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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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PRELIMINARY REPORT ON MBE-4, AN EXPERIMENTAL
MULTIPLE-BEAM INDUCTION LINEAR ACCELERATOR
FOR HEAVY IONS

A.LL. WARWICK, D.E. GOUGH and H. MEUTH

Lawrence Berkeley Laboratory, Berkeley, CA 94720, U.S.A.

A small-scale experimental accelerator called MBE-4 has been constructed to
demonstrate the principle of a current-amplifying induction linac for multiple beams of
heavy ions. Four beams of Cslt, initially at 200 keV and each with a current of
10 mA have been accelerated and amplified to a kinetic energy of 700 keV and currents
of 90 mA apiece. Transverse focusing is achieved by means of electrostatic
quadrupoles; longitudinally the current is amplified and the beam bunch is held together
against the space charge forces by special time-dependent accelerating fields. We report
on the methods developed for designing and implementing the accelerating pulses and on
measurements of the transverse and longitudinal emittance of the accelerated beams.
Current fluctuations and the longitudinal emittance are initially almost zero and increase
as acceleration errors are accumulated. We discuss the final longitudinal emittance and
the current fluctuations in the experiment in terms of their acceptability for a large
heavy-ion-fusion driver. '

1. INTRODUCTION

If heavy ion beams (A = 200) are to be used to drive inertial fusion, a large
current is required (several kA) at a kinetic energy per nucleon of about 50 MeV/u.

An induction linac could efficiently accelerate high current beams of heavy ions.
Because the initial velocity would be non-relativistic (8 = 10-2), the head and tail of an
initially long bunch (60 m) could be differentially accelerated by time-dependent
accelerating pulses so that the current would be amplified during acceleration.

The high beam current would strain the technological limits of transverse
focusing if transported in a single channel. Multiple beams are preferred instead --
individually focused by electrostatic lenses at first, then by magnetic lenses as the
velocity increases. ,

Longitudinal control must be provided by specially time-dependent accelerating
fields which would accelerate the extreme ends of the bunch in such a way as to



counteract the longitudinal space charge forces. These forces would otherwise elongate
the bunch.

This driver scenario has been studied extensively and reported elsewhere.l In
this paper we report the performance of a small scale experiment to demonstrate the
principles of current amplification and acceleration in a multiple beam ion induction
linac.

MBE-4 has four beams. This is the smallest reasonable number with which to
demonstrate a multiple beam linac. Singly-charged cesium ions are used because of the
availability of high quality ion sources. The initial kinetic energy is 200 keV and each
beam bunch is injected with a current of 10 mA and a 2.5 pus duration. The initial line
charge-density in each beam is thus 1.9-10-8 cml, about 14 times smaller than at the
beginning of a representative driverl.

MBE-4 uses electrostatic quadrupoles for focusing throughout its length, as may
be used in the beginning of a driver.!

In order to avoid bunch lengthening, acceleration of the head of the bunch does
not begin until the bunch is entirely inside the linac. MBE-4 is 14 times longer than the
initial beam bunch, the length of which is short (1 m) compared to that in a driver
(60 m). The duration of the bunch (the time it takes to pass a given point) determines
the amount of ferromagnetic material required for the induction cores. Our short bunch
allows the experiment to be built at reasonable cost. The short bunch in MBE-4 means
that a significant portion of a driver, several hundred meters of its length, can be
modelled using a vigorous schedule of acceleration and current amplification in the 14-m
length of the experiment.

After about 400 m in a driver! the kinetic energy would have been increased by
about a factor of 10 and the current by about a factor of 5. In the length of MBE-4,
using a vigorous schedule, the kinetic energy is increased by a factor of 3.5 and the
current by a factor of 9. Thus for a given increase of kinetic energy the current
amplification is greater in MBE-4 than in a driver. Furthermore, each pulser provides a
much larger relative increase of the kinetic energy than in a driver, thus the subdivision
of the acceleration is much coarser. MBE-4 is then a stringent test of longitudinal
control through application of shaped accelerating voltages.



