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BBU IN MICROTRONS WITH SUBHARMONIC INJECTION®
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Abstract

The current in recirculating electron acceler-
ators is limited by the recnculatmg regenerative
type of beam breakup BE!J) Existing calculations of
the BBU threshold current, I, average over the
relative phase between the beam bunch and the RF mode
causing the blowup. This averaging is invalid if the
BBU frequency is an integral or half-integral multiple
of the beam frequency, in which case Ig may be sub-
stantially reduced. This effect is not important when
the beam frequency equals the accelerating mode
frequency, fgy, because the RF structure can be
designed to avoid the harmonic condition. When the
beam frequency is a large submultiple of fg, this may
not be possible. Calculations for the NIST RIMZ,
which will inject at the 36th subharmonic of fq, are
presented. Our calculations also include the effects
of the reversed first return orbit and the variable
return-path focusing of the RIM.

Introduction

The basic mechanism of recirculating regenerative
BBU is illustrated in figure 1. In addition to the
accelerating mode, most RF structures support many
other modes, including some (e.g., T™M);- and TEjq-like
modes) which can deflect the beam transversely, even
if the beam is on axis. A beam deflected by this
interaction will, in general, return to the accel-
erator on subsequent passes off axis, where the bean
can exchange energy with the deflecting mode. If, on
average, the mode extracts energy from the off-axis
beam, the deflection will grow until the beam is lost,
unless the energy in the mode is removed from the
structure. The mechanism for energy removal in room
temperature structures is resistive dissipation of the
structure. Since the rate of energy input is propor-
tional to beam current while the rate of dissipation
is independent of current, recirculating regenerative
BBU will exhibit a threshold current, Ig, above which
the accelerator will not operate stably, and below
which there is little, if any, perturbatiocn of the
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Figure 1. Schematic drawing of the basic mechanism of
recirculating regenerative BRU.

beam.

The BBU phencmenon in recirculating accelerators
has been studied exten51vely In reference 1, it is
estJ.mated that Io>0.83 mA in the NBS RIM. The original
proposal for the development of the NIST RIM
envisioned an experimental study of BBU, but it was
not believed to be a limiting factor in machine
performance since the design maximum average current
is 0.55 mA, well below the predlcted threshold.

It is necessary to reexamine the BBU prcblem as
it applies to the NIST RIM because of the plan to
inject beam into the RIM at a subharmonic of the
accelerating frequency, fo. Subharmonic injection is
usedtouxcreasethepeakbeamcurrentandthus
increase the gain of the Free Electron laser which is
the primary plamned user of the RIM, without increas—
ing the average current, which is limited by available
RF powe.r All e:qstmg calculations of recirculat-
ing BBU (to the best of our knowledge) make use of an
average over the phases of the electron beam bunches
relative to the blowup mode. This averaging process
is valid in the every-lmcket—fllled case unless
f/fq =n/2 ¢ 0(1/Q), vwhere f is the blowup-mode
frequency, n is an integer, Q is the (loaded) quality
factor of the blowup mode, and O indicates "of the
order". If the beam is injected at subharmonic h of
the acceleratlng frequency (so that the beam repetl-
tion frequency is fg/h), the averaging process is
invalid when

£/£6 = n/(2h) £ O(1/Q) . (1)

Existing data on the mode pattern of the side-coupled
structure used in the RIM indicates that the harmonic
condition probably occurs for two modes in the TM;;
band.4 It is therefor necessary to include this
possibility in the BBU calculations.

The goals of the present study are to predict the
BBU threshold current for the RIM and to find
practical methods to raise the threshold, if neces-
sary. A realistic computer model of BBU must include:

1. the ability to calculate Iz when an harmonic
condition, as defined by equation (1), exists;

2. the effect of the reversed-first-return
geametry of the RIM;

3. the full effect of the focusing system of the
RIM; and

4. the effect of the coupled-cell nature of the
RF structure, which is expected to affect the width of
the resonances as well as influence the value of I

The model is being developed in stages to facn-
itate comparison with previous work, and to allow
assessment of the importance of the various effects.
As the camputer model is developed, it will be used as
aguldetotneexpermentaiprogramofdetemmmg Ig
and to choosing operating conditions which will raise
the BBU threshold.

Formulation of the Problem

The present computer model contains the following
major approximations:

1. The accelerating section of the RIM is repre-
sented by a s:mgle, short cavity in which the energy
gain per pass is AW. This cavity supports several
BBU modes, such that the ratios of the BBU mode
frequencis to the accelerating mode frequency are
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= f/fy5. The different BBU modes are assumed to act
independently on the beam, so that each has its own
value of Ig. The lowest calculated Ig is taken to be
the actual BBU threshold.

