Nl{•4. EN(.l• I. 7'12. QRr:J'J)NaT, 
SCON•T. A-tl.002. B-O.llll2131Ka3 sr:N1> 

dma~net.dat 
rb22hO.dnl 
A 53 Ml IZ RF SYSTEM (1•22-23 In cycle) 
$RF Ha84. Vl-.ll55. VF•.638. KUHVJ-::-1. 1VBF..G-<J.U21l0. lVEND-0.0210. 

!SYNC•! Sl~D 
T Now tr.u·k 
$CYCLE TIRAC:K•.001. HISTRY•.T .. MOMNTS•.T. SEND 

B SET UP TIIE SPACE CHARGE CALCULATION (rrote ENQ Is pppJ 
$SCHG NBHES-SOtxl. NZ-S. Nlla4. ENQ•l.7el2. QHEZDN•T. 
SCON•T. A-o.ll02. B-o.0012 l!IUIH3 SEND 
d~et.dat 
rb23h0.dat 
A 53 MHZ RF SYSTEM (t•23-24 In cyclr) 
$RFHa84. Vl•.638. VF•.620. KIJINE-1. lVBEG..0.0210. TVENDo0.0220. 

!SYNC• I SEND 
T Nowtm.C'k 
$CYCLE TIRACK•.001. HISTRY•.T .. MOMNTSa.T. $ENO. 

W lNTERPOl.ATEll 
B SET UP ·n 1~; SPACE CHARGE CALCULATION (notr ENQ Is pppl 
$SCHG NBRF-<;a500IJ. N7....S. NR•4. ENQ•l.7d2. QIIBZON•T. 
SCON•T. A.U.002. B-<J.Ulll2130613 s~:No 

dmagnC"t.dat 
rb24h0.dat 
A 53 MHZ RF SYSTEM it•24-25 In cycl•l . 
$RF Ha84. Vl•.620. VF•.590. KURVE-1. 1VBEG.0.0220. lVEND-0.0230. 

JSYNC•l SEND 
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T NowtraC'k 
$CYCLE Tl'RACKa.001, HISTRYa.T .. MOMN'J'Sa.T. SEND 
B SET uP TI H; SPACE CHARGE CALCULATION fnol•· ENQ ls ppp) 
SSCHG NBRJ::.<;.5000. NZ..S. NR•4. ENQ•l.7rl2. QREZtlNaT, · 
SCON•T, AaU.ll02. Ba0.UOl2130613 SEND 

dma~<t.dal 
rb25h0.dat 
A 53 MHZ RF SYSTEM (t•25·26 In cycl<l 
$RF Ha84. Vl•.599. VFa.575. KURVF..-l. 'JVBEG-0.02.10, 1VEND-0.0240. 

ISYNC•I SEND 
T Nowtrack 
$CYCLE TTRACKa.001. HISTRYa.T .. MOMNTSa.T. SEND 

A 53 MHZ RF SYSTEM ft•2G·27 In cycl<l 
$RF Ha84. Vl•.575, Vi''•.554. KllRVE&I. 'JVBEG-0.0240. 1VENDa0.0250. 

!SYNC- I SEND 
T Nowtrack 
$CYCLE TTRACK•.001. HISTRY•.T .. MOMNTS•.T. SEND 

W INTERPOLATED 
B SET UP THE SPACE CHARGE CALCULATION fnot< ENQ ls ppp) 
SSCHG NBRESaSOOO. NZ-S. NRa4. ENQal.7ol2. QREZON•T. 
SCON•T, AaU.002. Ba0.0012130613 SEND 

dmaAfiC"t.da1 
rb27hO.dnt 
A 53 MHZ RF SYSTEM (t•27·28 In cycl<) 
$RF Ha84. Vla.554, VFa.532. KUIM:.I. 'JVBF..G-0.0250. 1VENDa0.0260. 

!SYNC• I Sl:::ND 
T Nowtmrk 
$CYCLE TTRACKa.ClOI. HISTRY•.T .. MOMNTSa.T. SEND 

A 53 MllZ Hf-' SYSTE:M (1•28·2'J In rydd 
$RF Ha84. Vl•.532. Vl-'a.4!KI. KUIM:al. 1VBF..G-0.0260. 1VENDa0.0270. 

ISYNCa l Sr:ND 
T Now tr.t<'k 
$CYCLE Tl'RACK•.CK>!. HlSTRY•.T .. MOMNTS•.T. SEND 

B SET UP ·n Ir: SPACE crwmE CAU:tJIJl'n<>N (mlc ENQ ls ppp) 
SSCHG NUHI;."-SU!lll. N7 ... 5. Nlla4. ENf.lal.7ol2. QREZONaT. 
SCON•T. A .. J.lJU2. Bao.u1121:1m13 $END 

dma~nel.dat 
rb29h0.dal 
A 53 MHZ RF SYSTEM (t•29·30 In cy<'I<) 
SRFHa84. Vl•.490. VFa.451. KllllVE:al.1VBEGa0.0270.1VENDa0.02SO. 