Table 1

Comparison of the parameters of MBE-4 with the a recent driver design

MBE-4 MBE-4 MBE-4 DRIVER DRIVER DRIVER
(gentle) (vigorous)

longitudinal
position (z) z=0m z=14m z=14m z=0m z=400m z=4 km
charge number 1 1 1 3 3 3
mass number 133 - 133 133 200 200 200
kinetic energy 0.2MeV 0.62MeV 0.70MeV 10MeV 100MeV 10GeV
B 1.8.10-3 3.2.103 3.4.10°3 10-2 3.2.1022 3.2.10°1
number of beams 4 4 4 64 16 16
current per beam 10 mA 35 mA 190 mA 0.78 A £15.6 A 625 A
line charge Cm-! 19108 13.6:10-8 18.6-10-8 2.6.107 1.6:10-6 6.5:10-6
overall bunch length 1.3 m 0.86 m 042 m 60 m 384 m 9.6 m
overall bunch duration 2.5 ps 900 ns 400 ns 20 us 4 us 100 ns
wave speed*ms-] 1.7-104 12.3-104 13.6-104 8.8-104 2.2:105 4.4-105

*The speed of a longitudinal space-charge wave in a frame moving with the bunch, using an empirically determined
value of 4me0g = 2.2 (see section 4.3).

Peak value.

tBeams merge transversely in sets of four, so that the current per beam increases by a factor of four at this point.

The essence of MBE-4 is the generation and application of the shaped
accelerating pulses and the measurement of the longitudinal beam dynamics that results.
Imperfect pulses give rise to kinetic energy errors in the bunch which propagate as space
charge waves and can be seen downstream as fluctuations in the beam current as the
bunch passes a measuring station. At the end of the accelerator the kinetic energy profile
of the bunch is measured to determine the degradation of the longitudinal emittance.

Although MBE-4 can be scaled for comparison to a driver in some respects, it is
not a high-current accelerator. One particularly important point which is not addressed is
the interaction of fluctuating high current beams with the structure impedance.

2. GENERAL DESCRIPTION OF THE ACCELERATOR

Figure 1 is a schematic diagram of the linac. The four-beam diode and its four
thermionic emitters have been described elsewhere.-3 The diode is mounted on a
200 kV Marx generator which pulses for 3 ps. After emerging from the diode the
beams can be individually steered3 to correct for mechanical misalignments of the diode,
this occurs at the location marked MO on Figure 1. After the steerers, the four beams
enter the first four-fold electrostatic quadrupole lens.4 The strengths of the first 8 four-
fold lenses are individually adjustable to allow the beams to be matched> from the diode
exit, where they are round and divergent, into the alternating gradient lattice.

The diagnostic station labelled gap O on Figure 1 represents the beginning of the
linac. Here the initial properties of the four beam bunches are measured. There follow
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Figure 1. A schematic layout of the accelerator.

six sections of linac, each consisting of five lattice periods. The gaps between
quadrupole doublets are labelled 1 to 30. Gaps 1-4, 6-9, 11-14, 16-19, 21-24 and 26-
29 are accelerating stations, every fifth gap is a diagnostic station. At each diagnostic
location the transverse emittance and the current can be measured as functions of time as
the bunch passes. At the beginning (gap 0) and at the end (gap 30) of the linac an
electrostatic energy analyzer measures the kinetic energy as a function of time.

Each accelerating station has a 'core-assembly' which is a set of silicon-steel and
nickel-iron toroids surrounding a vacuum insulator through which the four beams pass.
The toroids are looped by the primary drive circuit into which a capacitor is discharged
as the bunch passes. The design of these pulsers® will be described below. From the
point of view of beam dynamics, a time dependent voltage appears across the vacuum
insulator so that ions in the bunch are accelerated differently depending upon the time
when they arrive at the acceleration gap.

3. BEAMS WITHOUT ACCELERATION

In order to assess the degradation of beam quality during acceleration and
current amplification, we must first see how the beams behave when simply drifting
through the linac with the accelerating fields turned off. At the same time we can
determine the initial conditions for the problem of designing the accelerating pulses by
measurements at gap 0.

3.1 Initial current

Figure 2 shows the current in one of the four beams as a function of time as the
bunch passes gap 0. The head of the bunch is on the left and the time scale is referred
to an arbitrary origin which will be common to all the data shown in this paper. The
current in the bunch shows an early enhancement, then settles to a uniform value of
approximately 10 mA throughout the rest of the bunch. The enhancement is due to the
mismatch between the diode transit time (500 ns) and the Marx pulse risetime. The Marx
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Figure 2. The initial conditions for the longitudinal dynamics. The upper part of
the figure shows the current in one beam, the lower part shows the kinetic energy.

Both quantities are measured at gap 0 and plotted as a function of the time of arrival at
this diagnostic station.

pulse risetime has been optimized, subject to practical constraints, to minimize this
transient effect. Figure 3 shows oscilloscope traces of the current of the four beams at
gap 0. All beams look the same, with the magnitude of the current varying by *+ 8%
from beam to beam. These oscilloscope traces show many bunches superimposed.
There is essentially no shot-to-shot variation. This is important not only from the point
of view of diagnostics, but also from the point of view of beam quality, since

variations between one shot and the next are as damaging as variations within a single
bunch.