2. The focusing of the RIM is represented by a
set of 2 X 2 transfer matrices, Rjk, representing the
motion, in one of the transverse planes, between the
center of the accelerating section on passes j and k.
Together with approximation 1, this implies that the
beam-accelerator interaction on pass j occurs at
energy

Wy (2)
Transverse-longitudinal coupling, which can affect the
transverse position of the beam centroid when focusing
elements are used on the RIM return paths, is ignored.
Subject to these approximations, I is calculated as
outlined below.

The stored energy, U, in the cavity, in the BRU
mode at time t is governed by the equation

=Wp + (3-1/2) AW .

au 4 27f g = prt
at Q ty (3)
where P(t) is the power input to the mode by the beam,
averaged over a time of order 7= Q/(27f), the decay
time of the BBU mode (when P=0). U is related to the
electric field amplitude, E, (in a pillbox cavity of
length 1) by the shunt impedance, R, given by
R = E212Q/ (8rfU) . (4)
The axial electric field, E,, and the transverse
magnetic field, By are given by

E, = —(rfEx/c) sin2zft (5)

By (6)

wherl'e X i§ the transverse coordinate measured from the
cavity axis. The angular deflection of the beam
centroid on pass j due to By is

and

(E/2c) cos2pft ,

§4 = —(eEl/2W3) cosarft . 7
The beam centroid displacement on any later pass, k,
due to Ej, is xk— (Ryx) 12§] The energy transferred
from a pulse of eleCtrons with charge g (which passes
through the cavity at displacement x and at time t) to
the cavity is aU(t) = q(t) 1 E;(x,t).

We must sum the energy inputs over all passes for
each pulse. The result is

2L k-1
v_el_mz_z Z Fsin@eg) cos@+e) ,  (8)
k=2 j=1
where J = number of passes through the cavity,
Fix = (Ryx) 12/W], = 2rft, is the arbitrary initial

phase of the beam pulse (on pass 1 relative to the
phase of the blowup-mode RF field),

e

j 22 g LNl/Bl is the beam phase advance relative
to the blowup mode from pass 1 to pass j (61=0 and A;
is the velocity of the beam on pass i, in units of the
speed of light), and N; is the circumference of the
orbit on pass i in units of the accelerating mode
free-space wavelength A= c/f.
In obtaining equation (8) we have used the fact
that the total transit time,
J-1
fO—IZNi//gir is much less than 7, so that E can be
i=1
taken to be time-independent. The beam consists of a
series of infinitismally short pulses, each containing
charge q, at the repetition frequency fp/h, so that
the time-averaged beam current is I = gfg/h. Time
averaging equation (8) leads to
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P = el?fIE2S(g)/(4c) , (9

where J k-1
S(a) 1%[ Z 2_ Fik sin(py+8y) cos(fgtdy) . (10)
m=1l k=2
In equation (10), ¢m ¢+2m,hm and M is the number of

beam pulses over which the average is taken. Substi-
tuting equation (9) in eguation (3), and using
equation (4) to eliminate E, we cbtain

N-2f I-nvu, (11)
at  Q Ig

where we have defined
Ig = A/ (FgRS) . (12)

It is clear from the form of equation (1%) that if
I > Ig, the power in the blowup mode will grow
exponentially, whereas if I < Ig, any excitation of
the mode will damp.

Harmonic vs non-Harmonic Case

We next address the dependence of S on the
initial ph?se 2. Equation (10) can be rewritten as

b
S(p) = Z ij[sin(ek—bj)+<cos:2;am>sin(€‘k+9j)
k=2 j=1
+<sin2¢m>cos(ﬂk+6j)] , (13)
where < > indicates averaging over m. If nh is any

integer or half-integer, <cos2gp>=cos2¢ and
<sin2p>=sin2g. For any other value of hh, these
averages vanish. In tt:}e }lcatiter (non-harmonic) case

§=5p= Fyx sin@c-8y) (14)
k=2 j=1
and Igq =/\/(m)PSO) . In the harmonic case,
S(@) = 8p + S1 sin 28 + Sy cos 26, (15)
where J k-1
8 = -~ jZ:iij cos (Bp+6y) (16)
and
J k-1
SZ = Z_ ij sm(ﬂkﬂ) ) (17)
k=2 j =1

In the harmonic case, since the buildup of the blowup
mode starts from n01se, it will tend to assume that

phase which minimizes Ig, Ignin =A/(#RSpay) ., where,
from equation (15)

Smax
and Y= tan"1(s)/5;).

Sp + lSl sin¥ + S, cos\}’! ,  (18)

General Form of the Starting Current

In both harmonic and non-harmenic cases, Ig is
very sensitive to the value of %»_ because the phase,
i, reaches values of the order 27NyJ. For the NIST
, Nj=101, Np=204, Ny=Np+2(j-2), and J=15. The
blowup mode frequency fratios, 7, are in the range 1.5
to 2. Thus, GH is of order 2x10%. A change of 7 by
one part in 10% can change Ig drastically. This is
clearly unphysical when the blowup-mode Qs are of
order 10%. 1In evaluating I5, for each value of r\ we
find the smallest value of Ig(y )exp[2Q(a-7 )/P] , and
take this to be the starting current for the mode with
frequency ratio .
The transverse tune of the RIM enters the calcu-
lation via the (Ryx)1p. These could all be made zero,
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but this corresponds to a half-integer resonance
condition,and is not practical, especially when the
extended length of a real accelerating section is
considered. However, transverse tunes, 4, in the
range of 45 to 90 degrees of betatron phase per pass
are possible. Thus, the Fjy can change sign several
times in the summations, résulting in a large increase
in the BBU starting current, compared to a weakly
focused microtron.