ISYNC•I $r::ND 
T Now tm.t•k 
$CYCLE TIHACK•.001. HISTRY•.T .. MOMNTS•.T. SEND 

A 53 MHZ RF SYSTEM {I "30·3 I In cy<'I<) 
$RF H•84. Vl•.451. VF•.401. KllRVr:.J. 1VBEG-<J.02RIJ. 'IVENDa0.0290. 

!SYNC:• I SEND 
T Nowtrack 
$CYCLE Trlli\CKa.ClOI. HISTRY•.T .. MOMNTSa.T. SEND 

A 53MHZllFSYSTEM (la31·32iurydo) 
$RFH"84. Vl•.401. Vi''a,351. KUIM:.l.1VBEG-0.02!l0.1VENDa0.0300. 

!SYNC• I $END 
T Nowtrack 
$CYCLE TTRACK•.001. HlSTRYa.T .. MOMNTS•.T. SEND 

A 53 MHZ RF SYSTEM (la32·33 In rye!<) 
$RFH•84. \~•.351. VFo.308. KURVE:al. TVBEGa0.0300.1VEN0-0.03lO. 

ISYNC:•I SEND 
T Nowtrack 
$CYCLE TIRACKa.001. H!STRY•.T .. MOMNTS•.T. $END 

A 53 Ml rz RF SYSTEM (la33·34 lu cydl') 
$RF Ha84. VI•.:108. Vi''•,251!, KURVE:al. 'JVBEGa0.0310. 1VENDa0.0320. 

!SYNC• I SEND 
T Nowtnu·k 
$CYCLE TIRACK•.001. HISTRY•.T .. MOMNTS•.T. SEND 

A 53 Mll7. HJ' SYSTEM (la.'!4·35 Ju rydd 
$RF Ha84. Vl•.258. VF•.212. KUIM:.1. TVBEG.0.0320. 1VENDa0.0330. 

ISYNC•I 5'1-::ND 
T Nowtmrk 
$CYCLE TnlilCKa.001. HISTRY•.T. MOMNTSa.T. SEND 

H Plot pamn1r-te-r historif'S 
$HISTRY Nl'l.Tal.13.1.4.1.G.l.5. l.7 SEND 

N Now plot 1nountaJn nu1j(M1 
SMRPLOTSCAl..E•.25. SM<lO'Jll•.T. SEND 
Q Stop 
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Broadband Impedance file: PMAONET.DAT 

0 
0.904&-1.0.1918.0.202 ... -2.-0.is.--4 
-0. 7 I ~-2.0.6S24"- I .u.4Sc--2.-0.l">llll7r-4 
fl) 
19.21.-0.4743.0.8746<--2.-0.4074"-4 
• 13'9 J .O.ll:l43.-0.107&- J .0.4074C'·4 
110 
·3.957.0.S&>l.-0.44(ll5r-2.0. l l l lr-4 
35.97.-0.661.U.4<)3&-2.-0-8333'-·5 
170 
3.561.0.1677.-0.6228P-3.0.7275MI 
·9.425.0.124.-0.5578r-3.0.7630<-6 
350 
·1.7.0.0.0 
17.0.0.0.0 

Resonance Data Files. 
HOM damper IN: 

~1i;;'i'.~1at 
::~_s;;:::: 

l04(l]U.O l 00.0 
164.1 41Ull.U I 120.0 
330.8 12!UIUJ I 2211.U .............. 

rl>i"75h'i.d" 
''8i.5i\'"' 1041Ul.O I m.o 
164.3 4UJIJ.U I 121W 
340.05 l~llll.O I 22(1.11 

:::::;:::::::: 
rb18hl.dat 
:::::::::::::: 
84.56 I041XXJ.U 1 00.0 
164.55 411KIJ.0 I 120.u 
340.3 12!JIXJ).() I 215.U 

:::::::::::::: 
rblBShl.dat 
:::::::::::::: 
84.56 104CJKl.O 1 00.0 
164.8 .'D:Ul.O I 115.0 
340.55 121UU.O I 210.0 .............. .............. 

rbl9hl.dR! 
:::::::::::::: 
84.56 104CUlO 1 G0.0 
165.U 31.0JW I Jl(J.U 
340.8 l:lH.UW I 21(1.0 

:::::::::::::: 
rbl95hl.dat 
:::::::::::::: 
84.56 104IXXJ.O I 00.0 
165.1 31UJ.W I 110.0 
340.9 l:ltf.UJ.O I 210.0 .............. .............. 

rl>20h I. dat 
:::::::::::::: 
84.56 J(!;(XKl<J I m.o 
165.25 371UJ.O I ll:f;.o 
341.0 12Hllll0 I lll5.IJ .............. .............. 

rb205h l .dat 

::8i.56'':: lffilUW I B:lO 
165.4 371llll0 I j(IJ.U 
341.1 l:lH.lllll 1 22UAJ 

209 

·············· ·············· rb21hl.dat 
::~_55:::: 

la5000.0 I 62.0 
ltl5.5 aauw I 100.0 
341.2 128..Ull.O 1 23:1.0 

:::::::::::::: 
rb22hl.dat .............. ·············· 84.56 107\'.XIO.O 1 62.0 

