Chapter 9
Ion Induction Accelerators

John J. Barnard and Kazuhiko Horioka

The description of beams in RF and induction accelerators share many common
features. Likewise, there is considerable commonality between electron induction
accelerators (see Chap. 7) and ion induction accelerators. However, in contrast to
electron induction accelerators, there are fewer ion induction accelerators that have
been operated as application-driven user facilities. Ion induction accelerators are
envisioned for applications (see Chap. 10) such as Heavy Ion Fusion (HIF), High
Energy Density Physics (HEDP), and spallation neutron sources. Most ion induction
accelerators constructed to date have been limited scale facilities built for feasibility
studies for HIF and HEDP where a large numbers of ions are required on target
in short pulses. Because ions are typically non-relativistic or weakly relativistic
in much of the machine, space-charge effects can be of crucial importance. This
contrasts the situation with electron machines, which are usually strongly relativis-
tic leading to weaker transverse space-charge effects and simplified longitudinal
dynamics. Similarly, the bunch structure of ion induction accelerators relative to RF
machines results in significant differences in the longitudinal physics.

In this chapter, ion sources and injectors are covered in Sect. 9.1. Ion sources have
different practical issues than electron sources (see Sect. 7.2). Longitudinal dynam-
ics are covered in Sect. 9.2 while emphasizing strong space-charge issues specific
to ion induction accelerator applications. The physics of transverse dynamics with
strong space-charge forces is left to references [42], [1], and [2], for example.

9.1 Ion Sources and Injectors

Induction ion accelerator applications with high space-charge intensity need high
perveance beam sources in pulses that typically range from ~10 ns to ~10 us.
Compared with electron beam generation, ions are more difficult to extract from
the source. The generation, extraction, and propagation of the ions are strongly
influenced by both longitudinal and transverse space-charge effects and plasma
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phenomena. Currents of high-power ion beam sources are limited by the gap struc-
ture and the properties of the ion source. Important properties include the available
ion current-density, the ion species and purity (including their charge state), and the
stability of the emitting surface. We first review basic physical concepts required
for understanding the gap dynamics (Sect. 9.1.1), including: space-charge limited
flow (Child-Langmuir emission), plasma limited flow (Bohm criterion) and the ion
emitting surface in plasmas, transverse and longitudinal beam emittance, electrode
geometry, transients in the diode, and longitudinal accelerative cooling. Then we
review specific ion sources presently employed or showing promise for high cur-
rent induction accelerators (Sect. 9.1.2) and finally review several complete injector
systems (Sect. 9.1.3).

9.1.1 Physics of High Current-Density Ion Sources

Options for ion sources depend on the available ion current-density and beam trans-
port limitations associated with the injector geometry. To evaluate options, we need
to know the relationship between plasma parameters, the space-charge field, and the
attainable ion current-density.

1D Child-Langmuir extraction: In low energy transport, particularly within the
beam extraction section (diode), the charged particle motion is dominated by the
space-charge field. We estimate [1, 2] the steady-state (mid-pulse) current produced
of a species-pure ion beam when there is a voltage of magnitude V applied across
a gap of distance d, as illustrated in Fig. 9.1. The flow is assumed to be indepen-
dent of transverse radius and varies only with longitudinal position z in the gap.
The source can represent any pure species ion emitter which can produce ade-
quate current-density. In steady state, the continuity equation implies that the axial
current-density J; = puv, is constant as a function of z, where p is the charge-density
of the beam and v, is the axial particle velocity in the gap. The one-dimensional

Poisson equation 82¢/dz> = —p /€y governs the relation between the electrostatic
potential ¢ and the charge-density p. The velocity is related to ¢ by the steady-state
(non-relativistic) momentum equation mv,dv;/dz = —qd¢/dz yielding the energy
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Fig. 9.1 Diode geometry
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conservation equation (1/2)m vZ2 = —q¢. Here we have assumed zero pressure (cold
beam) in the momentum equation. For convenience, the potential ¢ is chosen to be
zero at the emitter and —V at the diode exit. The charge-density p in the Poisson
equation can thus be expressed in terms of ¢ yielding the differential equation:

o J L m\'? .1
dz2 v, € \2q® ’ ‘
Here we have denoted @ = —¢ for the sake of clarity to minimize negative signs in
the derivation. We multiply Eq. (9.1) by d®/dz and integrate to obtain:
1 do\>  J, [2m\'/?
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Here, C is an integration constant. We further assume that space-charge is plentiful
enough that it may be extracted from the emitting surface (or from a plasma source)
at z = 0 such that the longitudinal field E, = d¢/dz is reduced to zero right at
the surface. This is the so-called “space-charge limited emission” condition. If more
space-charge were extracted, it would create an electric field that would be directed
towards the emitter and thus prevent further emission. The steady-state condition
occurs when 0@ /dz = 0 is maintained at the emitter. This condition (together with
the condition that @ = 0 at z = 0) requires C = 0 in Eq. (9.2). Taking the square
root of Eq. (9.2) and solving the resulting differential equation (again subject to
@ =0atz =0), yields

34/3 J 2/3 m 1/3
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Setting @ = V at z = d, gives ® = V(z/d)*? and so V satisfies,
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Solving for the current-density J; yields the so-called Child-Langmuir Law for the
current-density of space-charge limited emission:
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In addition to the space-charge effect, voltage breakdown limits the value of V
used for beam extraction. Empirically it has been found that [3] for small gap dis-
tances (for d < 1 cm) there is an electric field maximum of around 100 kV/cm that
gives a reasonable design upper limit to avoid electrical breakdown across the gap.
In this regime, the maximum voltage V = Vpp corresponding to this limit therefore
scales with d as Vgp >~ 100 kV (d/1 cm). For gap distances larger than d = 1 cm
however, a smaller electric field is required to prevent breakdown, and in this case
the design limit scales as Vgp ~ 100 kV(d/1 cm)!/2. Substituting these relations
into Eq. (9.5) gives

J; x

V32 fam12 d < 1em,
oci ~Lem 9.7)

d? d>* d>1cm.

Therefore, the current-density decreases as the gap length increases in operation
close to the breakdown limit.

For a circular beam with constant radius a within the gap, the extractable total
ion current / is given by,

2
I = rra2JCL =1y (g) V%. (9.8)

The radius of the diode aperture is typically slightly larger than the beam radius
a. If a is too large compared with the gap width d, the equi-potential lines will be
distorted and the negative lens effect [4] can become large. Pierce electrodes (see
Fig. 9.1 and the subsection below) are employed to shape the field and maintain
approximate 1D flow. Even with Pierce electrodes, to avoid beam aberrations, the
aspect ratio of the extraction gap a/d is typically limited to a/d < 0.25 [5]. This
scaling implies that for a fixed aspect ratio, the maximum extractable beam current

depends only on the extraction voltage as I « V3. Note that these scaling relations
imply that when producing high current using a single beam, the current-density
decreases as the beam current increases.

