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Abstract 

The Advent of laser-ion-guiding in the Advanced 
Test Accelerator along with the development of 
accelerator cavities optimized with respect to beam 
breakup coupling impedance now make it possible to 
consider a new class of high current, high energy 
linear induction accelerators. The control of the 
beam breakup and other instabilities by laser guiding 
and by various magnetic focusing schemes will be 
discussed along with the scaling laws for the design 
of such machines to minimize the growth of the beam 
breakup instability. 

Many linacs, particularly induction linacs are 
limited in performance by the beam breakup (BBU) 
instability. The instability is found in two 
forms. 1 In the first form the accelerating 
cavities communicate with one another through Inter
action with the beam and through propagation of 
cavity fields through the accelerator structure. In 
the second form which is the more virulent of the 
two, the cavities couple to each other only through 
their interactions with the beam. It is this second 
form of BBU that will be discussed in this paper. 

Beam Breakup Model 

An extremely useful model of BBU will now be 
described. 2 The accelerating cavities are treated 
as continuously distributed along the structure. The 
BBU cavity mode is characterized by its angular 
frequency WO' its Q or quality factor and its Zl/Q or 
transverse shunt impedance. The mode is excited by a 
dipole current source term which is proportional to 
the product of the beam's current and transverse 
displacement. The transverse pOsition of the beam 
centrOid is determined by the external linear focusing 
and the cavity fields. 

The force exerted on the beam by the mode is due 
to the transverse magnetic field of the mode. ~e 
define the quantity 6, the z-averaged transverse 
angular change of the beam centrOid per unit length 
as 6 = (6P1/Pz)/Lg where Lg is the average gap to gap 
separation and 6Pl and pz are the change In transverse 
momentum and the longitudinal momentum respectively. 
~ith this definition the model equations are 

(1) 

(2 ) 

where ka is the betatron wavenumber due to the applied 
focusing force. The quantity G=WO(Zl/Q)I/(IoLg ) where 
10 = mc 3 /e ~ 17 kA. Vhen the focusing is due to 
solenOids ka is to be interpreted as one half of the 
cyclotron wavenumber and the displacement ~ is equal to 
the phasor I + iy. For focusing due to an ion or 
quadrupole channel ~ represents either the I or y 
component of transverse beam position. 

~e may solve these equations by first Fourier 
transforming in the variable T to w. Transformed 
quantities are denoted by tildes. ~e also take the 
case of constant acceleration such that y = yo + kZ. 
Defining i = ~/~y and using the ~.K.B. approximation we 

have 

( 3) 

with solullon 

(4 ) 

where h(w) = wB G/(wB - w2 + iWWOIQ). For 
"sufficiently strong" focusing, i.e, for the case that 
k~ » h(w)/y we obtain the growth of the instability 
from the inverse Fourier transform 

This integral may be evaluted by the method of 
steepest descents to yield the growth laws: 4 

(6 ) 

(7) 

( 8) 

Equation (6) is appropriate for the case of a 
constant strength solenOid or alternating quadrupole 
channel which agrees with the peak growth rate 
determined in previous work. 3 Equation (7) is 
appropriate for a constant strength ion channel or a 
solenoid or quadrupole channel whose strength 
increases proportionally to ~y. Equation (8) is 
appropriate for the case where the strength of the 
channel increases with energy in such a manner as to 
maintain a constant betatron wavelength. Since the 
beam breakup instability is convective in the beam 
frame the above expressions are correct only if the 
beam pulse is sufficiently long to contain the 
maximum of the envelope of the instability. Thus the 
expressions (6) - (8) are maximum growth rates. 

Cavity Mode Model 

A useful cavity model that yields the scaling of 
cavity coupling impedances with cavity dimenSions was 
recently developed.; A schematic of the model is 
shown in Fig. 1. The cavity is treated as a radial 
line of width w coupled to an open pipe of radius b. 
The connection of the radial line to the external 
world is modelled as a lumped surface impedance at the 
outer radius R. In the absence of the gap a dipole 
return current would flow in the wall as a result of 
a displaced beam passing through the pipe. The 
excitation of cavity fields due to the beam can be 
conveniently represented by a surface dipole current 
source in the gap of value equal and opposite to the 
wall current that would flow in the absence of the 
gap. 

