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STABILIZATION OF NON-RELATIVISTIC BEAMS BY
MEANS OF INDUCTIVE WALLS*

V. K. NeiL and R. J. Brigast

Lawrence Radiation Laboratory, University of California
Livermore,California

(Received 1 December 1966)

Abstract—A method for suppressing the negative-mass instability in beams of particles with non-
relativistic velocity is proposed and investigated theoretically. The method involves surrounding the
beam with an inductive wall structure incorporating lumped-circuit inductors and does not rely on a
velocity spread in the beam. The condition for stability of longitudinal oscillations of  given wave-
length is v > v,, where v is the particle velocity and v, is the phase velocity of a wave with the same
wavelength in the same structure, but with the beam rep by a perfect conductor. A somewhat
different structure consisting of a conducting ribbon wound in a helix around the beam is also
analysed semi-quantitatively and shown to be effective in suppressing the instability.

1. INTRODUCTION

A METHOD of suppressing the negative-mass instability (NIELSEN, SESSLER and SYMON,
1959) in a beam of particles with relativistic velocity has been described in a previous
work (BRIGGS and NEIL, 1966). The method does not rely on velocity spread in the
beam to suppress the unstable longitudinal oscillations. By means of an inductive wall
surrounding the beam, the electric-ficld configuration arising from the oscillations is
altered in such a way that the oscillations become stable. Although the geometry and
detailed analysis in the previous report apply mainly to beams in particle accelerators,
the general principle is applicable to other geometries and to non-relativistic particle
velocities. The purpose of this work is to extend the theory given in the earlier report to
include the more complex wall structures necessary to stabilize non-relativistic and
moderately relativistic beams. '

This work was originally stimulated by the dramatic stabilization of the ion beam
in a Calutron (SHIPLEY et al., 1964) by placing various passive circuits in close proxi-
mity to the beam. However, it is not clear that the results of this work give any insight
into the stabilizing mechanism in the Calutron. Indeed, the exact type of instability
that was suppressed in the Calutron has not been identified. The experimental
situation is complicated gy the presence of cold plasma, which may play an important
role in the instability and its suppression. '

" The necessary condition that longitudinal oscillations be stable may be stated in

~ terms of the Eﬁc—avcragc energy of the perturbed electromagnetic field. The total
ic energy must exceed the total electric energy in the region outsidg the beam.

For oscillations in a relativistic beam enclosed by cona_ ucting walls, the two energies
are nearly equal, but the magnetic energy is less than the electric energy. Therefore,
only slight modifications of the wall are necessary to reverse this situation. In contrast,
for non-relativistic particles the magnetic energy arising from the perturbation is very

* Work performed under the auspices of the U.S. Atomic Energnyommission, . :
Department of Electrical Engineering and The Rescarch Laboratory of Electronics, Massachu-

setts Institute of Technology, Cambridge, Massachusetts.
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(TABILIZATION OF INTENSE COASTING BEAMS
IN PARTICLE ACCELERATORS BY MEANS
OF INDUCTIVE WALLSt

' R. J. BMGGS and V. K. NEL
¢ Lawrence Radiation Laboratory, University of California, Livermore, California

(Received 8 November 1965) .

A method for stabilizing a relativistic coasting beam lgllmt the neptive mass instability
It is shown that a I 2o i mbﬂbd.mmemmthe
d’ s frequency spread in the % m wave unpuhna at uctive.
* Mnnnmthnanmhh:uchmwimwmm and the case
dielectric material positioned against the tank wall is analysed in detail. The effect of the
wall on the longitudinal and transverse resistive instabilities is considered. It is shown that
ctric can aiso piay an important role in the stability criteria for thess resistive modes, and in
mukpﬂnnqumummmqt-dfornnhﬁqhuuﬁngmt Several
] examples are given wi&wlbtictypalnnpofﬂnmm
. ' 1. INTRODUCTION
INSE relativistic beam of charged particles circulating in an accelerator can be
to the ‘negative mass’ instability (NIELSEN ef al., 1959). The form of the per-
ption is a longitudinal (azimuthal) density modulation of the beam, and the
g mechanism is the longitudinal electric field arising from the perturbation.
weual physical explanation of the instability is that the particles at the front of a
s of increased density feel a longitudinal force in the forward direction. If the
ple energy and the form of the magnetic guide field is such that the circulation fre-
; ofthcpnmcles is a decreasing function of energy (above the transition energy),
results in anmcrusemorbmngndmsmdadecmsem azimuthal velocity
) pnmdes move backward towards the region of increased density. Similarly,
iés at the back of the bunch feel a deceleration and move forward toward the