Transverse beam emittance: The ion temperature at the source, together with
radius of the source determine the initial transverse phase-space area, or equivalently
the emittance, of the beam. We assume a uniform current-density at the source so
that <x2> L= a®/4 and we also assume a nonrelativistic Maxwell Boltzmann dis-
tribution in the spread of particle angles, so that %mv? (x?)1 = kpT;/2, where
{--+)1 denotes an average over the transverse phases space (x, x’, y, y'). Here, a
and 7; are the beam radius and ion temperature at the source, respectively, and kp
is Boltzmann’s constant. Both of the assumptions above are good near the emitting
surface. If there is no angular divergence in a, then a’ = 4(xx’)1 /a = 0, and the
initial normalized emittance &,, = 4y, B5[(x?) N (x72) - (xx’)i]l/ 2 (see [1]) at the
source is

172
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Here, v, = dx/dr >~ Bpcx’ = v,x’ has been applied in the nonrelativistic limit with
yp» = 1. Assuming conservation of normalized emittance, then the unnormalized
emittance &, = c&, /v, exiting the diode can be expressed as,

.\ 172 \ 172
e = 2a (kBTl) =2a <Iﬂ> , (9.10)

mv? qV

where ¢V = %mvz2 is the ion kinetic energy at the diode exit. Beam optical aber-
rations (non-linear transverse electric fields) will increase the emittance from the
initial source value given by Eq. (9.10). Electrodes near the edge of the beam are
used to shape the electric field so that nearly parallel flow can be maintained (see
Pierce electrodes subsection below) and aberrations minimized. However, because
the electrodes cannot be made to be ideal, diode normalized emittance can be sig-
nificantly higher than Eq. (9.9).

Longitudinal beam emittance and accelerative cooling: Analogously to the trans-
verse case the longitudinal phase-space area in our ideal 1D diode is also conserved.
Here the appropriate phase-space variables are those that form conjugate pairs,
such as the longitudinal energy &, = p? /2m and arrival time ¢, or the longitudi-
nal momentum p, and the longitudinal position z. At the source there is a spread
in longitudinal energy corresponding to the temperature at the source, such that
(8p§) /(2m) = kpT;/2. Here, (---) denotes an average over the 6D distribution
function, and ép, and §&; are the difference between the longitudinal momentum
and energy of a particle and their respective means. After passing through an ideal
diode, all particles receive the same energy increment gV so the spread in lon-
gitudinal energy remains the same as it is at the source. For a pulse duration at
the source 7, the duration at the exit will also be 7, so the longitudinal (normal-
ized) emittance that is proportional to (55?)1/ 2rp will be conserved as expected.
But the consequence of having a conserved normalized emittance implies that
the temperature of the beam (as measured in the co-moving frame) is drastically
reduced.

To calculate the energy spread in the co-moving frame, it is most convenient
to first calculate v, for a particle in the laboratory frame. For a non-relativistic
boost, velocities are additive, so the velocity difference §v, and momentum differ-
ence dp; in the co-moving frame are the same as those quantities in the lab frame.
Since &, = pZZ/Zm, it follows that 6, = p.dp./m, or 8&E./E, = 28p./p.. If
we denote subscript “source” and “exit” for quantities at the diode source and exit
respectively, then the longitudinal temperature in the co-moving frame kp 7T cxit iS
given by:

2 2
kBTz,exit _ (8pz,exit> _ ((ng,exit> _ (sgz?,source) _ i(kBTsource)2

2 2m 4E; exit 4E; exit 16 gz, exit

9.11)

Here, the final equality uses the result that, for a Maxwell-Boltzmann distribution,
the average (8512) = 3(kgT)?/4. As can be seen from Eq. (9.11) the longitudinal
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temperature of the beam kpT; cxit has decreased by a factor of order kg Tsource/
&z exit- For kpTsource ~ 0.1 €V, and &; exit ~ 10° eV, the temperature has decreased
by a factor of order 107°. This large reduction in temperature can be seen as a
result of the effective lengthening of the beam. Since the initial longitudinal length
of the beam is of order dp; sourceTp/m, and the length of the beam at the diode exit
is of order p; exitTp/m, the beam has been stretched by a factor p; exit/pz source
so the momentum spread 8p; exit = 5Pz2,,source / Dz.exit has gone down by the same
factor, implying that the temperature has gone down by a factor ~ kg Tsource/E: exits
consistent with Eq. (9.11).

Whereas the length of the beam has gone up by a large factor (with a concomi-
tant decrease in the longitudinal temperature), the transverse dimension of the beam
(and transverse temperature) remain nearly constant. The distribution function in
the beam frame has thus become highly anisotropic. This can lead to dynamic insta-
bilities [6—8] that saturate when the longitudinal temperature approaches the trans-
verse temperature. Collisions also tend to reduce the magnitude of the anisotropy
by transferring momentum from the transverse degrees of freedom into longitudinal
momentum spread. This is known as the Boersch effect [1]. Even though collisions
are generally negligible in beams, since longitudinal cooling is so extreme, the few
collisions that do occur can increase the longitudinal temperature to a value far
higher than given by Eq. (9.11).

Plasma sources: the Bohm criterion and ion emission surface: Many high
current-density ion sources rely on extraction from a plasma surface. Important
phenomena in plasma-based high current-density include: escape of electrons from
the emitter, drift of ions toward the plasma surface, acceleration of ions, injector
geometry and applied fields, space-charge and plasma effects and associated trans-
port limitations.

When an electric field is applied to the source plasma, the externally applied field
is shielded by the plasma sheath. The characteristic distance over which the electric
field is excluded is the Debye length [9, 10]

_eoksT. | T./(V)
Ap = . =743 cm —ne/(cm*3)' (9.12)

Here, —e is the electron charge, and 7, and n, are the electron temperature and
density. Because the ions are extracted from the plasma through the sheath region so
long as the dimensions of plasma volume are much larger than A p, this is the basic
scale length of the plasma source. In plasma ion sources, the boundary between
electrically neutral source plasma and the sheath region is called the ion emission
surface. The ion emission surface, the emitted current, and the geometry and biases
of the injector structures will determine the ion optics.

The current of ions extracted is limited by the available ion current-density
through the sheath and/or the space-charge field in the extraction gap. When ions
are extracted from a stationary plasma, the current-density is limited by the thermal
motion of the source plasma. Assuming a Maxwellian velocity distribution in the




9 Ton Induction Accelerators 191

source plasma, we can derive the characteristic Bohm current-density which gives
the available current-density of ions [4]. The Bohm current-density is

1
T 2
Jp = 0.6en; (K ) , 9.13)

m;

where n; is the plasma ion density and m; is the ion mass. Equation (9.13) indicates
that high current-density sources require higher temperature plasmas. On the other
hand, the intrinsic emittance of the beam emerging from the ion source is given by
Eq. (9.10).

Because the equilibration time between electrons and ions is usually long
enough, the Bohm limit can not be directly related with the intrinsic beam emit-
tance. However these indicate that the relation between the available current-density
and the intrinsic beam emittance is a trade-off; increasing the current level means
decreasing the quality of extracted beam.