3.2 Initial kinetic energy

The kinetic energy of the bunch as a function of time can be measured with an
electrostatic analyzer located at gap 0. Figure 2 shows the results. The expanded
energy scale shows the combined effects of the diode transient and the Marx risetime.

This small energy variation from head to tail is measured in several shots, but again the
shot-to-shot variation is negligible.
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Figure 3. Oscilloscope traces of the current waveforms as the beams pass gap 0.
3.3 Transmission

The four beams, each with a current of 10 mA and 200 keV kinetic energy, are
transported through the MBE-4 lattice with zero-current betatron phase-advance of 60
degrees per quadrupole period. Table 2 shows the lattice parameters.

Table 2

Quadrupole lattice parameters (10 mA 200 keV)

aperture radius 27 mm

quadrupole voltage 16.1 kV (two poles at ground potential)
effective occupancy 47%

period length 18 inches



In a K-V beam with eny = 1.5.10"7 © m rad (as measured at gap 0, including
halo, see section 3.6) and a current of 10 mA, the betatron tune is depressed from 60
degrees to 12 degrees.

Beam currents are measured by Faraday cups in which the secondary electron
effects are suppressed by electric fields. By digitizing the signal and integrating
numerically, the total charge in the bunch can be measured at each diagnostic location.
Figure 4 shows the measured transmission from gap O to gap 30. There are some
transverse losses because the aperture is full during matching upstream of gap 0 (4%).

The beam has a halo in transverse phase-space at gap 0. These halo particles
represent a few percent of the intensity and are presumably lost early in the accelerator
because the halo is not visible further down the linac and the emittance is reduced (see
section 3.6). These losses are not seen clearly in Figure 4 because these integrated
charge measurements also show the loss of the low energy tail, which is generated in
the diode as a transient turn-off effect. The low energy tail particles may not actually
be lost but are left behind by the drifting bunch until they are undetectable above the
electronic noise.

Taking these two effects into account there are no other losses observed.
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Figure 4. Transmission in MBE-4 without acceleration. The transmitted charge
is measured and plotted at each diagnostic station.

3.4 Final current
Figure 5 shows the current waveform for one beam after drifting to gap 30.

Longitudinal space charge forces have distended the ends of the bunch? leaving only the
central portion with the initial current of 10 mA.



Current {mA)
[=1]

209
208
207
206
205
204
203
202

200

Kinetic energy (keV)

199
198
197
196

195

Figure 5. Current and kinetic energy waveforms at gap 30 after drifting through
the linac. The upper part of the figure shows the current in one beam, the lower part

shows the kinetic energy.

3.5 Final kinetic energy

Figure 5 shows the kinetic energy waveform of the bunch after drifting to gap
30. Here too one can see the effects of the longitudinal space-charge forces accelerating
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the head of the bunch and decelerating the tail.

3.6 Transverse emittance

The un-normalized transverse r.m.s. emittance is obtained from the measured
projection of the phase-space density on the x-x' plane, where x is the transverse
coordinate and x' is its derivative with respect to z, the beam direction. Thus,

€rms. = [ <x2><x2> - <x x'>2 112

The normalized emittance has the dependence on the beam velocity removed:

eN = 4Bferms.

34
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The transverse emittance is measured carefully at the diagnostic gaps; 0, 5, 10,
15, 20, 25 and 30. Our technique8 involves slits and detectors which move through the
beam profile and about 1000 shots are required for a complete measurement of one
beam in one transverse phase space plane, at one location.

Figure 6 shows emittance plots in one plane for the longitudinal center of the
bunch at gap O and gap 30. The superimposed ellipses represent the phase-space
distributions of K-V beams? with the same r.m.s. radii, divergence and emittance. The
emittance is larger at gap O (€;m s, = 20 mm mrad, including about 95% of the intensity)
because of the presence of a halo, which represents a few percent of the intensity.
These halo particles are lost early in the linac. Subsequently the emittance maintains the
same lower value (€rms, = 12 mm mrad, including about 95% of the intensity) to the
end of the linac.
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XBL 8810-3722
Figure 6. Measurements of the horizontal transverse phase space projection of a

drifting beam. Measurements are shown at the beginning (gap 0) and at the end (gap 30)
of the linac. The ellipses on the emittance plots show the phase space distribution of a
K-V beam with the same first and second moments as the measured distribution.
Approximately 95% of the intensity is included in these emittance plots. The larger

values of emittance at gap 0 are due to low intensity beam halo which is not transmitted
through the linac.