e mass. Radial electromagnetic forces arising from the perturbation can also
fan effect on the instability (NeiL and HECKROTTE, 1965), but this is a negligible
t in most particle accelerators.
This instability may be overcome by a sufficient spread in particle circulation
Jeency and/or transverse oscillation amplitudes (NIELSEN ef a/; NEwL, 1963). In
,work we shall investigate a stabilization method that does not rely on such
. The method is suggested by an analogy between the circulating beam and
jam mreeulmearmouon, such as those used in many microwave beamtubes. A beam
Pctilinear motion is a ‘positive mass’ beam in the sense of the preceding paragraph.
e beam is surrounded by perfectly conducting walls, a longitudinal density
dulation impressed on the beam will not grow, but will undergo stable oscillations.
B behaviour of these stable space-charge waves is radically altered if the conducting
is replaced by a wall with an impedance Z = R + /X, where Z is the impedance

3

:f Work performed under the auspices of the U.S. Atomic Energy Commission.
Y 255

Particles behave, as far as azimuthal motion is concerned, as if they had a.

wall and R and X are real quantities. For a transverse magnetic wave (E-wave)

Yyte
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EFFECTS OF SPACE CHARGE AND REACTIVE WALL TMPEDANCE
ON BUNCHED BEAMS

S. Hansen, H.G. Hereward, A, Hofmann, K. Hubner, §. Myers

CERN

Geneva,

Space charge and reactive wall impedance create
longitudinal forces inside the bunch which change the
incoherent phase oscillation frequency, the bunch
length and the size of the RF-bucket. Thesé effects
have been investigated with bunched beams in the ISR,
By measuring the shift of the quadrupole mode phase
oscillation frequency, the strength of the self-forces
vas determined. The inductive wall is dominant -and its
impedance (divided by the mode number) was measured to
be |z|/n 'z 26 Ohms. an increase of bunch length with
current was measured. It can be explained by the in-
ductive impedance Up to a certain current; beyond that
an excessive, unexplained bunch lengthening occurs.
The reduction of the bucket size affects the stacking
process. By correcting for it, an inéreased density
of the stacked beam was achieved.

1. Introduction
~——==9cuction

" The longitudinal forces on a beam depend on its
surroundings. The space charge forces of a beam in a
perfectly conducting chamber have been calculated by
Nielsen et al.l), 4 resistive surrounding can lead to
the resistive wall instability, as shown by Neil and’
Sessler 2), An elegant method to deal with an inductive
wall has been developed by Neil and Briggs 3); we will
use it here. The effect of a general wall impedance
has been treated by Sessler and Vaccarp “ .

Fig. .1. Fields with inductive wall

We consider a bunch with a charge per. unit length
el moving with velocity v = B¢ in a circular pipe as
shown in fig. 1. The wall is considered to be perfec-
tly conducting but has a distributed inductance dL/dz
Per unit length. We assume circular symmetry in the
transverse directions and a lige density A which does
not change much over a longitudinal distance of order
of the chamber radius. The line charge produces a -
radial electric field Er which is proportional to a 1),
The surface charges induced by this field on the cham-
ber produce a wall current i' which has the same mag-
nitude but opposite sign as the ac—component of the
local beam current i. This current i' gives an
electric field E' in the distributed wall inductance3)

B m e dL A dLai 4L

2
dz3t T dza -t e8¢

232 °
9z :

By calculating the line integral SE.d; along the dotted
path indicated in fig. 1. the longitudinal field E, in
the beam is obtained :

" bunch,

Switzerland

=-elA[ 8 _d , 2}
E, eaz[ﬁn - 3 B et . (1)

where g, is the well known coupling coefficient. For a
circular beam of radius a in a circular pipe of radius
b this coefficient is 8 =1 + 2 gn(b/a)..In the general
case, where there is no circular Symmetry, the situation
is more complicated, but the Properties of the wall can
always be described by a coupling coefficient gy and an
inductance per unit lenpth dL/dz which is seen by the beam.
Integrating the longitudinal field 'E, (1) over the cir
cumference 2R of the machine gives the voltage U, per
turn, seen by a particle which ig at a distance z from
the bunch centre -

- M[RSO -1 a2 2]
O, e a2 m L.B c (2)

.