The optics of ions extracted strongly depend on the plasma source. Figure 9.2
shows a schematic of the stationary ion emitting surface in a long-pulse plasma
source. Here, we define the “anode” as the ion emitting surface, and the “cathode”
as the diode exit. (In general, current flows from anode to cathode.) When the
ion supply is sufficient to extract, the current and the beam optics are governed
by the self field in the extraction gap. If the Bohm current-density is less than the
Child-Langmuir current-density (Jg < JcL), then the source is starved and a con-
cave emission surface results which produces an over-focused beam as illustrated in
Fig. 9.2(a). Conversely, if Jg > JcL, then there is an excess supply of ions result-
ing in a convex emission surface and produces a divergent beam as illustrated in
Fig. 9.2(b). For good beam optics, a slightly starved source is considered preferable.
This guiding principle limits the aspect ratio of the extraction gap [11].

Pierce electrodes: As discussed above, Child-Langmuir flow is based on the
assumption of a one-dimensional (longitudinal) geometry. In fact, diodes have finite

Plasma meniscus

F D Ion Beam ," U Ion Beam

] 1 ] s, 9
‘Plasma ! T

i Plasma - @@

Anode Cathode Anode Cathode
(a) Mached Flux (b) Excess Flux

Fig. 9.2 Behavior of the ion emitting surface in extraction from a stationary source plasma for
starved (a) and excess (b) source current-density
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transverse extent and so are intrinsically multi-dimensional. Nevertheless, elec-
trodes can be introduced (see Fig. 9.1) that allow the beam to be terminated at a
finite radius, yet maintain the same electrical field, velocity, and charge-density, as
in the case of a one-dimensional Child-Langmuir flow over the full radial profile
of the beam. This can be easily seen in the case of a ribbon beam that propagates
in the z direction and is infinite in the y-direction but has some finite width in the
x-direction. We take x = 0 to be one of the edges of the beam (with x > 0 vacuum).
We wish to calculate surfaces of equipotentials, such that the potential satisfies the
Child-Langmuir potential [@(x =0, y,z) = V(2 /d)4/ 3] and also maintains the 1D
condition that the transverse electric field is zero d¢(x = 0, y, z)/dx = 0 along
the edge of the beam. A solution that satisfies both conditions can be found using
complex variables. Let w = z + ix. Then let @ (x, z) be the real part of a complex
function F(w) = @ (x, z) +ipn(x, z). If F(w) is an analytic function (i.e. its deriva-
tive exists and is independent of direction over some domain in the w plane), then
@ and p satisfy the Laplace equation over that domain. This suggests that we take
F(w) = V(w/d)*? so that along the surface x = 0, ®(x = 0,z) = V(z/d)*?
implying that @ (z) satisfies the Child-Langmuir potential. The real part of F(w)
can be written:

Re[F(w)] = ®(x,z) = V(x> 4+ 25 cos |:g tan™! <)—C>:| (9.14)
z

Note that @ (x, z) = @(—x, z) so that 9® /dx|r=¢ = 0, as required.

If the source (z = 0) is at the equipotential @ = 0, then the equipotential surface
that originates at x = 0 and z = 0 can be shown from Eq. (9.14) to satisfy 0 =
cos[4 tan~! (x/z)/3] implying that tan—! (x/z) = 37/8 =~ 67.5°. The coordinates of
the equipotential passing through x = 0 and z = z¢ satisfies:

4
2/ = ( + 223 cos [g tan”~! (’—Cﬂ (9.15)

<

By placing conductors along these equipotentials the Child-Langmuir potential is
enforced along the edge and therefore throughout the beam. In particular at z = 0
an electrode placed at approximately 67.5° from the z-axis is known as a Pierce
electrode, and is intended to ensure an initial parallel flow from the source. Elec-
trodes may be placed at larger z along curves given by Eq. (9.15) such as at the
diode exit, so that @ satisfies Eq. (9.14) between electrodes, and therefore ensures
Child-Langmuir potential along the beam boundary.

For the case of an axisymmetric cylindrical beam (in contrast to a ribbon beam),
there is no simple analytic solution such as Eq. (9.15), but numerical results indicate
that at z = O the same “Pierce angle” of 67.5° is obtained. However, for finite z( the
curves are different, but qualitatively similar, and instead of lying on surfaces that
are independent of y the surfaces are independent of azimuth 6 in the axisymmetric
case [12].

As discussed above, despite the use of electrodes at, for example, the diode emit-
ter and diode exit, if the diameter of the aperture a is too large compared with the
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gap width d, the equi-potential lines will be distorted [4]. This is due to the finite
thickness and radius of curvature of conductors that are needed to avoid breakdown,
and because fields arising because of departures from the ideal Child-Langmuir
geometry can leak in from beyond the exit of the diode.

Diode transients: We saw in the previous section that adding angled electrodes at
the edge of the beam compensates for the absence of space-charge beyond the radius
of the beam, and thus ensures that the electric field in the location where there is
charge-density obeys Child-Langmuir flow. Similarly, during the initial transit of the
beam head through the diode, the lack of space-charge in front of the head requires
compensation to avoid the effects of the vacuum electric field that occurs between
the head of the beam and the exit of the diode. In this case, the compensation is in
the form of a time dependent voltage waveform, that is adjusted so that during the
initial transit of the head of the beam, the electric field at the head is the same as if
there were Child-Langmuir flow. The effect of space-charge between any point in
the diode and the diode exit is to reduce the field relative to what it would be if the
diode were at the same voltage, but had no space-charge. Therefore, the required
waveform will increase with time until the head of the beam reaches the diode exit
at which time the potential drop across the diode @ (d) will reach the full voltage V
for steady Child-Langmuir flow.

We may calculate the required waveform as follows [13]. Suppose the head of the
beam is at position z¢ [see Fig. 9.3(a)], with constant current-density J; at all points
between z = 0 and z = z¢ but J; = 0 between zo and the position of the diode exit
(z = d). If the desired steady-state voltage is V, the potential difference between
0 and zo is just the Child-Langmuir potential @ to the point zo9, ® = V(2o /d)4/ 3.
The desired electric field at zg is the Child-Langmuir electric field at that point, so
—3¢p/dz = 3P /dz = (4/3)(V/d)(z0/d)"3. The potential difference between the
beam head and the diode exit is d —zg times this electric field. Summing the potential
drops between 0 and zo and between zg and d yields the desired potential drop across
the gap @ (d, zo). Here, we have added a second argument on @ to indicate that the
potential @(d) is calculated when the beam head is at axial position z = zg. We
obtain:

®(d,z0) =V (%‘))4/3 n (%) (Zd—o)l/3 (d — z0)

_vy 4 <z0)1/3 1 (zo>4/3
|3 \d 3\d
The location of the beam head (zp) as a function of time can be found by solving

the Child-Langmuir energy equation, which can be viewed as a differential equation
relating the longitudinal velocity of a particle to the Child-Langmuir potential,

1 [dzo\? 20\4/3
—m(=2) =gv (). 9.17
2m<dt) q (d) ©-17

The solution to Eq. (9.17), subject to the initial condition zo = O atf = 0, is zg =
d(t/t)3, where T = 3d[m/(2qV)]'/? is the “transit time” for a particle undergoing

(9.16)
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(a) Transient Geometry (b) Transient Waveform
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Fig. 9.3 Geometry for transient beam-head calculation (a) and the required voltage waveform for
an ideal, sharp beam-head (b)

Child-Langmuir flow to traverse the diode. Expressing the potential @(d, zp) in
Eq. (9.16) in terms of ¢ instead of z¢ yields

4
vH-1®Y 0<i< (9.18)
1>

dd,t) = {

3

Equation (9.18) specifies how the applied voltage should ramp in time and is plotted
in Fig. 9.3(b). Typically this ramping is achieved approximately by raising @ from
0 to V in a time t in order to keep the current-density constant during the start
up of the diode. If the voltage is turned on with a rise time longer or shorter than
this characteristic time 7, beam current oscillations will occur. Such oscillations
can have negative consequences since a mismatched beam can strike the aperture,
producing secondary particle emission, etc. A similar calculation for the transit of
the tail of the beam through the gap yields a rising voltage at the end of the pulse. In
this case, a third electrode is needed to cut off the current flow, in the presence of the
rising voltage, by allowing the local bias near the source to turn off the space-charge
limited emission.