Figure 7 shows the transverse profiles of the beam bunch as a function of time
of arrival at detectors located in gaps 0 and 30. These profiles are obtained by scanning
a slit across the beam and would be elliptical for a uniform beam.

At gap O the bunch is cylindrical but non-uniform and somewhat hollow. This
follows exposure to non-linear transverse fields in the diode and matching section,
where the beam fills the aperture. The transverse profiles change continuously through
the linac.

At gap 30 the bunch ends have been distended by the longitudinal space-charge
force and the radius decreases as the current decreases towards the ends of the bunch.
The beam is hollow midway through the length of the bunch but fairly uniform in the
distended bunch ends.

Horizontal Beam Profile

XBL 8810-9274
Figure 7. Transverse beam profiles through the length of the bunch at

gap 0, and drifting to gap 30. These profiles are measured by scanning a slit across the
beam and would be elliptical if the beam were uniform.
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Figure 8 shows the r.m.s. properties of one of the beams at gap 0 and at gap
30, as-a function of time as the bunch passes.
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Figure 8. Parameters of the horizontal phase space projection of a drifting beam
as a function of position in the bunch. The top part of the figure shows measurements
at the beginning of the linac (gap 0), the lower part at the end (gap 30).

Before extracting these r.m.s. quantities it is essential to establish a phase-space
density threshold below which signals from the detectors are ignored. Otherwise
electronic noise appears as a false, low density population of the transverse phase space,
uniform across the scanned phase-space area. '

One can see again the larger value of the emittance at gap 0 due to halo which is
not transported through the linac. -

11



The r.m.s. quantities, particularly the r.m.s. emittance, are sensitive to the
magnitude of this threshold, which inevitably excludes a small fraction of the beam. The
emittance is plotted in Figure 8 with a constant threshold, at the lowest level necessary
to eliminate noise. This constant threshold level is fixed throughout the duration of the
bunch and at gap 30 results in a value of €rm s biased towards lower values in the
distended bunch ends, where the beam current decreases and the constant threshold
removes an increasing fraction of the real particles.

The emittance is also plotted for a threshold at a fixed fraction (10%) of the
maximum phase space density as it changes through the length of the bunch. This
eliminates the bias towards lower values of € m g, at the bunch ends; the reduced values
persist.

Our expectation was that the emittance would be unchanged as the bunch ends
distend. The beam radius decreases as the current decreases towards the head and tail
of the bunch (Figure 7). The transverse temperature (angular spread) of the bunch
increases as the radius goes down but not sufficiently to maintain constant emittance.
2D PIC simulations in the transverse plane have shown a slight decrease in the r.m.s.
emittance (6%) as the current decreases, due to rearrangement of the transverse profile
as we move from the space-charge-dominated regime towards the emittance-dominated
regime. There is a noticeable change in the measured transverse profile of the bunch
towards a more uniform cross section in the distended bunch ends. However 2% D PIC
simulations of the distension of the bunch ends have not shown r.m.s. emittance
reduction at the level of the measurement shown in Figure 8.

3.7 Interaction between beams

We have checked for mutual repulsion between the beams!O and found no
effect, as expected, except for a 3 mrad deflection in the ion source which was

compensated by the electrostatic design of the diode3.

4. DESIGN OF THE LONGITUDINAL DYNAMICS

It seems worthwhile, at this point, to explain the constraints which apply to the
longitudinal motion of particles within the bunch of an ion induction linac used to drive
inertial fusion.

The bunch as a whole is accelerated through the linac. In a frame moving with
the longitudinal centroid of the bunch we can ignore this motion. Ignoring space charge
too, for the moment, one might like to ensure ‘phase-stability’ by the conventional
method of imposing a linear external longitudinal force directed towards the middle of
the bunch, inducing phase oscillations within the bunch. This is not possible for a
fusion driver such as is shown in Table 1, because of the small momentum spread
allowed by the final lens (Ap/p = 10-4 at the end of the linac), for focusing onto the
pellet. The bunch is so long that a particle which performs a phase-oscillation from one
end to the other in the transit-time of a driver linac would exceed the allowable

12



momentum spread. The bunch must have a momentum spread so small that even in the
absence of phase. stability individual particles have no time to travel longitudinally out of
the bunch.

The length of the bunch is reduced during transit through the linac by setting up
a small ordered momentum tilt which causes the bunch ends to move closer together.
This tilt is to be removed before the final focus. In the bunch frame this is the only
longitudinal motion deliberately imposed on the interior of the bunch.