An expression for the z-component of vector 
potential in the pipe is written down in terms of a 
Fourier integral. A z-independent expression for the 
vector potential is taken in the radial line. The 
wave impedance (azimuthal magnetic field/z-component 
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Fig. 1. Schematic of the cavity mode model. The beam 
excitation is represented as a surface dipole current 
source in the gap of width w. The cavity is coupled 
to an infinitely long pipe of radius b. The cavity 
is terminated at radius R by a lumped surfaced 
impedance Zs which represents the connection to the 
outside world. 

of electric field) is set equal to the surface 
impedance at r = R and the z-averaged Jump in azimuthal 
field across the gap is set equal to 4.K/c where K is 
the dipole surface current density of the source in 
the gap. The transverse force on the beam is due to 
the transverse magnetic field. The Lorentz force is 
integrated along the path of the beam through the 
gap. This impulse divided by 4.K/c is termed the 
response function. From the BBU model discussed 
previously we see that the instability arises from 
the imaginary part of the cavity response since that 
part represents the portlon of the response that is 
90 degrees out of phase with the actual beam dis
placement. Thus the quantity of interest for BBU 1s 
the imaginary part of the response function. The 
quantity wOZl may be shown to be equal to -4w/b2 
multlplied by the imaginary part of the response 
function at the mode frequency WO0 Cold tests of the 
cavities used in the Advanced Test Accelerator show a 
Q of roughly 4 for the dominant BBU mode at 785 MHz. 
A diagram of the cavity is shown in Fig. 2. Choosing 
a surface impedance of roughly twice the impedance of 
free space yields a model response curve with the 
correct Q value. The imaginary part of the response 
function for this case is shown in Fig. 3. 

For a given pipe radius and gap width the minimum 
absolute value of the peak of the imaginary part of 
the response function occurs when the fields in the 
radial line are assumed to be purely outgoing. That 
is, the gap is taken to be perfectly matched to the 
radial line. This minimum value is a slowly varying 
function of w/b and is shown in Fig. 4. The new 
prototype cavity of the Accelerator Research Center 
at Livermore is shown in Fig. 5. The shape of the 
radial line is designed to approximate a perfect 
match. The imaginary part of the response function 
for a perfect match is shown in Fig. 6. 

Laser Ion-Guiding 

In laser ion-guiding the accelerator is filled 
with a very low pressure of an easily ionizable gas 
(ATA uses benzene at a pressure of ~ .2 ~). A 
small diameter laser beam is then fired down the axis 
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Fig. 2. Diagram of the ATA induction caVity. The 
cavity has a 2.54 cm gap width and a pipe radius of 
6.7 cm. The corner reflector and pieces of damping 
ferrite lower the Q of the BBU mode to z 4. 
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Fig. 3. Shown is the imaginary part of the response 
function for a surface impedance twice that of free 
space which corresponds to the ATA cell of Fig. 2. 

of the machine (ATA employs a .4J KrF laser with a spot 
diameter of ~ 1.5 cm). A low density plasma channel 
is then created by photo-ionization of the background 
gas. Vhen a relativistic electron beam is injected 
onto the channel the radial electriC field of the beam 
rapidly expels the secondary electrons leaving behind 
a column of positively charged ions which guide and 
focus the beam. 