9.1.2 Ion Sources

A large number of ion emitters exist [14] with differing characteristics concerning
current-density capability, species purity, transverse emittance, momentum spread
and transverse phase-space distortions. In this section we briefly survey features
of several technologies and provide references where more details can be found.
Electron sources are discussed in Sect. 7.2 and have very different technological
issues than ion sources.

Hot-plate sources: A conventional method for extracting metallic ions with low
emittance but modest current-density is to use a shaped solid plate as the source.
An advantage of plate ion sources is the high degree of control of the shape of the
emitting surface, which is a well defined solid boundary which is stable over the
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pulse and can be shaped to minimize aberrations. The emitting surface is precisely
defined over a wide area with the shaped geometry of the source material. A 17 cm
diameter alumino-silicate source was developed and it produced 0.8 A of 1.8 MeV
K™ ions with emittance ¢ < 1.0 mm-mrad [15, 5, 16]. Various types of material have
been employed for hot-plate sources. Alumino-silicates are commonly coated onto
tungsten substrates and used for injection of alkali metal ions (Li*, K*, Na*t, and
Cs™). Alumino-silicates have a crystal structure with long tunnels, so that alkali ions
may flow freely within (even though the material is not a conductor of electrons).
The work function to remove these alkali metals (as singly charged ions) from the
alumino-silicate is small, so the temperature of the hot-plate need only be raised to
~ 0.1 eV = 1,000°C (in contrast to plasma sources in which kp7; ~ 1 eV) to
produce significant quantities of singly charged ions. The low temperature gives rise
to a lower intrinsic emittance. Alumino-silicates are thermionic emitters, with the
emission satisfying the Richardson-Dushman equation [17], which states that the
current-density is proportional to Ti2 exp(—qow/kpT;), where ¢y, is the effective
work function of the material. Thermionic emitters are chosen to have low ¢,,.

In addition to thermionic emitters (such as alumino-silicates), so-called “con-
tact ionization” sources are also employed as hot-plate sources. These are typi-
cally refractory metals, such as tungsten or porous tungsten, that are doped with
a surface layer of an alkali carbonate. These emitters have high work functions
that exceed the ionization potential of the metallic atoms in the alkali carbon-
ates so when the alkali metal is thermally desorbed there is a high probabil-
ity it will be desorbed as an ion. If the alkalis are not continuously replenished
by feeding material onto either the front or rear surface of the tungsten, the
doped tungsten sources will tend to deplete and have smaller lifetimes than the
alumino-silicate sources. This follows because the amount of alkali metal that
can be “doped” onto a surface layer (a fraction of a mono-layer thick) is less
than can be contained in the volume of the alumino silicates. Contact ionization
sources also tend to have larger ratio of emitted neutrals to emitted ions than do
alumino-silicate sources, which accounts for most of the depletion at typical source
temperatures.

Because both alumino-silicate and contact ionization sources operate at a hot-
plate temperature of about kp7; ~ 0.1 eV, they produce sources which are relatively
charge state pure due to the large values of the second ionization potential of the
alkali metals. Due to modest ion depletion rates, pulse durations can generally be as
long as the driving circuit can maintain voltage.

Gas discharge plasma sources: Most high current-density gas-discharge ion
sources rely on extraction from a stationary, high-density and high-temperature
plasma, which is produced from a neutral gas by electron impact ionization. To
produce the ions, energetic electrons in the discharge plasma must liberate bound
electrons. The ionization processes depend on the collision rate. Consequently, the
electron density and temperature should be sufficiently high for efficient ioniza-
tion. Recent experiments on these sources have demonstrated current-densities more
than 100 mA/cm? [5]. However, as later discussed in the Section on multi-beamlet
sources, this extraction scheme suffers from the current-density and emittance trade
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off. Charge exchange of the ions with the background gas in the extraction gap is
also an issue.

The usual process to make high charge-state ions is to liberate successive bound
electrons by by the electron impact ionization. The process can be characterized by
the parameter J,t; = en,v,.t;, where J, is the electron current-density and 7; is the
ion confinement time. The important parameters for the discharge plasma ion source
are the electron temperature kp 7., electron density n., electron current-density J,,
and the ion confinement time 7;. A large flux of high-energy electrons is needed to
produce a dense plasma of highly-stripped ions.

Vacuum arc sources: Metallic plasmas produced with vacuum arc discharges
are also candidates for high current-density ion beams [11, 18]. Highly ionized
ions formed from a vaporized metal arc plasma are utilized as an ion source. The
available current-density and stability depend on the behavior of the arc and the
electrode configuration. Typically, only ions of one charge state are desired for
acceleration. Because the vacuum arc plasma is intrinsically transient, control of
the surface fluctuations and the ionization degree are critical issues. In order to
suppress the fluctuation, a number of types of grid controlled ion sources have been
developed [4].

ECR sources: Electron Cyclotron Resonance (ECR) sources are plasma sources
which are in widespread use for the production of high charge-state ions [19]. The
source plasma is produced without cathodes using RF driven ECR heating of an
initially neutral gas. They are reliable and stable because they do not have any con-
sumable components except the beam source. High charge-state ions are produced
by the impact of energetic electrons with neutrals and ions within a “minimum-B”
magnetic field configuration used to both stably confine the plasma and allow for
cyclotron instability. To increase the rate of ionization, the electron temperature
(kpT,) is typically driven from 1 to 10 keV. On the other hand, the ion temperature
(kpT;) should be held as low as possible because higher ion temperature produces an
extracted beam with higher intrinsic emittance (see Sect. 9.1.1). In ECR sources, due
to selective heating of electrons, ions in the source plasma can be low temperature.
Because the plasma frequency is a function of the cut-off plasma density, microwave
sources with higher frequencies are needed to reach higher plasma density in ECR
ion sources. Recently, techniques have been developed that allow use of solid mate-
rials as the beam source, which extend the performance to a wide range of heavy
ions. However, the available current of massive ions from solid materials in ECR
sources is order of ~100 wA [20].

EBIS sources: Electron Beam Ion Sources (EBIS) can produce extremely high
charge-state ions. The EBIS device uses a nearly monoenergetic electron beam to
bombard a neutral gas and produce highly-charged ions by electron impact ioniza-
tion [21]. The electron beam only passes through the gas usually one time in a high
vacuum. An electrostatic ion trap then stores ions produced with the desired charge
state which can then be injected in an accelerator.