As far as space charge is concerned, we might hope for a uniform ellipsoidal
bunch which, in free space, would have linear transverse and longitudinal space charge
forces. However the aspect ratio of such an ellipsoid would be extreme (1 m long and
2 cm wide at the beginning of MBE-4) and when enclosed in the conducting accelerator
structure the longitudinal space charge force would be greatly modified. For slow
variations of the line charge density (A) through the length of the bunch this force is
then proportional to dA/oz. It must be explicitly compensated by the external fields.
During this compensation some particles may acquire a momentum error too large for
the final focus. _

Finally we may choose to apply longitudinal fields to reflect back any particles
which do escape from the ends of the bunch. These particles will re-enter the bunch
with 2 momentum error which may be too large for the final focus.

4.1 Computing the longitudinal dynamics

In order to design the accelerating pulses and tune them in the accelerator it is
necessary to compute the longitudinal dynamics. This has been accomplished by means
of a simple one-dimensional computer simulation!! 'SLID' which can be run quickly on
a small computer. A small number of macro-particles, e.g. 75, are assembled with
equal spacing to form a bunch. Each particle has a charge and a kinetic energy to
correctly reproduce the measured bunch current and kinetic energy waveforms at gap O.
The longitudinal equations of motion are integrated through the linac.

The longitudinal space-charge field is calculated in the long wavelength
approximation:

E=-(goA\oz)/y?

A is the line charge density, 7 is the Lorentz factor and g is a parameter including
the shielding effects of the metal electrodes that surround each beam.

The longitudinal external fields are represented by instantaneous increments of
the kinetic energy of each particle as it crosses an accelerating gap. These increments are
given by the measured value of the accelerating voltage at the gap when the particle
Crosses.

The finite width of the gap and the corresponding transit time are taken into
account by numerical smoothing of the measured accelerating voltage pulses. The
acceleration gap transit time at 200 keV is 300 ns. Fourier components at frequencies
higher than the inverse transit time of a particle of average kinetic energy are removed.

13



As the bunch passes each gap a picture is built of the current and kinetic energy
waveforms as functions of time, just as would be seen by a diagnostic instrument at
that location. '

The calculation is valid for a bunch in which the macro-particles are fairly evenly
spaced. As two particles approach one another due to differing velocities the results
become unreliable. Thus our SLID computations are good for bunches of zero
longitudinal temperature in which the particles do not overtake. Overtaking at the bunch
ends occurs towards the end of the accelerator as a result of the intermittent application
of the longitudinal forces. The simple longitudinal computations described here are of
litle use afterwards. as the kinetic energy is no longer a single-valued function of
position in the bunch.

4.1.1 Determination of the g-factor

The factor g in Equation 1 can be determined empirically by comparing the
computed current and kinetic energy waveforms for a drifting bunch with those
measured. Figure 9 shows a comparison of the measured and computed current
waveform for a beam drifting to gap 20. The computations are shown for three
different values of g. A single accelerating pulser firing at gap 6 has been applied to the
later half of the bunch giving a velocity perturbation which evolves as a space-charge
wave. By computing this evolution we can verify that the long wavelength
approximation with an empirically determined g factor can successfully reproduce the
evolution of both the mid bunch perturbation (where the line charge density and the
beam radius change by a moderate amount) and the behavior of the end of the bunch
(where the line charge density and the beam radius are reduced to zero). We find a
value for g:

4mey g =22 0.2

4.2 Ideal accelerating pulses and current self-replication

As well as tracking the longitudinal behavior of the bunch through the linac for a
given set of accelerating pulses, the computations are used to initially design the
schedule of acceleration and current amplification. This entails the specification of the
shape, timing and amplitude of the accelerating voltage waveforms at each accelerating
gap.

The bunch begins with a fairly uniform current as it traverses gap 0. We would
like the current to remain uniform while it increases during acceleration. This is called
"current self-replication”.11 There is a particular distribution of velocity along the bunch
which, in the absence of forces acting subsequently on the particles, will preserve the
shape of the current waveform, while increasing its amplitude and decreasing its
duration. Expressed as a function of time and position, this velocity distribution has the
form:

v=1(-2z/n-9

14
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Figure 9. Current waveforms of a drifting beam, measured at gap 20, with a
velocity perturbation introduced into the middle of the bunch. The longitudinal space
charge forces have caused the perturbation to evolve and the bunch ends to erode. The
solid lines are computations using the one dimensional simulation SLID with g =
1.2,2.2 and 3.2. The computations begin from the initial conditions of Figure 2.

The two free parameters & and 1 are the coordinates of the longitudinal (virtual)
focus downstream and determine the vigor with which the current and velocity increase.