* where L is the totral inductance per turn.

We assume now bunches with a parabolic line density
distribution

6N [12 3 12 N
1) '{?"‘2] P e

.with £ = full bunch length, N = number of particles per
This parabolic distribution is a ‘very good approxi-
mation for the proton bunches in the ISR and produces
self-fields which are linear in z. Using the total beam
current I = eMNf, (M=number of bunches, fo=rev. frequency)
and replacing the total inductance L by its impedance

[2]= wL divided by the mode number p = w/27f

lé! = 2nf,L

gives for the voltage per turn
31 fomR)3 8.Z, |z -
U, = m&), [3157%:,- alF » %o = Yug/e = 377 Ohms).
. 1“ /

The externaf'ﬁi-voltage

URr=U,sin ¢ = Uo ((#-8) cos Bg+sin @s)=- Uocosﬂs%-z+vosinds

(h = harmonic number, @ = synchronous phase angle) has
to be added to Uz. The total voltage is

h 31 2nR\? g,z z
U = -y, - - |25~ |
of cos ¢5_ (1 wthUocosas(l ) [287 nl|/?
+ Uy sin Gs . 3)
Vit ' At
> Ao
t
e R SN
ﬂﬂ

842314

Fige2, RF-voltage with inductive wall
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frequency) in such machines will be at relatively low frequency, in the MHz range. At low
frequencies the vacuum chamber impedance seen by the beam will be predominantly inductive. The
wall image of the beam current will generate an effective voltage in the ring inductance which is again
proportional to the slope of the line charge distribution (or, effectively, to the time derivative of the
beam current). Below transition the phase of the beam induced voltage (with respect to the phase
of the Fourier component of beam current which is generating it) is such that it will induce self
bunching of the beam. This implies that the vacuum chamber induced voltage which is induced by a
beam Fourier component resulting from externally applied rf voltage, will add to that voltage. The
net effective voltage per turn_seen by a particle within the bunch resulting from ring (inductive)
impedance and the space charge self-voltage is expressed: -

Z —
v,= 2| E% o 1 eper,
d os ZBYZ
or (1)

o0 Z .
v,=21, 4 F,(may)cos(ma,i)| —222e_ _ 1(q)].
dt 2ByQ

o

QL& Q‘.S,':L.'i cq},,g_,é ).q' ! "

In these expressionsig, = 1+ 2In(b/a),|where b and a are the nominal vacuum chamber aperture and
beam radii®. Z =377 Ohms, and QL is the vacuum chamber inductive reactance at the rotation
frequency (nominally 15 -25 Ohms and referred to as Z/n). The signs in the equations are consistent
with the sign of the applied rf voltage below transition. In the second expression L(w) is meant to
imply that the vacuum chamber inductance may be a function of frequency (i.e. part of the inductance
may be due to presence of ferrite etc.).

The constant g, may range from 2 to ~3 for the machines under consideration. The space
charge term in the (ﬁrst)‘expression above may fall in the range 100 - 250 Ohms. It appears
reasonable to conclude that, at some chosen energy, the space charge effect may be cancelled exactly
by intentionally increasing the ring inductive reactance and forcing the term in brackets to a very small
value, or zero. This concept was proposed in 1968 by Sessler and Vaccaro™ and later by R.K.
Looper et al® and by T Hardek!®! (1982).

[In 1966 V.K. Neil and R.J. Briggs proposed intentional insertion of inductance into particle
beam vacuum chambers™®, but this was intended as a proposal to stabilize ion beams against
negative-mass instability. These proposals were presumably directed at situations where the beams
were above transition, where introduction of inductance would have a stabilizing effect. In the
proposal considered here, the opposite is true. ]



Inductive Insert Passive Space Charge Studies

In 1996 or 1997, in the early phase of the Fermilab Proton
Driver and/or muon collider design, | proposed a study of the passive
space charge compensation idea to combat space charge

interference with short bunch preparation by bunch rotation.
At the same time K. Koba and collaborators at KEK Laboratory
in Japan initiated an experiment in the 12 GeV Proton Synchrotron.
In 1982 an inductive insert was proposed for the LANL PSR by
R. Cooper, D. Hudgings, and G. Lawrence. (Also another by T.

Hardek I think.) No results are reported.