From the perspective of controlling beam insta
bilities ion channel guiding has three important 
advantages. First, the strength of the channel can 
be made very strong. Second is the favorable scaling 
of the betatron wavelength with energy. The betatron 
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Flg . 4. Plotted ls the peak value of the lmaginary 
part of the response functlon for the case of a 
perfect match of the gap to the radial 11ne as a 
function of w/b. 
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Flg . 5. The prototype cells at the Accelerator 
Research Center. The radial 11nes are shaped to 
approxlmate a perfect match. 
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Flg. 6. Shown ls the lmaglnary part of the response 
function for the gap perfectly matched to the radlal 
line . 

wavelength of a solenoid channel or an alternating 
quadrupole channel lncreases as y while the betatron 
wavelength of the 10n channel lncreases only as ~y 
leadlng to tremendous lncreases in focuslng strength 
(as compared to quadrupole channels) with lncreaslng 
beam energy. The lmage dlsplacement instablilty has 
a slmilar scallng with energy so that the use of 10n 

guldlng can be made to suppress thls lnstablilty at 
all energies. Thlrdly. the electrostatic potentlal 
of the ion channel ls anharmonic leadlng to a spread 
ln the betatron wavelength of the beam electrons. 

The spread ln the ~tatron wavenumber due to the 
nonllnear restorlng force of the channel has profound 
impllcations for the beam breakup instabillty. Indeed. 
lf the spread in k~ is sufficlently great acceleratlon to 
arbltrarlly hlgh energy ls posslble wlthout any BBU 
growth whatever. Thls result may be derlved from an 
extenslon of the contlnuous model presented earlier . 
'We dlvlde the beam lnto "filaments" each wlth a 
dlfferent ke. 'We label the fllaments by the varlable 
~ and let tne correspondlng square of the betatron 
wavenumber be equal to ~k6 . 'We choose a slmple 
dlstrlbution for the fllaments:2 

g(~) 

g(~) 

o 

lie 

o < ~ < 1 - c 

where the beam transverse poslton ls now glven by an 
average over the fllaments: 

~ = J(1 g(~) ~~d~ 

The model equatlons now become 

(9) 

(a
2

/a .. 
2 

+ (wO/Q) ala .. + w~) 6 
2 

wo GVy (10) 

Agaln we take the case of constant acceleratlon and 
deflne e = ~y. 'We may then Fourler transform in 
.. to w so that Eq. (11) becomes 

2- 2 2- 2 
a ~/ae . + l/eai'/ae + 4~kO~/X 

(11) 

(12) 

'We let ~~ = J(~ A~(k.w) J o (ke) dk and substitute into 

Eq. (12) to obtaln 

A (k.w) 
~ 

1 
A 
~ 

(k.w)d~ . 4h(w)/(X2c(4~k~/X2 _ k2])j( 
1-< 

Application of Eq. (9) to this expression yields the 
disperslon relation 

2 x(l - c) exp (ckO/h(w» - 11/(exp(cko/h(w»-11 (13) 

Analysls of thls relation reveals that for a 
sufflclently large value of c no growth at all 
occurs.4 The conditlon for zero growth is 

2 
ckO > .(woZ1/Lg) (1/1

0
) (14) 

Since k6 ~ 2ei/(mc2a2 ) where a ls the channel radius 
and 1 15 the total channel charge per unlt length we 
may rewrite thls condltion as 

(15 ) 
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ATA Operational Experience 

The ATA is a 50 MeV. 10 kA electron induction 
linac located at Lawrence Livermore National 
Laboratory's Site 300. The accelerator consists of a 
2.5 MeV injector and 174 cavities grouped into 1 block 
of 9 cells. 5 blocks of 5 cells and 14 blocks of 10 
cells. Each cell provides a nominal accelerating 
voltage of 250 kV. During conventional operation the 
accelerator focusing is provided by approximately 250. 
3 kilogauss capacity solenoids which are closely 
spaced along the entire machine. Coils are included 
inside the accelerating cavities in order to 
approximate a continuous solenoid throughout ATA. 

Vhen using laser ion-guiding the beam is 
magnetically gUided from the injector through the 
first several accelerator cell blocks onto the ion 
channel. The laser is fired through a hole in the 
center of the cathode . A diagram showing the pressure 
and magnetic field profiles for ATA under the two 
different types of transport is shown in Fig. 7. 