We define the "ideal" accelerating voltage waveform to be the voltage required at
a particular accelerating gap to accelerate and to recover this functional form for the
velocity from the actual velocity distribution. The "ideal" waveform thus includes
corrections for previous acceleration errors and for the uncorrected space charge effects
upstream. This "ideal" waveform is not really ideal. It will try to reproduce the present
shape of the current waveform, uniform or not. It includes no correction for previous
acceleration errors which have been converted from kinetic energy errors into potential
energy errors by the action of the space-charge forces and show up as current
fluctuations, nor does the ideal waveform anticipate the effects of space-charge yet to
come. This last deficiency is particularly relevant for computing the intermittent
longitudinal focusing forces, where subsequent space-charge effects should be
anticipated.

At each accelerating gap one invariably fails to realize the "ideal" waveform, so
that the "ideal" waveforms on successive gaps become more and more intricate functions
of time. In this way the "ideal" waveforms are a computational tally of the accumulated
acceleration errors.
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An initial set of "ideal" accelerating waveforms was the basis for the engineering
design of the induction acceleration units, described in Section 5. After these were
installed on the accelerator an empirical tuning procedure was necessary. This will be
discussed in Section 6.

4.3 Longitudinal space charge waves

The long wavelength approximation for the longitudinal space-charge electric
field, together with the equation of continuity, give rise to a simple wave equation:

020,/0z2 = [ m/(Ao g q) 1 0ZA,/012

where m and q are the ion mass and charge, and A, is a small perturbation to the
line charge density A, .

There is no dispersion and the wave velocity in the frame moving with the bunch
is:

c=[(ogq/m}2
4.3.1 Waves in MBE-4

The bunch at the beginning of MBE-4 has A, = 1.9.10-8 Cm-! giving a wave
velocity in the bunch frame:

c = 1.7 coo/us.

A typical acceleration error of 1 kV at the beginning of MBE-4 where the
kinetic energy is 200 keV gives a velocity perturbation in the bunch frame of:

v, bunch — (Volab/z)(Tllab/TOIab) = 0.14 cm/us

where T is kinetic energy, v is velocity, the subscript denotes the perturbation or
the unperturbed quantity and the superscript denotes the frame of reference.

An acceleration error of this size becomes less significant as the beam energy
increases.

Because the perturbation velocity in the bunch frame is significantly smaller than
the wave velocity, acceleration errors propagate through the bunch as waves. However,
at the extreme ends of the bunch where the charge density and the wave speed become
small the wave picture breaks down.

The amplitude of the charge fluctuation is related to the amplitude of the velocity
fluctuation in the bunch frame by the expression:

)LI/)\'O - Vlbunch /c

16



so that a sinusoidal kinetic energy error with an amplitude of 1 kV will consist of two
equal and oppositely moving waves which, for constant Ao, will oscillate into a current
fluctuation of * 8% with a frequency which depends on the wavelength of the error.
As A increases, the amplitude of the current fluctuation decreases.

We consider a typical MBE-4 accelerating error at gap 1 with a frequency of
1 MHz, giving a wavelength in the bunch frame of 0.54 m. The resulting waves will
oscillate one quarter period while the line charge density changes only slowly. The
current fluctuation will be at a maximum after about 8 s, when the bunch is 1/3 of the
way through the linac.

4.3.2 Waves at the beginning of a driver

We consider the effect of the same 1 kV acceleration error, with the same
frequency of 1 MHz, at the beginning of a driver, where the beam kinetic energy is
10 MeV (Table 1). The resulting waves will now oscillate into current fluctuations of
approximately + 0.2% about 25 m down the linac. It is clear that current fluctuations
are more easily apparent in MBE-4. Errors are more damaging when the beam kinetic
energy is low, and the resulting current fluctuations are larger when the line charge
density is reduced.

5. PULSER DESIGN

MBE-4 is a non-relativistic induction linac. It is unusual, in that the control of
the longitudinal dynamics within the bunch must be explicitly provided by the designer.
The main purpose of the experiment is to explore the practical difficulties of achieving
this control and of achieving the required precision in shaping the accelerating pulses.
“We have built two types of pulsers. At the beginning of the linac several pulsers,
individually shaped and switched by thyratrons, are summed at each gap. Towards the
end of the linac, larger single pulsers are used, switched by spark gaps.