EBISs have provided the highest charge-state ions of all types of ion sources.
Even fully stripped bare uranium nuclei are expected to be possible. However, only
pulses with ~10'! particles are possible with present trap technology. The relatively
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low intensity of ions and difficult engineering requirements in the EBIS device are
disadvantages for high current-density ion sources. However, a highly efficient EBIS
using axially oscillating electrons is promising to enhance the number of extractable
charges [14, 22, 23].

Laser sources: Laser irradiation of materials can produce dense plasmas from
which ions can be extracted and formed into a beam. Such laser produced plasma
sources provide a possible solution for high current-density and/or high charge-state
ion extraction as well as high power applications. The target material is ablated as
a dense drifting plasma that allows ion extraction exceeding conventional current-
density limits. Properties of the ablation plasma are a strong function of the laser
power density as well as the target geometry and material properties. Simplicity of
operation, small size, and the capability to produce a wide variety of ion species
with low emittance are advantages of laser ion sources. However, laser ion sources
are in a developmental phase and further research is required for practical, econom-
ical source technology with high charge state purity and low characteristic spreads
in energy and angular diversion. A laser ion source which overcomes that Bohm
limit by direct ion injection has been proposed [24, 25] and research is progress-
ing on sources employing ultra-high intensity, short-pulse lasers to irradiate thin
foils [26, 27].

Negative ion sources: Negative ions are important for high flux neutral beam
injectors in magnetic fusion devices [28] and have possible induction accelerator
applications. Recent studies indicate that negative ions would be a possible source
for high current ion accelerators, including drivers for Heavy Ion Fusion (HIF) [29].
The use of negative ions in beam transport can mitigate electron-cloud effects of
concern for positive ions in high perveance sections. The vacuum requirements for
accelerating and transporting high energy negative ions are estimated to be essen-
tially the same as for positive ions. The halogens with their large electron affinities
appear to be the most attractive candidates for high current negative ion sources. If
desired, the beams could be photodetached to neutrals. An experiment conducted at
LBNL using chlorine in an RF-driven source obtained a negative chlorine current-
density of 45 mA/cm? under the same plasma conditions that gave a 57 mA/cm?
positive chlorine current [29].

9.1.3 Example Injectors

Several example ion injectors are briefly reviewed to illustrate both typical working
systems and design approaches made to achieve high currents.

Simple hot-plate diode: An example of a hot-plate diode is shown in Fig. 9.4.
The Pierce electrode, source, exit electrode, and insulating support structure are
shown in the figure. The flat, alumino-silicate source is 2.54 cm diameter and a
300 keV, 26 mA (apertured), long-pulse K+ beam is extracted. The source is heated
to ~0.1 eV and the a = 10 mm radius (apertured) extracted beam has measured
emittance ¢, = 14.2 mm-mrad, which is a factor of 1.7 times higher than calculated
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electrode
cutaway)

Fig. 9.4 A mechanical drawing of a hot-plate diode used on the NDCX-1 experiment at LBNL.
One quarter of the exit electrode is cut away for viewing the source geometry (drawing courtesy
M. Leitner, LBNL, 2010)

using Eq. (9.10) with 7; = 0.1 eV. Such emittance growth factors above simple ideal
estimates are typical for hot-plate sources and are thought to result from nonlinear
fields produced from both space-charge effects and the diode geometry.

Multi-beamlet sources: A possibility of overcoming the current-density limit
with low beam emittance is to use multiple sources. Multiple-beam systems are
well developed for neutral particle injectors and ion propulsion devices [30]. As
can be seen from Eq. (9.9), the normalized emittance ¢, is proportional to Til/ 2,
The beam brightness B is proportional to / /sﬁx ~ J,/T;. But from the Child-
Langmuir Law (Eq. 9.14) J, ~ V3/2/d?; combined with the voltage breakdown law
(V ~ d'0©05) ‘implies that the current-density scales as J, ~ V~1/21©=5/2 ~
d=1/210 =5/% (cf. Eq. 9.7). Thus, small sources give high current-density, and so
high beam brightness. The total beam current 7, on the other hand is proportional to
ma®J,, and since maintaining good beam optics requires keeping d /a > a constant
(~4), I ~ J.d* ~ V32 So large current scales with large voltage and large sour-
ces. Applications that require both high brightness and high current are faced with
a compromise. One way around the contradictory limitations, is by employing a
multiple “beamlet” design where each small beamlet has high brightness, and then
combining many beamlets into a single high current beam.

In low-energy, space-charge-dominated sections, high current-density miniature
beamlets are contained in pre-accelerator grids. After the pre-acceleration, the
beamlets are merged together to form a single beam composed of multiple beamlets.
Independent control of individual beamlets allows steering for beam merging and
focusing adjustments for envelope matching to be fulfilled simultaneously alleviat-
ing the need for usual matching sections between the source and transport lattice.
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Beamlet
Sources

Electrostatic Qaudrupole Focusing

Fig. 9.5 Ion injector with multiple ion source beamlets

A multi-beamlet injector has been developed where 119, 2.2 mm diameter
miniature Ar™ beamlets with ~100 mA/cm? current-density are merged to sin-
gle 70 mA, 400 keV beam with emittance ¢, = 250 mm-mrad [5, 31, 32]. A
schematic of this injector is shown in Fig. 9.5. Simulations and experiment show
that emittance growth is dominated by nonlinear space-charge effects in the merg-
ing process rather than the initial ion temperature, but that final emittance can be
modest [33, 32].

Direct ion extraction from drifting plasma: One potential path towards increasing
the ion current-density without increased emittance is to use a drifting plasma as an
ion source. In case of plasma injection, the extractable current from a moving plasma
is

Ji = qnjvq, (9.19)

where v; s the drift velocity of the source plasma [34]. The source plasma can be
an electro-magnetically accelerated plasma or a laser ablation plasma. Based on this
concept, drifting and point-expanding plasma sources have been proposed for high
current ion injectors [35].

However, in the case of direct ion extraction from a drifting plasma, shape and
position of the ion emitting surface is difficult to control. Behavior of the emitting
surface is determined by the balance between the current produced by the plasma
and the ability to extract ions in the effective acceleration gap. Figure 9.6 shows
an illustration of the behavior of the space-charge potential of the direct injection
gap. Although the dynamics driven by highly transient source plasma is still under
investigation, it has been demonstrated that a high current-density, charge selected,
and low emittance ion beam is possible to extract from a laser ablated expanding
plasma [36, 37]. Experimental results show that the matching problem in which the
plasma meniscus change is overcome when the operating condition is controlled to
supply ions close to the space-charge limited current of the effective gap. At this
matching condition, the plasma flux equals the effective space-charge limited value,
and the emission surface becomes stationary. Using this configuration, a copper
beam with J. = 100 mA/cm? was produced with emittance ¢ = 0.25 mm-mrad,
and flattop pulse duration 500 ns [24].
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Fig. 9.6 Schematic of high current-density ion extraction from a drifting plasma

9.2 Longitudinal Beam Dynamics

One of the most significant differences between the physics of RF-accelerators and
induction accelerators is the longitudinal dynamics resulting from the two different
pulse formats. RF-accelerators generally form “micropulses” resulting from elec-
tric fields harmonically varying in time with frequency in the 100 MHz to several
GHz range (corresponding to micropulses spanning ~0.1 wavelength, of order 0.1—
1.0 ns). Macro pulses are formed by strings of micropulses. Induction accelerators
have no micro-pulses; instead macro-pulses in the ~20 ns to ~10 s range are
formed, which typically do not vary in current or energy during the “flattop” part of
the pulse, and have ends which are confined by the application of electrical fields
(sometimes called “ear” fields) which provide extra acceleration at the trailing end
(“tail”) of the pulse and some deceleration (relative to the flattop) at the leading end
(“head”) of the pulse. Since the beam length is typically large relative to the radius,
analysis is often carried out using a “g-factor” approximation to the longitudinal
electric field, to be discussed below.