3 kG 

2 kG 

1 kG 

o 

.......... ~ ................. . ....... (l-.. 
••• _ ••••• - Magnetic field 

) 
( 

.20 Ilme 1== ====:::::=----==-=:::::;~;::' =--_ t: / Benzene partial ;p'~essure ;, 
L L_ B_m dump ~ 

~ ~~~~nG~~ 
L 1--- 64 m ---1- 31 m -I 

2.5 Mev injector J 
End of accelerator 

c::J - 9 cell block (1) 

IIID - 5 cell block (5) 

IIIIIIJ - 10 call block (14) 

Fig . 7. Illustration of the two transport modes in 
ATA. Under solenoidal guiding the magnetic field 
ramps up from zero at the cathode to its maximum 
value of 3 kG where it is maintained throughout the 
rest of the accelerator. Vhen using laser guiding 
the machine is filled with benzene from the low 
energy end of the machine throughout the accelerator . 
The magnetic field is used to guide the beam from the 
injector onto. the channel. Beyond this "match point" 
the magnets are shut off . 

Magnetic transport of high beam currents is not 
possible in ATA because of BBU. The component of 
transverse displacment at the 785 KHz BBU frequency 
was measured at the output of the injector to be 
approximately 2 x 10-4 cm. Using this value and 
Eq . (6) the expected BBU amplitude at the end of the 
machine is shown in Fig. 8. Figure 9 shows the 
results of an attempt to propagate a 7 kA beam. BBU 
grows to such an extent that only half of the beam 
charge is transported to the end of the accelerator. 

In contrast. Fig. 10 shows the results for laser 
gulding of a 10 kA beam. The entire pulse is 
transported and the final BBU amplitude is equal to 
or less than 0 . 01 cm. In operation of ATA the 
benzene pressure is typically set at ~ 2 x 10-4 
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Fig. 8. Final value of the BBU amplitude at the end 
of ATA versus beam current. The curve is obtained 
using Eq. (6) and the measured nOise output of the 
injector and cavity parameters. 
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Fig. 9. Propagation of a 7 kA pulse through ATA under 
solenOidal gulding. The beam current at left shows a 
steady erosion of the tall of the pulse . Only half 
of the original charge survives passag~ through the 
accelerator. Shown on the right are Be loop signals 
which show the 785 KHz BBU signals. The amplitude of 
the signals grows down the machine until the down
stream end where the beam is hitting the pipe wall 
shorting the loops out . 

tort. The KrF laser produces a nominal .4J. 27 ns 
FWHM pulse in a spot size about 1.5 cm in diameter . 
Solutions of a multilevel rate equatlon model suggest 
that the benzene is approximately 1~ ionized so that 
the ion density is ~ 8.4 x lOll cm-3 yielding a channel 
charge of ~ 67 esu/cm and a betatron wavelength of 

.~17~~(cm).6 Betatron wavelengths down to ~ 1 meter 
have been measured at the output of the accelerator . 
For ATA WQZl ~ . 24 cm-1 and Lg ~ 33 cm . Use of Eq. (7) 
together with the measured nOise level at the injector 
leads one to expect a final BBU amplitude of:::: 0 . 02 cm 
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Fig. 10. Successful propagation of a 10 kA beam pulse 
down ATA. The entire charge survives passage through 
the accelerator and the §e loop shows that the BBU 
amplitude is less than 0.01 cm. 

due to the linear focusing of the channel for a 10 kA 
beam . Substitution into Eq. (14) or (15) indicates 
that total stability will be achieved if 
£ > 0.01 I(kA). That is, for 10 kA £ must be 
greater than 0.1 to stabilize the beam. Thus a 5% 
spread in k~ will stabilize 10 kA. It appears as 
though this level of nonlinearity has been achieved. 

Summary 

Optimal cavity design coupled with the proper 
magnetic transport system can greatly reduce BBU 
growth which is the primary obstacle to high current, 
high energy induction linac performance. Due to the 
phase mix damping provided by its non-linear focusing 
force laser ion-guiding can permit acceleration of 
high currents to arbitrarily high energies without 
BBU growth . 
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