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Sumnar: The 50 MeV Advenced Test Accelerator (ATA) is
being constrycted at LLNL ar the present time, This
The 10 kA EfA anmd ATA linear nduction machine is hagsed on the ETA techuology, although many

accelerators ate described, Beam instability is the improvementa have been made in the rep rate pulse
major concern in th:iee high currept machines, and the power  systems €0 improve the religbility and
current status of theoretical understamding, and performunce—~these pulse pover developments are
experimental inves:igations with the & cavity ETA, described it the paper by Reginato, et al., in these
are reviewed, 4odifications to the iunduction proceedings.,

cavicies are d.seribed that  have  essentially Tmportant isgues involved in the development .
eliginated the trinsverse yesonsnt wodes seen in the thege high current linacs includes

ETA. (1) The development of reliable rep rate pulse
pover syetems to drive the induction cavities., The
basic ATA pulse pover wodule delivers an output pulse

1. TIntroduction
of 250 kv, 20 kA, 70 nsec FWHM with 2 50 nsac flat

#s discussed by Leiss in his reviev paper at the top into the accelerator and injector cavities.
1979 Particle Accelerator Conferemce,! linear These systems operate at an aversge rep rate of 5 Hz,
induckion  sccelerators  are  well  suited  for with & special | Mz “burst mede” output of 10

applications requiring a combination of high besw
currents (> 1 ki), good beam quality, and modest
parricle energ.es, 1In this paper, we descride the
LIRL 10 kA ETA/ATA induction accelerators, and we
diseuss in asme detail the beam dyramics issues
invelved in e<tending the induction linae technology
to this high beam intenaity re:ime,

The Experimental Test Accelerstor (ETA) has been
operating since June 1979, This machine consists of
a 2.5 Me¥ injector! and € accelerator unity
producing 2 (nominal) acceleratiry voltage of 250 kv
per stage, for a nominal final energy of 4.5 Mev,
The ETA has operated at greater than BOY of its
design  parameters; details om the operating
perforuance of this nachine are provided in the paper
by Fessenden, ef al., in these proceedings.3

pulses.  Achieving the required religbility and
lifetine of the pulse power components for ATA
required considerable development, and further

research and development in this area—particularly
in the high voltage Blumlein switch—is egsential Ecr
many applications of the technolagy.

(2) The generation of high current, high qualits
electron beams. The ETA initially used a thermionic
cathode operating at around 25 gmps/cm?, since cold
cathode technology had not been demonstrated at the
required | kHz rep rate and repeacibility, Achieving
the design emission {ntensity with the thermionic
cathodes in the actual injector vacuum environment
proved troublesome, and a pulsed surface discharge
type cold plasma cathode was subsequently developed
that has proven to be highly reliable.ds
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(3) The stable tramsport of high current beams
through the accelerator. Elimination of besn
instabilities in the accelevator is the major risk
imolved in achieving the desired intensities and
pulse iengths in these machines. This topic is the
gajor subject of the present paper,

II. Beam-Cavity Coupling and
Basic Pocusing Requirements

The coupling of the pulse power systems o the
electren bess ir an induction machine does not
involve resonant cavity structures gs it does in an
r.f, accelerstor, The Blumlein {pulse line) outputs
are fed to the induction cavities via transmisison
lines that are long enough to provide transit-time
isolation of the 40 ns (ETA)/70 ns (ATA) drive
pulses, and the characteristic impedance of the
¢ -nemission lines (e.g., Z, = 12 ohme in ATA) are
approvimately watched to the parallel combination of
the beas load and the resistive compensation
losd.} (The induction cavities are actually fed
from tw opposite sides in a balanced mode to
minimize deflections of the beam; the 2 ohe
impedance referred to is the parallel combination of
two 24 ochw cables,) The ferrite core in the cavity
(see Fig. 1) presents an impedance to the drive lines
that is much larger chan 2, (umless the ferrite
gaturates), allowing the line outpur veltage to
appear across the accelerating gap shown in Fig, 1.