In 1997, in order to test the concept in the best possible
machine, D. Wildman and | built two ~ 1 m. ferrite inductor tanks at
Fermilab, using old, discarded (but carefully preserved) Toshiba

Lanl M4C21, ferrite. We persuaded B. Macek to allow installation for a

Dg (): two day test prior to upgrade shutdown in August 1997. Results were
equivocal but encouraging. The inserts were removed following the
first studies.

After the upgrade shutdown the tanks were re-installed, with
promising results. But self-bunching instability at high intensity forced
removal. The cause of the instability (also somewhat equivocal) was
determined to be a tank/ferrite resonance near 80 MHz.

As a result of an ingenious suggestion by M. Popocic LFermilab),

the Q and shunt impedance of the resonance were reduced to a safe

level by heating the ferrite. The tanks were reinstalled with controlled

heating and are operating successfully. The PSR has reached record
intensity using skew quadrupoles, Landau damping, and ferrite.
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PSR Technical Note 100 January 1982

INDUCTIVE CAVITIES FOR PSR LONG BUNCH MODE
R. K. Cooper, D. W. Hudgings, and G. P. Lawrence
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Fig. 5. Possible design for unit of a 20 element distributed inductive
insert system (approximately to scale).



LONGITUDINAL IMPEDANCE TUNER
USING HIGH PERMEABILITY MATERIAL

K Koba, D.Arakawa, M Fujieda, K Tkegami, C.Kubota, S.Machida, Y.Mori, C.Ohmori, K.Shinto,
S.Shibuya, A.Takagi, T.Toyama, T.Uesugi, T.Watanabe, M.Yamamoto,M.Yoshii
'KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Abstract

Space charge effects cause the emittance gowth and
the beam instability, when the short bunched beams are
accelerated in a high intensity proton synchrotron. The
impedance tuner using high permeability materials has
been developed to cancel the longitudinal space charge
effects. ,

We installed the impedance tuner in the main ring of
KEK proton synchrotron (PS) and observed the canceling
effect.

3. Experimental setup

The impedance tuner cousists of eight cores

of FINEMET with 6 turn bias coil as shownin Fig.2. The
bias coil has “8" shape to eliminate the beam induced
RF currents. All the cores are installed in a cylindrical
vacuum chamber. The bias current is varied from 0 to 30

A (0 to 180 A * Tum).

Yacuum Chm}xber
| ]

I-—-J

e louker Supbly

Fig.2 Experimental setup of the impedance tuner
installed in the KEK PS main ring
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Figl. The inductance as a function of frequency is
measured with a bias current from 0'to 48 A/turn.

5. Results

The frequency shift as a function of intensity is
plotted in Fig.5. The dashed line is a fitted line of a data
before installation and the solid line is that after the
installation. The slope of dashed line can be solely
explained by space charge impedance, that is calculated
as 440 ohms. On the otherhand, the slope of solid lines is
halved. Therefore, the inductive impedance made by the
FINEMET cancels the half of the space charge
impedance.

T T T

— ® “gRbalore)
R G aher ==

requency shift
&
3

intensity[ppb]

Fig.5  The measured frequency shifts of the quadrupole
oscillations as a function of the beam intensity are
plotted.
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Bias current and water infout

Ferrite inductor module. 8" 0.d. 5" i.d coresinss. tank with vacuum flanges. Water temp. varia

Inductance at low bias ~ 4.5 Hy/m. At 632 kHz, (injction) inductive reactance ~ 18 Ohms / m.
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RADIAL TRANSMISSION LINE TREATMENT OF SPURIOUS RESONANCE
IN FERRITE CYLINDER SPACE CHARGE COMPENSATION SYSTEM

James E. Griffin

Introduction

Several meters of ferrite rings (Toshiba M4C21,) tightly packed within ~ 1m stainless
steel tubes, have been installed in the Los Alamos Nat'l. Lab. Proton Storage Ring (PSR) for the
purpose of cancellation of longitudinal space charge effects [1,2]. After the installation, high
intensity operation of the ring was hampered by a serious spontaneous self-bunching (SSB)
instability at rotation harmonic 26 (72.67 MHz.). Two turns of the PSR beam current, with well
developed instability bunching, as detected by a broad-band longitudinal pick-up, are shown in
Figure 1.