From the form of equation (18), it is obvious
that Ig for any given mode will be lower if the
harmonic condition, equation (1), is satisfied for
that mode. In our mumerical studies for the NIST RIM,
the harmonic-case threshold is lower than in the non-
harmonic case by a factor of about two, typically, and
occasionally by as much as a factor of five. However,
when there are several blowup modes, one of the modes
which does not satisfy the harmonic condition may have
the lowest threshold. In such cases, subharmonic
injection has no effect on the BBU threshold.

Results

A computer program has been written to calculate
Ig in both the harmonic and non~-harmonic cases. Two
versions of the program are available. The more
general one uses transfer matrices Rsj cbtained from
measurements or calculations. The simplified version
of the program uses

(Rjx)12 = (W/¥) g sin(k—j)/u , (19)
where /3 and AN are constants. In this case we also use
Ny=Np+¥/(3-1) . (20)

Figure 2 illustrates the behavior of Ig in this
simplified model as a function of 4. The parameters
chosen for these sample calculations, Wg=5 MeV, AW=12
Mev, and J=15 are appropriate for the NIST RIM. We
use equation (20) for Nj, with N7=202 and ¥=2.

In these sample culations we use a model for
the properties of the RF structure of the main accel-
erating section of the NIST RIM in which there are six
blowup modes at frequencies near the intersections of
the TM;q band frequencies (as a function of phase
shift per cell) with a line representing the condition
that the phase shift per cell be twzqso that the beam
encounters all cells at the same blowup-mode phase.
This condition is used in the absence of a calculation
of the effects of the finite extent of the acceler-
ating structure, and should correspond to a lower BBU
threshold than any other phase shift per cell (which
would not be synchronous with the beam).

The six modes are all assigned a transverse shunt
impedance of R=20 Mf, and =104, The frequencies are
known approximately from measurements made on the
preaccelerator section of the NIST RIM.4 Two of these
frequencies are very close to satisfying the harmonic
cordition for 36 subharmonic injection, and were
arbitrarily shifted to exactly satisfy equation (1).

R and Q are estimates, since they have not been
measured, but are believed to be conservative.

The calculations shown in figure 2 are in general
agreement with the estimates in reference 1 for the
magnitude of Ig and its trend to increase with
stronger focusing (increasinguand decreasing g). The
decrease in blowup threshold for a subharmonically
bunched beam is a new result.

The more general version of the program has been
used to investigate the effect on BBU threshold of a
nurber of particular features of the NIST RIM design.
With the design parameters given above, in the
particular case of a betatron tune of 45 degrees/pass,
the effect of the reversed first return path (which
changes N; from 202 to 101 leaving all other Ny
unchanged and reduces g by a factor of two for™ the
first pass only) is to reduce Ig by a factor of about
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Figure 2. Predicted BBU threshold current as a func-
tion of transverse tune. The solid curve is the
every-bucket-filled case, and the dashed curve is for
a beam injected at the 36t subharmonic of the accel-
erating-mode fregquency. Discontinuities in the slopes
of the curves are due to changes in the mode having
the lowest threshold. The circled dot at a tune of 45
degrees is the result using the more general formila-
tion, which includes the calculated transfer matrices
of the NIST RIM.

two in both the subharmonic and every-bucket-filled
cases. We next used a full set of calculated transfer
matrices corresponding to the nominal design of the
RIM. This design uses a betatron tune of approximate-
1y 90 degrees/pass on the first three passes and 45
degrees/pass on all others. This change increased Ig,
to about the original value of the simplified version
of the calculation for the non-harmonic case. In this
particular numerical exarrpleﬂlthere is no decrease in
Ig due to bunching at the 36 subharmonic. There
would have been a reduction (of about 12%) if bunching
were at the 3219 subharmonic. The tendency for
stronger focusing on the early passes to increase the
threshold should be quite general.

The most significant omission from these calcula-
tions is the effect of the 8-m length of the acceler-
ating structure. However, since we have chosen blowup
frequencies which are synchronous with the beam, and
transfer matrices for vertical motion (which cor-
responds to the TM;; polarization which couples cell-
to—cell by the coupling cells of the side—coupled
structure), the predicted blowup thresholds are
probably conservative. By choosing an appropriate
transverse tune, the threshold is expected to be above
0.5 mA in the subharmonic beam case, and above 1.0 mA
in the every-bucket-filled case.
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