5.1 Design waveforms and thyratron pulsers

Longitudinal simulation computations have been performed to determine an
accelerating voltage waveform for each accelerating gap so that the initially uniform
current waveform remains fairly uniform during acceleration and current amplification.12
Figure 10 shows these waveforms for each accelerating gap. Since computations such
as these depend on the details of the initial conditions, and since pulsers may have to
make up for prior errors in the acceleration schedule, the waveforms of Figure 10 are a
first estimate of what will finally be needed.

In the first half of the linac, pulsers switched by thyratrons are employed. We
do not attempt to achieve the shaped voltage on the gap with a single thyratron pulser,
instead two or three pulsers are summed, giving some flexibility of shaping, since each
has variable timing and amplitude. We work with two generic single-pulser voltage
waveforms, each represented by simple parameterized functions. These parameterized
waveforms have the following forms:
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V= Voll-{(t- t)M)2 t<7
V=Voexp{(t1-ti/2} t>7

and
V = VIl - cosn(t/1)]

The ideal waveforms of Figure 10 are fitted by a sum of two or three of these
parameterized curves.

When the basic accelerating waveform is parameterized at each gap, simulation
runs using these parametrizations are used to design the special shaping, and extra
pulsers, required at various gaps to achieve longitudinal focusing.

MBE-4 Ideal Waveforms

/—/
/
28 L=

Gap Voltage (kV)

Beam Time (micro-seconds)

XBL 855-2342

Figure 10. Design accelerating voltage waveforms for each gap. These shapes
are calculated without space-charge.

5.2 Core material

In order to keep down costs, the core material was obtained inexpensively from
various sources. Table 3 shows the arrangement of cores on each gap.
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Table 3

Core arrangement, showing number of cores of each type at each accelerating gap

core  gap
type

single .5"
Ni-Fe

1234

3333

6789

111213 14

16 17 18 19

21222324

26 27 28 29

triple S
Ni-Fe

3333

2221

sihgle 1.4"

Si-steel

2224

double 1.4"

Si-steel

single 4"
Si-steel

1

1

5.3 Circuit models

Having specified the core that each thyratron pulser is to drive, and the
approximate voltage waveform to be achieved, a circuit model is set up. The core is
modelled as a resistor and an inductor in parallel, with values depending on voltage and
empirically determined for each core-package. Pulser circuits are designed and analyzed
using the circuit solving program SPICE!3. Figure 11 shows the modeling of the two
generic pulser types which were actually built. The capacitors are switched by a
hydrogen thyratron (English Electric:CX1622 or ITT:F227) and can be charged up to
about 25kV. Figure 11 shows an example of the waveforms achieved. Figure 12
shows several pulsers summed on gap 11 to fit the design accelerating waveform.

5.4 Spark gap pulsers

From Figure 10 one can see that the last sections of MBE-4 require flat
accelerating pulses. Furthermore, because the kinetic energy has by then been
significantly increased, the effect of acceleration errors is greatly reduced. For these
reasons, and in order to develop broader experience with induction acceleration units, a
different strategy was adopted for the last half of the accelerator. Three large 60-kV
pulsers, switched by spark gaps, were installed at gaps 17 and 18, 22 and 23, 27 and
28. Each of these large pulsers drives two core packages and the voltage waveform
appears across two adjacent gaps simultaneously and lasts long enough for the bunch to
completely traverse the pair of gaps. This represents a rather crude attempt at matching
the design waveforms; hence, smaller pulsers, switched by thyratrons, are installed on
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Figure 11. Modeling the two generic thyratron pulser circuits. On the left are the
equivalent circuits to be solved. Values of the components have been determined
empirically. The equivalent resistance of the core depends on the charge voltage. The
solutions are shown in the middle and to the right are the measured voltage waveforms.
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Figure 12. An example of actual accelerating voltage waveforms summed at gap
11 to fit a design waveform. The design waveform was calculated taking into account

space-charge effects and the errors on previous accelerating gaps.
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the remaining gaps 16, 19, 21, 24, 26, 29 with which to make corrections. Figure 13
shows the circuit for these spark gap pulsers, and an oscillogram of the voltage across
the accelerating gap.
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Figure 13. The circuit of the spark gap pulsers and the voltage produced at the
accelerating gap. No modelling was done in this case.