The most complete solution to the coupled particle and field equations for the
ions in a beam is obtained through numerical simulation. It is noted that 3D particle-
in-cell methods, as well as direct Vlasov equation integrators have been used to
describe both the longitudinal and transverse beam behavior most accurately. How-
ever, their details are not discussed here, because they are beyond the scope of the
book.

9.2.1 Fluid Equation Approach

It is useful (for both a basic understanding of the beam physics and for accelerator
design) to characterize the parallel beam dynamics using a reduced set of equations
from the full Vlasov-Maxwell set. When the Vlasov equation is averaged over the
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transverse coordinates and over the longitudinal velocity, a set of longitudinal fluid
equations may be obtained. Since ion beam dynamics in induction accelerators is
typically non-relativistic, for simplicity we use a non-relativistic formulation:

oA JAv

—+—=0 9.20

at + a9z ( )
dv av q
— — =—-F 9.21
ot v 0z m : ( )

Here, z is the longitudinal coordinate, ¢ is time, A = f pdxdy is the line charge
density, p is the charge density, v is the average longitudinal fluid velocity, and
E, is the longitudinal electric field (the sum of the space charge and externally
applied field) averaged over the transverse coordinates. In Eq. (9.21), an additional
term (= — q;iz gl; where p is the one dimensional pressure averaged over the beam
radius a) has been dropped, because it is generally much smaller than the space
charge term. To close the equations, a relationship between the electric field arising

from space charge and the distribution of charge must be found.

9.2.2 “g-Factor” Descriptions of E,

For an axisymmetric beam and infinite in longitudinal extent, Poisson’s equation
can be solved elementarily:

A
T 2meor

(9.22)

Here r is the radial coordinate, and A (r) denotes the line charge within radius r [and
A without an argument denotes A(r — o0)]. When variations in » are much more

rapid than variations in z then
9% 3 9
i 9.23

972 <7 <8r 8r> ©-23)

and we may calculate the beam potential by integrating radially from the pipe radius
(where ¢ = 0) to the radius r. If the charge density (p = pp) is constant within the
beam (r < a) and p = 0 outside of the beam (r > a) then the potential can be

written:
o= [ sow —{

Now, E, = —d¢/dz may be calculated:

1 [1 2 A 1 27 /A
% _ Ty im2|2 o =2 ()22 (90
9z 2mep |2 a? aldz 2me a?|\a) 9z

! 2 b
T 5(1—27>+ln5] O<r<a ©924)
A

lné a<r<b

2meq
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If p = const, then A /a2 = const, and

oA 2) da
— == (9.26)
0z a 0z
so that
0 1 b\ oA
—4) = In— ) —. (9.27)
0z 2 € a) 0z
Thus,
—g 0A
= — 9.28
7 4meg 97 ©-28)

where ¢ = 21In(b/a). The assumption of p = const is most closely satisfied for
space-charge dominated beams. When the beam is emittance dominated, the beam
radius is not determined by A so da/dz ~ 0. In that case,

ap\ 1 [1 r? b7
(5) = 3 2 (1= (5) #0252 02

Here, the (...) denotes an average taken over the radial coordinate. For a circular
beam that has uniform density with respect to radius, (r2 /a2> = 1/2, so that for
emittance dominated beams, g = 21n(b/a) + 1/2. For beams that are intermediate
between space charge dominated or emittance dominated, or are not uniform over
radius, numerical evaluation may be required to accurately calculate g.

Combining Egs. (9.21) and (9.28) yields:

av v —gg 0
at 9z 2mmeg Oz

(9.30)

The fluid equations (9.20) and (9.30) may now be solved, since the electric fields
are treated as a local function of the line charge density, and the equations form a
closed set.

9.2.3 Rarefaction Waves

One application of the fluid equations derived in Sects. 9.2.1 and 9.2.2 is the analysis
of the longitudinal beam evolution of an initially uniform beam at the head or tail
of the beam, as the space charge self-field acts to cause the beam to expand. As a
mathematical simplification [38, 39] we assume that the line charge density initially
makes a step in z from its constant value A to zero at the position of the the beam
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end, which we place at z = 0. (Here we take z to be measured in the beam frame.)
Expanding Eqgs. (9.20) and (9.30) yields:

oA oA ov

LA A Y 9.31
ar TV T2 ©31)
v 9 N
O, 98 (9.32)
ot 0z 2mmegy 0z
2

It is convenient to define A=A/Ag, V=v/c; and { = vpz/cy and s = vgt where c;
= ggho/4meom, and vy is the beam velocity. Then Egs. (9.31) and (9.32) become:

04 oA v
3s ac ac
v v A _
3s ac | ac

0 (9.33)
(9.34)

We may try a similarity solution in the variable x = ¢ /s = voz/(css) = z/(cst).
Since d0x/ds = —x/s,and 0x/9¢ = x/{,sothat 0A/ds = (x/s)dA/dx, etc.,
then Egs. (9.33) and (9.34) can be expressed as a matrix equation:

JIA
V—-x A x|
|: 1 V—x:||:%_‘/:|_0' (9.35)

The substitution of the similarity variable x was successful in changing the fluid
equations (which are partial differential equations in two independent variables)
into a set of ordinary differential equations (with one independent variable), which
is much easier to solve. For a nontrivial solution to exist, the determinant of the
matrix in Eq. (9.35) must vanish. This implies that

A= (V-x)7 (9.36)
Taking the derivative of Eq. (9.36), and combining with the lower equation in

Eq. (9.35) yields the simple equation: dV /dx = 2/3. The general solution to (9.35)
is then:

2
V= 3° +C (9.37)

1 2
4A:<—§x+C) (9.38)

To evaluate the integration constant C, we make use of the boundary and initial
conditions. If the initial beam is such that A = 1forz < Oand A = 0forz > 0, itis
apparent that for ¢ > 0, the solution extends from position x_ to position x, where
x_ < 0and x4 > 0. Since A = 1 at x = x_, the solution requires x_ = 3C — 3.
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Similarly, A = 0 at x = x4, requires x; = 3C — 3. To establish the constant C, we
note that mass at positive z, originated at z < 0, so that mass conservation requires

—X_ = ;_* A(x)dx. From this constraint, simple algebra shows that C = 2/3,
implying x_ = —1 and x4 = 2. So the complete solution is:
1 x < —1
A={(-%3+3? —l<x<2 (9.39)
0 x>2
0 x < —1
V=130x+1) -l<x<2 (9.40)
0 x>2

The solution is plotted in Fig. 9.7. One qualitative feature of the solution is the space
charge driven expansion of the tip of the beam away from the beam interior at twice
the space charge wave speed (x = 2), and a rarefaction wave propagating towards

the beam interior at a speed equal to the space charge wave speed (x = —1).