At Fermilab a seven core section of a similar ferrite inductor was assembled and excited
at each end by small antennae. In this experiment there was no longitudinal conductor extending
along the axis, so longitudinal electric fields were not 'shorted out' or attenuated by a parallel
inductance. Signals developed in the ferrite by network analyzer excitation were observed at
high sensitivity at the 'output' antenna. A relatively narrow resonance with center frequency near
84 MHz was observed. The 3 dB bandwidth of the resonance appears to be ~ 21 MHz, resulting
in Q~ 3.9. The observed resonance is shown in Figure 2. It is the purpose of this note to
examine the hypothesis that a resonance such as this may be characterized as a standing wave
TMo1o radial transmission line resonance of the ferrite cylinder coupled to the vacuum space
within the cylinder.
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Figure 2. Resonance observed in
Figure 1. Two tums of LANL injected ' model of ferrite cylinder space charge

bean with well developed instability correcting insertion. LANL PSR
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Figure 3. Response curves for resonance measured at 23° C
and 100°C. Temperature increase decreases Q
and increases magnetic permeability

References

[1] R. Macek and HA. Thiessen, SPSS Accelerator Enhancement Project, Technical Overview (WBS 1.1.0), (1997).

[2] D. Neuffer et. al., Particle Accelerators, 23, 133 ( 1988).

[3] E. Coultonetal, Proc. IEEE Particle Accel. Conf. San Francisco, CA, May (1995), p.3134.

[4] D. Neuffer et.al, Nucl. Inst. and Methods, A 321, 1 (1992).

[5] S.Hansen etal,, IEEE Trans. Nucl. Sci., NS-22 , 1381 (1975).

[6] AM. Sesslerand V.G. Vaccaro, "Passive Compensation of Long. Space Charge Effects in Circular Accelerators”,

CERN 68-1, ISR Div. (1968).

[71 RK. Cooper, D.W. Hudgings, and G.P. Lawrence, LANL PSR Tech. Note 100, (1982, unpublished).

[8] T. Hardek, LANL PSR Tech. Note102, (1982, unpublished).

[9] A. Hofmann, "Single Beam Collective Phenomena - Longitudinal", CERN 77-13, (1977) 139.

[10] K Koba et.al., "Long. Impedance Tuner using High Permeability Material", JHF Ring Memo 309. KEK Jp. ( 1997)

[11] M. Plum et.al., "Experimental Study of Passive Compensation of Space Charge at the LANL Proton Storage Ring"
Physical Review Special Topics - Accelerators and Beams, Vol.2 , 064201 (1999).

[12] JE. Griffin, 'Radial Transmission Line Treatment of Spurious Resonance in Ferrite Cylinder Space Charge
Compensation System" Fermilab, (2001, unpublished).

[13] KY.Ng..... ..

‘\! ) " \ o

veml - eSS oo "“'\’“@i Meoweh o Lewere”

\%LQ{A" & 'C\N@W-Q@- Voo Nae.
Y \

4
e

ot

¢ i £ S o e -
Lt aedh Y Leoecase

Ur e
b “ - 5 .
—1 . ! e A NLSAT L eI
bl S CE S " c e L *"’“Af “‘éf:’kf
1 hx\ ~ P ":M o ‘ Ty € .
i - ot G . B ’ - = .%gbﬁ_r;f“‘wﬁ ""k‘% C\ YA,

! 4
T e X Ay .

N



APIUI]) 20UI3Q uoLNIN o]y o

- _§EJ.' W ozw INgr TNy 00/Z 1/ 01
0ld ‘zeig - , 051d ‘'16%g

lojjuop
JuelIng
lIeAA

ased ainjesadwie)} woou
WwoJj qpog UMop 8sueUOSal
£31Ae9 je |eubis jeujpn}iBuo] =

pajejnwnooe Hrig'c m

pejejnwnooe niig'e m

einjesadwoa) wood
Jo0€} Jesjlio] m Je (se|npow z) 103onpuj 8j1i04 m

9]LLIa4 103onpuj ay) Buiyesy jo }oay3



10A

v - . «
CL o Efun " . o
— L ‘2 - -——:4—:"'" s v TR Qyﬁ-%’
- . ) .
‘!;:: . “‘ E:, jh‘ L. i«a. [ o \-.._\.“ e -
ra N
-~ . )
R fr " - .
SV ELL T o .
- _"" .
[ ?’ ,r”' . .
- N
- \
R, ‘\
P N
M Ay

Lo

s
. ’
. r‘; .

i
=
f&
.
I

= o e ) o
AL @l Youes S
BTN 5.&{*"“% 1 K:\ €T J':."'E{;g‘,
Cunne (angtl,

Figure 2. Particle distribution just following the first few
tumns of myection. The short ine is at 3.9 Mev.