The rimplified schematic of the induction cavity
shown in Fig. 2 displays these ideas, The
compengation resistor in ETA/ATA is normally chosen
to match the drive line with a 10 kA beam present,
and divide the output power (current) equally (i.e.,
%), = 22, = 24 ochms). In the absence of the beam,
the cavity volfige then rises to only 1.33 times its
nosina) 250 kV loaded value.

e

Beam
load

Compensation
circuilt load

tquivalent circuit
of drive trans-
missi~n lines
Fig. 2. Simplified schematic of induction unit.
The beam optics of the high current irjector has
been described elsevhere.? After extraction from
the injector, thr besm Ffocusing is essentially a
continuous solemoidel wagnetic field. The Ffocusing
requirements in ETA and at the lov energy end of ATA
are complicated by the necessity to stay wei) below
the space-charge limited current. For a beam radiua
& that is less than 1/2 of the pipe radius b, the
limiting current lg) is givex approximately by
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The solenoidal wmagnetic  focusing  field
determines the beam radius through the condicion,

Bg

3, (kG)alem) = [1.36 I(m/‘.]‘” )

The value of By must be chosen wmall enough to have
“a" be targe enough to remain well below the limiting
current. fut the magnetic field must alse be large
enough to overcome the defocusing effects of the
accelerating gaps if the beam centroid s displaced
from the uoxis of the pipe. The criterion for
stability of the coherent transverse motion > such a
low frequency displacement is

Bb = [1.36 1(ka) \‘H/L] 12 '

in which w is the width of the accelerating gap and L
is the gap separation. This requirement applies in
the limit of quasi-statie (dipole} electric and
magnetic images and is commonly called the image
displacement phenomena.

Regonant interactiom of the coherent transverse
bean oscillations wich characteristic rf modes of the
accelerating cavities may vequire a comsiderably
stronger magnetic field throughout wmost of the ATA
gccelerator, as discussed in the following sections,

In practice 211 three of the above relations are
satisfied in ETA, and in ATA up to 10 Mev. by
choosing a sufficient gap separation L. In ETA the
value of By is ebout 400 G st the emd of the gun
and it increases to about 800 G at the end of the
machine, The limiting current is not a restriction
gbove about 5 MeV, and it is planned that the value
of Bg in ATA will increase to & maximum of 3 XG at
6 MeV and remain uniform thereafter, This higher
value is considered desirable for suppresion of
transverse coherent instabilities of the resomant or
resigtive type, The incoherent motion of particles
within the beam will dictate the profile of 8, up
to the 3 kG value. The profile must be such as to
minimize fluctuations in the beam envelope.

III. Cavity Mode Studies

the beam-cavity coupling for puwer transfer

involve any resonant structutes in an
induction machine, it shosld also be possible in
rinciple to have the acceleration cavity s:ructure
free of any high-Q transverse (or lougitudinal) modes
over a wide frequency band, This is the main
advantage induction accelerators have over other
accelerator types in regard to the supptessioa of
instabilities and high current operation. In this
section, we summarize the results of our cavity moede
studies and the modification in the ETA cavicy that
vas required to meke this 'in principle" advantsge a
reality.

The mode measurements were made oy driving a
probe inserted in the cavity with a sweep oscillator,
picking up the signal with a separate prch., and
displaying its amplitude on a spectrum analyzer. The
result is an amplitude versus frequency plot of the
transmission of the csvity with the peaks
correeponding > cavity reronances, Tt was then
possible to meke various changes to the cavity, and
to ingert lossy malerial into the cavity at various
Yocations.  Typically, TDK or Stackpele ferrite
blocks were used as the lossy material, since these
have an at*>nuation «f 10 db/em avound | GHz.7

Tests were initially done by Birx/+® on the ETA
accelerating cavity, He found resonances, bur all
had modest Q's (< 100) because of the large voluwe of
ferrite housed in the cavity. The modes were
identified by field wmappings classified by
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comparing them to the modes of s cylindrical pill bex
of similar dimensions. The THjn, modes are of
grestest  interest for  tramsverse beam breskup
interactions, since they have the largest transverse
component of magnetic field on the axis, The mode
frequencies and Q's are listed in Table 1. Modes
higher than 1.2 GHz, the waveguide cutoff frequency
of the beam tube, were not considered, A spectrum
analyzer scan of the undamped cavity in the 200 to
1200 MWz range is shown in Fig. 3(a). The dominant
modes seen with the drive and signtl probe locations
used for this scan are the 10, Ty20s mlao,
Tﬁlho 3 and the 40  wodes, The TH) 30
node at B90 MAz has a very high Q, but it does not
couple to the beam very strongly. It arises from a
quarter wavelength resonance within the ceramic
insulator vhich serves as the oil vacuvm interface.
The THj;p wode is not discernible in this sesn
because of the poor coupling to that wode with the
probe orientation used, and becmuse of mode splitting
due to ssymmetries of the cevity, The transverae
interaction impedance for these wmodes wis 4alyo
determined; it is of orderz/Q = 10-15 chms in all
cases except the My (vhich was too small to
measure ),