Fig. 9.7 Normalized line 20F ' ' ' , 9
charge density A and velocity

V in a self-similar space 15F

charge rarefaction wave,

plotted against normalized >, 10k

position x = z/(cst) <

9.2.4 “Ear Fields”

As we have seen in Sect. 9.2.3, longitudinal space charge acts to increase the beam
length. In order, to counteract the space charge, induction accelerators can employ
externally imposed electric fields (so-called “ear fields,” so named because the volt-
age profile resembles the floppy ears of a dog with one ear up and one ear down).
These electric fields are also known as “barrier buckets.”

For a beam with a line charge that is a constant over a length a4 but that falls
off parabolically in the ends (each of length £¢nq), the line charge can be written:

1 |Z| < Zﬂat/2
A=2091—(zl — €aa/2)% /€24 Lar/2 < |z] < Lhar/2 + Lena (9.41)

end

0 Liat/2 + Lend < 12|
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Here z is the longitudinal coordinate measured in the beam frame, with beam center
at z = 0. Use of Eqgs. (9.41) and (9.28) results in an ear field equal to:

. 0 |z] < £fiar/2
sign[z]gAio )
E;=——— 1zl - Zﬂat/z)/zend Liat/2 < |z] < lfat/2 + Lena  (942)
Tey
0 Lhiat/2 + Lend < |2]

The maximum ear field for the line charge density (see Eq. 9.41) occurs at
|z] = Lfat/2 + Leng (i-€. the very tip of the beam) where it has value E; (max)
= gho/(weplenq). Other models for the line charge density distribution, of course,
will yield different results, but the value above is useful for order of magnitude
estimates. As an example, for Ag = 0.25uC/m, feng = 0.3 m, and g = 1, an
electric field of 30 kV/m must be supplied to by the average accelerating gradient of
the induction modules to keep the beam ends confined.

9.2.5 Longitudinal Waves

Just as pressure variations in a gas result in sound waves, line charge density fluc-
tuations in a beam result in space charge waves. We may calculate some of the
properties of space charge waves using the longitudinal fluid equations (9.20) and
(9.21). For ease of calculation, we work in the beam frame, and we consider a long
beam (ignoring the effects of the ends of the beam). We consider an equilibrium
with uniform line charge density Ao and because we are working in the beam frame,
zero equilibrium velocity (vg = 0). If we let A = Ao + A1 and v = vy + v; and
substitute into Egs. (9.20) and (9.21), and linearize, we find:

oAl 0]

— + 12— =0 9.43
o +Xo 2z (9.43)
0] n C% A _0 (9.44)
ot Ao 02 - '

Here cf = gghio/(4megm). Combining Egs. (9.43) and (9.44) results in the familiar
wave equation,

32)\1 2 32)»1

S -5 =0 (9.45)

This has the well known general solution

A =Ao (filusl+ f~lu_]),

(9.46)
v = ¢ (—folug] + folu_]).
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Here, u+ = z & ¢5t + Co, where Co is an arbitrary constant, and f; and f_ are
arbitrary functions. From the solution, one can show that a pure density perturbation
at + = 0 will decompose into a forward and backward going wave at later times.
A sub class of solutions to Eq. (9.45) are harmonic solutions of the form A; =
A1 expliot £ ik’z]. Here primes are a reminder that quantities are being calculated
in the beam frame. Substitution into Eq. (9.45) yields the dispersion relation:

o = teik! (9.47)

Thus the phase and group velocity of waves of all frequencies in the beam frame
is cg, the “space-charge wave” speed, which is consistent with the more general
solution (9.46).

9.2.6 Longitudinal Instability

In the previous section, the equations assumed that image charge and currents did
not change the longitudinal dynamics. However, image currents are impeded by the
induction gaps, giving a high effective impedance. Further resistance in the pipe
wall adds to the impedance although it usually gives a much smaller contribution
to the impedance. Further, the gaps can act like capacitors which also changes the
dynamics of the image current. We may model the physics of these interactions
in the simplest case by placing a resistor and capacitor in parallel with a current
source (equal to the image current). (See Fig. 9.8.) We may assume that a volt-
age AV is induced by the resistive and capacitive effects per induction module,
each separated by a distance L. The image current is a current source, and must
satisfy

dAV AV
I =C——+ — 9.48
+ TR (9.48)

The average electric field E = —AV L. Define C* = CL and R* = R/L. Let
I = Iy + Lexp[—iwt] and E = Ey + E;exp[—iwt] then linearizing Eq. (9.48)
yields:

LI K (9.49)
I 1 —iwCTR*
Fig. 9.8 Circuit =l IS
representation of one module —-¢ R (ID av §
of many, each separated by a
distance L S
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Now let’s return to the 1D fluid equations. Let . = Ao + A1 exp[—i(wt — kz)] and
v = vo + v1 exp[—i(wt — kz)] then linearizing Eqs. (9.20) and (9.21) in the lab

frame (in which vy # 0) and using the generalized impedance Z*(w) = —% and
I1 = Agvy + voip yields,
o — kvy —kXo A 0 9.50
_ 2 . * : * = .
;Sk + qu”(lw)vo o — kv() + tquﬁlw)ko [vl i| ( )

The determinant of Eq. (9.50) must vanish for non-trivial solutions, which yields
the dispersion relation:

[q Z* (w)\
(0 — kvo)2 _ kaQ + w

=0 (9.51)
We may use a Galilean transformation to calculate the wave vector and frequency
in the comoving beam frame (o’ = @ — kvg and k¥’ = k, where prime indicates
comoving frame variables). In terms of beam frame variables the dispersion relation,
Eq. (9.51) can be expressed as:

w? — k% + 2@ +k'vp) =0 (9.52)

igZ*(o', k')
m
Here, Z* (o', k') = Z* (0 = o' + k'v).
Let us now first examine the dispersion relation Eq. (9.52) when only resistance
is present. Rearranging Eq. (9.52) gives,

igR* g
! = ek’ |1 — "+ k'vg). 9.53
w Cs \/ Mc2k? (@' + k'vo) (9.53)