Figure 3 shows the distribution after 2800 turns. With no noise or space charge voltages present.
the particles remain within the prescribed orbit and the clear gap is maintained.
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Figure 3. Charge distribution after 2800 turns. The line
charge projection A(s) is for 800 turns.

The projection of space charge density as a function of distance s along the orbit is shown as A(s).
Because the high momentum particles move more rapidly around the orbit this function changes as
a function of time during filling. This projection represents the distribution at 800 turns. The
density appears to decay exponentially at each end of the constant region. These decaying sections



Feeamv(LA® palo"\'ok\. DRNE\L ”Dzs-.c-n?_?\",

Capture and Acceleration - Stage 1 Scenario and Modeling

The magnet ramp is driven by a 15 Hz resonant power supply plus an independent
second harmonic supply that may be adjusted in phase and amplitude to minimize the
required peak rf voltage.

A macro-particle tracking model has been used for the entire cycle from multi-turn
injection through matching to Main Injector buckets. The injected protons are assumed
to be a continuous coasting beam lasting up to 90 ps, timed symmetrically about
dB/dt=0. Other timings have been tried as well, but for an injection period this short
nothing better has been found. For nominal linac intensity, 70 ps is sufficient to give
the required 3 x 103 protons. The fixed parameters are those from previous table.

The perfectly conducting wall term is the only source of the collective potential included
in these simulations.

The rf voltage is raised linearly during injection from 0 to 65 kV. Because of the large
slip factor ) for this machine, the particles near +180 deg. of rf phase are all captured in
this simple maneuver. Certainly some are quite close to the separatrix and subject to
later loss because of space charge and limited rf voltage, but these losses are

essentially eliminated by use of the inductive insert. They could also be largely ~¢+————
eliminated with a substantially higher rf voltage. —_

Comparison of RMS emittance at extraction and fractional beam loss durin

complete cycle for optimum parameters, and for cases each differing from the

optimum in a single property.

Emittance Beam Loss
Optimum case 0.02 eVs 0.03%
All rf clumped 0.015 eVs 0.21%
rf in two sets 0.018 eVs 0.07%
no inductive insert 0.025 eVs 3.19% | —=

Clearly the inductive insert is a significant element in this scenario; a limited amount of
rf focusing is supplemented with self-excited focusing voltage. The character of the
inductance curve suggests that there is room for refinement here.
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Figure 5.2.1.5 Reactance of the inserted inductor at rotation frequency,
(h = 1), as a function of time during acceleration.
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Joint KEK - JAERI, (JKJ) 50 GeV Project

400 MeV to 3GeV 25 Hz Booster Synchrotron
C=313.5m, h=2, 8x10" protons per cycle.

Proposed 10 Finemet MA cavities, 42 kV per cavity, Rs = 2.1 kQ.
Each cavity dissipgte§—'~ 420 kW peak, +~1 MW total beam power.

9oZo/2BY* = 325Q if go=2.5.

If partial space charge inductance is installed but not tuned over the
momentum range, is there a possibility of substantial cavity power saving
from decreased rf voltage requirement? i.e. assuming instabilities can be
controlled, can the self-focusing property of installed inductance be used to

“provide a reasonable fraction of the required bucket area?

Use MA cores with inductance per core ~ 7.5 yH and Q ~ 1.

At 1 MHz (rotation frequency) inductive reactance per core ~ J47 Q.
Use three or four cores to provide 150 - 200 Q inductive reactance.
Series resistance per core also ~ 47 Q

Dc beam current ~ 13 A. Assume 1 MHz Fourier component 20 A.

Beam deposits ~ 20 kW per cavity, or 80 - 100 kW total.

If ring voltage reduced by even one cavity, power balance is good.

Use program limited to parabolic line charge distribution to examine the
situation, even though line charge will probably be flatter.
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Figure 1. a) Accelerating rf wave disrorted by space charge field from
parabolic line charge. @ is ™4 and bunch length is also ®/4 rad,
b) Distorted rf wave matched to sine wave with same period
but reduced effective amplitude V;, and increased phase angle ©,.
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