Table 1
Beam Breakup Modes of the ETA Cavity
Hode Frequency Qud amped Qamped
TH] 10 s ub *
™20 605 50 *
™30 830 4] <10
™40 1120 1] <o
*Not measurable
It vas found that the Q's of the TH);p and

TH)3p wodes could Ye reduced to well belaw 10 by
placing lerrite on the drive blades and beck side of
the sccelerater cavity, The @ of the )3 mode
remained sbove 17, however. Tt was found that the
relatively high Q of the higher frequency mode is due
to reflections from the insulator, This problem can
be overcome by placing a wetal reflector in the
corner resr the insulstor, as ghown in Fig, 1. The
angle is chosen to bring a T wave in at the Brewater
angle into the ceramic, thus eliminating the
reflection at the first surface. The reflection from
the oil-ceramic wurface is also reduced by the
reflector because of s more favorable angle of
incidence, Any vave which gets into the oil side ia
very strongly attemated by the ferrite,

In this mamner the ('s of the T35 and the
THy4o wodes are also reduced to below 10, as can be
seen in Fig, 1(b), Additionslly it was found that
the Q of the Miy wmode can be reduced by
placing & ring of ferrite around the outer edge of
the icsulator. Although the Q for this sode is atill
about 16, as can be seen in Fig, 3, it has a very low
interaction impedance #nd is therefore mot considered
serius,

Teats were &lso run on the ATA cavity, which has
slightly differenc dimensions. Similar Q's were
found, all of which were reducible to belov .0 by
using the same techniques.
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Fig. 1. Spectrum analyzer scans of the ETA
cavity from 200 to 1200 MHz
(a) undauped, (b) damped.
1V. ETA Experimental Observations

The induction cavities currently in use on ETA
are the original (undamped) version having the high-Q
modes listed in Table 1. A search for tramaverse
beaw oscillations vas carried out wsing r.f. loops
interted at three positions down the length of the
sccelerator. The loops were oriented to give the
derivitive of the By field. A spatially groving bemm
oscillation at 830 MHz, corresponding to the MMjyg
cavity mode, was found. No other opcillations were
observed to grow, The B30 huz oscillations ar: not
alvays presenc with & given "tyne;” their occurrence
is generally associated with high current operatiom
ad fast cvrrent cisetimes (<5 na).

An exemple of the spatial grovth that has been
tten is displayed in Fig, 4, showing the r.f. sigml
and spectrym at three positions in the acceleretor,
In (b) the derivative of the beam current is seen as
the large "spike" at the beginning and end of the
pulse, The beam breakup oscillation asppesrs as s
bigher frequency oscillation in the middle of the
pulee. Note also that the oscillation does mot grow
exponentially in time throughout the pulse. The



20 MHz/div
(a}

Fig. ¢.
eight cavities, (a)
(b) R.i, signal at 50 V per division,
positions,

wagnitude of the oscillstion caleulated from this
data is found to be approximstely one cw. This is
independently confirmed by the beas position
monitors, In the spectrum analyzer acans in (a),
whieh gre averages of over 600 shots, the 830 MH:
oscillation is seen to grow down the lemgth of the
machine,

The iostability has alse been studind a9 3
function of beam parsweters. Tt s found that the
wagnitude of the oscillation is strongly dependent on
the bess current, Reducing the current by a factor
2/3 reduces the r.f, wmagnitude a factor of 4.
Lengthening the besm pulse width does not change the
t.f. magnitude, furcher indicating that the
inacability is not exponentially growing in time.

Present]l; the ETA accelerating cavities are being
modified to incorporate s corner reflector and the
sddieioma] ferrite shown in Pig. L. Not shown, but
slso being included, is & ring of ferrite swbedded
rubber around the outer edge of the ceramic
insulator. The ATA cavity design has also been
sindlorly changed.

by

10 ns;div
()

H.F. 'oop signal at A0 MHz before the accelerator, after four aceelerater cavities, and af ter
Spectrum analvzer nver 600 shots.
(e} Beam current at 1 kA per divisien at the three

Vertical seale ix 10 db per division.