Using the definition of ¢, and assuming that the effects of the resistive term are small
(o' / k' >~ cy), and that the space charge wave speed is much less than the ion beam
velocity (c; < vp) yields

e aek 1 idmegR* v
o=k Im T
1/4
) 2re\2\ 1, (2I%
=k [ 1+ p X | cos | = tan p (9.54)
csk 2 cok
1 2r
—isin| = tan™! R
2 sk’

w ~ +ck! Filg for 2I'g /(csk’) << 1 (9.55)
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Here, I'r = 4mepcsvoR*/(2g). Since the linearized quantities (such as A; and
E)) were assumed to vary as expli(k'’z — w't)] choosing the upper sign in the
dispersion relation Eq. (9.55), implies that @’ = ¢k’ so that a line of constant
phase z = ct, is forward propagating in the beam frame, and we find that
the imaginary part of @’ is less than zero, which yields a decaying perturbation:
A1 o exp[—1gt]. Similarly, choosing the lower sign in the dispersion relation (9.54)
yields a backward propagating, growing wave. We define a logarithmic gain
factor G by

4mepcsvoR*

G =Tgt = (9.56)
2g

G is essentially the number of e-folds a backward propagating perturbation will
grow in time ¢. The gain of a perturbation will be limited by the finite time
in the accelerator (ts) or the finite propagation time from head to tail (£5/cy),
where ¢, is the bunch length. If the former condition holds, G is proportional to
Ccy X A(l)/ 2 and so G is intensity dependent. However, if the latter condition holds
G~ 4neov§R*At /(2g) where At is the pulse duration. Note that in this case G is

independent of the current.

9.2.7 Effects of Capacitance on Longitudinal Instability

As discussed above, a more general lumped circuit model that describes the
module impedance includes a capacitor in parallel with a resistor. The capac-
itance includes the “parallel plate” capacitance of the induction gap, and
could include externally added capacitance to mitigate longitudinal instability.
When Eq. (9.49) is inserted into Eq. (9.51) the lab frame dispersion relation
becomes:

iqZ* (W) ow

(@ — kvg)? — k> +
m

=0 (9.57)

When capacitance is included in the lumped circuit the full Eq. (9.49) is needed.
Separating the real and imaginary components of Eq. (9.49) yields:

R* R* + iwCTR*?
7" (w) = = : 9.58
@) = I 7wCTR = 1+ w?CRRR ©-58)
Inserting Eq. (9.58) into Eq. (9.51) yields:
2t a2 o
CYR*2) R*\
(@ — kvg)? — 2k? — 12 0 197 209 0 (959

m(l + 2C2R?2) * m(1 + w?C2R?2)
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Expressed in terms of I'g and the space charge wave speed c;, the dispersion relation
becomes:

2TR(cs/v0)@*CTR*  2IR(cs/vo)w

—kom)? — k2 — ‘ —
(@ = k)" — ¢ (1+@2CT2R*2) (1 + 02CT2R*2)

0  (9.60)

Equation (9.60) can be expressed in the beam frame as:

2Ig(cs/vo) (@ + K'vg)*CT R* 2T (cs/v0) (@ + k'vo)

(1 4 (w/+k/v0)2cT2R*2) + (1 + (w/+k/v0)2CT2R*2) =
9.61)

w/2 _ ka/Z _

It is clear, that if CT is large, the second and third term can be reduced, thus reducing
the instability growth rate. In particular, if 2(vo/c;) 'R R*CT << 1, then the third
term in Eq. (9.61) will be much less than the second, so the real part of the dispersion
relation will not be significantly changed, and thus ' >~ ¢;k’. In that case, the steps
leading to Eq. (9.56) can be repeated leading to:

, , . 2Tk
w = xck’ |1 —1i -
cok’ (1 + (k’voR*C1)2)

2
2Tk
=tk |14
' <csk’ (1+ (k/uoR*cT)2)>

1/4

(9.62)
1 20k
X | cos | — tan
2 csk’ (1 + (K'voR*CT)?)
b 2k
—1 8In | — tan —
2 sk’ (14 (K'voR*CT)?)
T, 2r,
W ~ 4k Fi R R <1 (9.63)

f
1+ KR CH2 ek’ (1 + (KuoR*CH2)

The growth rate now depends on k’ (at large k’). For a perturbation with k" less
than 27 /1, the perturbation wavelength would be longer than the beam length /5,
and so the perturbation is not likely to grow. So if 2rvgR*C7/l, > 1, the second
term in the denominator of the imaginary term of Eq. (9.63) will significantly reduce
the growth rate.

Consider an example, from a proposed application discussed in Chap. 10, a high
current heavy ion accelerator for inertial fusion. Typical designs might have beams
with ion velocities vy = 108 m/s, current I = 3 kA, bunch length [, = 10 m,
g = 1.8, R* = 100 Q/m, yielding a resistive growth rate I’z = 1.5 x 10> s~
The logarithmic gain G would be I'rlp/c; = 3 if the growth time were limited
by head to tail growth, or I'rlycc/vo = 1.5 if the growth time were limited by the
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Fig.9.9 Logarithmic Gain G of the longitudinal instability as a function of perturbation wavenum-
ber k, for R* = 100 Q/m, ct=o0 (upper curves) and CT =2 x 10710 F-m (lower curves), after
a growth time corresponding to /,/c;, where [, = 10 m and ¢; = 4.9 x 10° m, calculated from
numerical solution (solid curves) to Eq. (9.51), analytic solutions from Egs. (9.54) and (9.62) (long
dashed curves) and asymptotic expressions from Eqs. (9.55) and (9.63) (short dashed curves).
Other parameters are given in the text

length of the accelerator /¢, here assumed to be 10 m. IfCT =5 x 1012 F-m the
growth, there would be a measurable reduction in growth. Simulations [40] using
above parameters with 40 times larger capacitance, show essentially no growth of
a perturbation. Figure 9.9 shows the the logarithmic gain obtained from the exact
numerical solution of Eq. (9.51), using the parameters above, together with the ana-
Iytic solutions discussed above.

The above calculations may be repeated with finite inductance in the circuit
equation. The lesson to draw is that for high current applications, beam interactions
with the structure of the accelerator need to be assessed and, if necessary, addressed.
This low frequency longitudinal resistive instability is only one example of beam/
accelerator interactions. See Chap. 7 for an example of a high frequency transverse
beam/accelerator interaction known as the beam-break-up instability (or BBU).

9.3 Transverse Dynamics Issues

As mentioned in Introduction, the physics of transverse ion dynamics in induction
linacs has been not covered here. Beam dynamics in the non-relativistic and space-
charge dominated regime, which characterizes ions in induction linac, has been
extensively developed for RF linacs as well as induction linacs. A lot of articles
are available in Journal papers [41] and related topics have been given as lectures
at the established US particle accelerator schools [42]. In addition, there are crucial
and practical issues to design a beam transport line and analyze the behavior of ion
beam there. They are listed below.

1. Beam envelope mismatching originating from perturbations in the lattice param-
eters or beam loss through the beam line [42].

2. Coupling effects between transverse and longitudinal motions arising in longitu-
dinal beam manipulations [43-45].
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. Beam halo driven by nonlinear space-charge effects or beam core breathing [46].
. Two stream instability caused by the coherent interaction with electron clouds

emitted from the surrounding surface or created as a result of ionization of resid-
ual gas atoms [47].

. Transverse instability (BBU) caused by wake fields in the surrounding devices

[4].

Readers who are interested in these subjects are advised to refer to the related

articles shown above, and they should also be able to get useful information from
the recent proceedings of accelerator conferences such as PAC, EPAC, APAC, and
IPAC.
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