165.7 361W.U I J(XJ.O 
341.55 l300l1U.U I 225.0 

·············· .............. 
rb23hl.dat 

'~.56'::: 100ano I eo.o 
165.9 37\XlJ.U I 100.0 
341.9 132(UJ.O 1 2.30.0 

:::::::::::::: 
rb24hl.dat 

'~.56'::: 1<6:0"W 1 00.0 
100.0 351UJ.O 1 100.0 
342.0 13CXJ.V.U I 225.0 .............. .............. 

rb25hl.dat .............. .............. 
84.56 ICl2(XXJ.O I 62.0 
1111.1 330W.o I 100.0 
342.1 127CW.O I 23>.0 

~i7~L1a1 
·············· .............. 
84.!56 l<XIUIO.O I QQ 
163.2 32UJ.l.o I 100.0 
342.25 1271Jl.V.O I 220.0 

·············· .............. 
rb29hl.dat 
•············· ..84iii ... 1020"00 I 62.0 

183.3 :gJl.l).Q I 100.0 
342.4 1271.l.1110 1 220.0 
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Resonance Data Flies, 
HOM damper OUT; 

·············· .............. .............. ·············· rbl7h0.dat rb205h0.dat .............. . ............. .............. .............. 
82.58 190000.0 I 1000 82.58 194<XXl.O I 100.0 
166.4 52lUJ.O I 200.0 168.1 !CX.UJ.O I 190.0 
217.1 l60ULU.O I 3W.O 218.95 14!UJUO I 28'.l.O 
343.2 1411UJ.O I 190.0 MUS 1!5!1WUO I 190.0 .............. . ............. 

ibi.75iio.dat 
.............. 
rb21h0.dat 

:::::::::::::: .............. ·············· 82.57 l!J!IJOO.O 190.0 82.57 193CXXJ.O I 190.0 
166.75 s:nu.o 200.0 168.3 s:iuno I 190.0 
217.8 IGllW.O 2!10.0 219.1 1440'.ll.O I 280.0 
343.5 IS!lllJ.O l!JUO 344.6 157tUJ.O I 100.0 

:::::::::::::: .............. .............. 
rbl8h0.dat rb22h0.dat 
:::::::::::::: .............. .............. 
82.55 2CXIJOO.O I 100.0 82.58 195000.0 I 185.0 
167.1 54<1Ull I 21ll.ll 168.55 5.'UIJ.O I 100.0 
218.0 1621lll.ll I 290.tl 219.35 143.l.UO I 270.0 
343.8 l&lllll.ll I l!llUl 3448 151llll0 I 190.0 

·············· .............. .............. .............. 
rbl85h0.clat rb23h0.dat 
:::::::::::::: .............. .............. 
82.57 l!lffUl.O I 1000 82.59 197000.0 I 180.0 
167.35 5."lllll.ll I 200.0 168.8 54CllUl I 100.0 
218.2 1551111.ll I 2!10.ll 219.6 1420llJ.O I 200.0 
343.9 155111).{) I 1000 345.0 IS!llll.tl I 100.0 

:::::::::::::: .............. .............. 
rbl9h0.dat rb24h0.dat 
:::::::::::::: ·············· .............. 
82.50 l!l2flll.O I 1000 82.59 196:00.0 I llll.O 
167.6 5alll.O I 200.ll 168.95 5.'UIJ.O I 100.0 
218.4 147UIJ.0 I 280.0 219.75 1420llJ.O I 2fl0.0 
344.0 15allJ.O I 1000 345.1 19lll.O I 100.0 .............. . ............. .............. . ............. 

rb 19Sh0.dat rb25h0.dat .............. . ............. .............. .............. 
82.50 1931'.lll.O I 100.0 82.58 19SCXIJ.O I 180.0 
167.75 51.llll.0 I 195.0 JOO.I 51UIUJ I 190.0 
218.6 14!llll.O I 211>.0 219.9 1420IV.O I 260.0 
344.15 1521lll.O I 100.0 345.2 15EXl.lJ.O I 100.0 .............. . ............. .............. ·············· rb20h0.clat rb27h0.dat .............. . ............. .............. . ............. 
82.58 1940CD.O I J!)(l() 82.50 1940(1).0 I llll.O 
167.9 4711•>.U I HILO 100.15 52lllJ.O I 1000 
218.8 15HllJ.O I 2HIJ.() 220.CI; 138lUO I' 200.0 
344.3 1521111.0 I 190.0 345.35 1571.lll.O I 100.0 .............. .............. 

rb29h0.dat 
:::::::::::::: 
82.59 192DOO.O I 180.0 
100.2 saxuo I 1000 
22Cl2 134CXIJ.O I 2fl0.0 
345.5 154CIJJ.ll I 100.0 
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