Y. Computations! Hodel of
Bean Breakup Tastabilicy

The beam  breakup  instability has  been
investigated computationally for both ETA and ATA,
using a4 wodel similar to the one described in
Ref, 9. It iz assumed that the accelersting units
have cnaracteristic electromagnetic modes of the
Tipotype characterized by a resonsnt frequency
wy, 4 quality facter q,, and A& transverse
coupling impedance Z,/Q. Only one wode {s treated
at a time. The mmits are indeperdent in that each is
excited by cransverse coherent beam oscillations. No
sighal propagates from one unit to another in the
abgence of the beam. The ynite are identical but not
necessarily azimvethally symsetric. Variation of beam
current and energy with time during the pulse ia
included, but there is no {nstancaceous emergy
spread. Transit time effects are not included in the
present version of the «code, and the besm's
transverse displacement does not vary with axial
distance over the region of interaction with s unit,



Both the focusing field and the beam enecgy are
slloved to vary from umit to wmit., Computations of
the instability growth in ETA use the sctual magnetic
field profile commonly employed in the experiwent,
In the computational model, the initial conditions
for instability growth ase usually fixed by setting
the beam displacement at unit one equal to a constant
value in time--the finite beam current risetime then
"shack-excites” the transverse modes sccordingly, In
the real world, the excitation is more complex but
the relative growth of the r.f. mode awplitude
through the rest of the machine can be directly
compared with experiment,

To wedel the ETA experimenz, w considered the
™™ jp mode vith & frequency of 800 MHz, = coupling
ipedance of 15 ohms, and a Q of 60, (vhich is
sufficiently high to render valid the aingle wode
awpproximations in the code),  Caleulations were
performed for I = 6 kA, a conatant energy out of the
gun of 2 MeV with 200 keV acceleration per unit, and
4 solenoidal magnetic focuaing field thar varies from
400 G to BOO G down the machine. For an initial
constant displacement of Yo(cm} and a bemm rise

Table 11
Computations of the TM)3g Mode growth in ETA
OscilTation smplitude [F] # (D)
after accelerator mnit
at t = 3 nsec 1078, 1071y, N,
at t = 50 nsec wh, o, (1Y,

time of 10 na the caleulations predict the transverse
oscillation amplitudes st BOO MHz shown in Table II.

The predicted growth is considerably higher than
is  observed experimentally, which is ot too
surprising since the theoretical approximations all
tend to overestimate the growth, The predicted
pattem of growth in tise is also not well
represented  in  the actue] deta, s noted in
Section IV. One potentislly-imporcant effect Chat
will be included in future celculations is-che energy
variation in time through the pulse.  The
effective transverse coupling impedance in this
relatively lov Q system may also be overestimated,
and better weasurements sre undervay.

To calibrate the importance of lowering the
eavity Q's in ATA, calculaticns were also carried out
for the ATA geometry assuming the same coupling
igpedance and resonanc frequency of the units as
before, For Q values above about 12, the instabilicy
is disastroua for 50 nsec pulse lengthe, For I =
10 kA, initial energy 2.5 MeV with 250 keV per unit,
the traniverse oscillation amplitude grows with about
1/3 e-fold per unit. Although che mjngle mode theory
is highly questionsble for very low Q parameters, a
calculation vas also made with Q = 8 and 7/Q = B chme
(veasonable chuices for the moditied cavities with
extra damping and corner teflector matching), The
eoplitude at 10 MeV was reduced to less than 0.1,
in vhis case.

A dramatic iuduction in the beams breakup growth
vith lovered § and/or 2;/Q is expected on the basis
of simple maymptotic growth rate formulas;9 for
exsmple, the maximum grovth of the mode with constant
enecgy and  focusing fisld, walid for long pulse
lengths, is proportional to exp Ty, with

z
Foanf™d
M (6—)0 l/l'

a0d 0 the numbar of wita,
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vl. Coacluding Comments

The cavity modifications described in Section III
have essentially eliminated a1l the resonances, ot
least below the frequency regime vhere the bess pipe
supports propagating weves. In this situstion, the
berm breakup mode is in & “resistive liwit™; rough
analytic estimates of the growth through the ATA
machine in this case indicate 4 narrow margin
of safety at best with o 3 K fecusing field,

Future theoretical efforts will concentrate om
the development of code mddels better able to
describe the (multi-mode) resistive regime, improved
correlation of predictions with the ETA data, and &
better understanding of the besm interactions in the
frequency regime vhere vaveguide modes can propagate
in the besw pipe. Dats from the ETA is encouraging
thus far on the latter question, but the
understanding is far from complete. Finally, we
mention that induction machines in this pulse length
regime should allow gas pressures in the bemm
transport vegion where ion focusing effects could
play an importanc stabilizing rele in the growth of
traneverse oscillations,10
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