6. ACCELERATION AND CURRENT AMPLIFICATION
6.1 The "vigorous" acceleration schedule

Here we describe the implementation of a vigorous acceleration schedule in
which all pulsers are used close to their maximum voltages. The pulsers are designed

and built based on the computed ideal waveforms. There remains some flexibility to
retune the acceleration schedule to minimize current fluctuations by varying the timing
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and amplitude of the pulsers. We proceed as follows. The pulsers are tuned to be close
to the schedule . oltage waveforms prescribed by the simulations. Because of the
need for any given pulser to make up for the deficiencies of its neighbors and because
of the way "currenit-self-replication” can exacerbate current fluctuations, empirical tuning
is necessary, i.e., changing the accelerating voltages to minimize current fluctuations
wherever they can be measured throughout the linac. A simulation run using the actual
voltage waveforms on each gap acts as a guide for this tuning procedure. The
calculations show precisely at what time the bunch arrives at each accelerating gap and
indicate the location of voltage fluctuations corresponding to current fluctuations
downstream. Figure 14 shows selected plots from such a calculation, and the
corresponding current waveforms measured at gaps 5, 10 and 15. After gap 20,
particle-overtaking occurs and our simple simulations are no longer useful.

GAP 5 ' GAP 10 GAP 15

Wer T ] @by TN ] ke T
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e Simulation L : /
- 200 keV ~MA L 250 keV" {MAL 250 kev 41 mA
r 16 s 116 {40
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XBL 885-8892

Figure 14. Simulation results using the measured accelerating waveforms to track
the current and kinetic energy through the linac. The simulations are valid only up to
gap 20 where particle overtaking occurs.

Figure 15 shows the measured beam current waveforms at each diagnostic gap
when tuning is complete. No current fluctuations are seen until the wave caused by the
first acceleration error has had time to oscillate one quarter wave period (see section
4.3.1). In this schedule the duration of the bunch decreases from 2.5 pus to 400 ns and
the current is amplified by a factor of 9. Fluctuations in the current waveform of
+ 10% are apparent. Because the risetime of the pulsers is no faster than 200 ns the
longitudinal focusing produces bunch ends with approximately this duration, so that by
gap 30 the head and tail account for two-thirds of the bunch length.
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Figure 15. Measured current waveforms at each diagnostic gap under the
vigorous schedule of acceleration. Several shots are superimposed.

In this schedule there is limited flexibility in the control of the bunch ends. It is
particularly interesting to see in figure 15 how the ends of the bunch behave. The first
longitudinal focus impulse is at gap 4. It is an extra pulser which acts to speed up the
tail of the bunch. The results are seen at gap 15, the tail is steepened and a small spike
appears where the focus pulser has affected the interior of the bunch. Subsequently the
tail slows and spreads under the longitudinal space charge force. The first focus
impulses on the head of the bunch are at gaps six and seven. Here we modify the main
pulsers to refrain from accelerating the head of the bunch, causing the head to slow,
and steepen at gap 20. Again a small spike appears where the focus impulse has
intruded into the body of the bunch. Subsequently the head speeds up and spreads
under the longitudinal space charge force.
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Figure 16 shows the current waveforms for all four beams at gap 30. The
longitudinal dynamics is the same for all of the beams.
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Figure 16. Current waveforms of all four beams at gap 30 under the vigorous
schedule of acceleration. Several shots are superimposed. :

6.1.1 Final longitudinal emittance

We have measured the longitudinal emittance at gap 30 after acceleration. The
beam is collimated by a narrow horizontal slit (.003") and deflected onto a narrow sense
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wire where the incident current, amplified by secondary electron emission, is observed.
The system is sensitive to ions with kinetic energy within 0.3% of a central value which
depends on the magnitude of the deflecting electric field. The detection system has a
time resolution of about + 10 ns. We observe several shots at a fixed deflecting voltage
to include the effect of shot-to-shot variations in our measured emittance. The
deflecting voltage is then changed to build up a picture of the longitudinal emittance.

Figure 17 shows the results. The shot-to-shot variations contribute to the width
of the distribution, although in the narrowest regions these variations are unresolved.
The systematic acceleration errors are a more important source of longitudinal emittance,
giving kinks in the plot which contribute to the area of an ellipse drawn around the
distribution.
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Figure 17. Measured longitudinal phase space distribution for one of the four
beams accelerated vigorously to gap 30. The contours are logarithmic and include the
effect of shot-to-shot variations. If one encloses the distribution in an ellipse the area is
approximately 47.10-3 eV s.
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Disregarding the large systematic error at the head of the bunch, which could
have been corrected if more pulsers had been available, we estimate the area of such an
ellipse to be:

T €longitudinal = 4.0-10-3 weV-s

6.2 The "gentle" acceleration schedule

In the interest of more flexibility to correct acceleration errors and to control the
bunch ends in MBE-4, we have developed a gentle acceleration schedule in which
several of the acceleration gaps are devoted exclusively to making small acceleration
corrections.

We envision that in a large fusion driver one would want to make acceleration
corrections at intervals spaced down the accelerator so that preceding acceleration errors
could be corrected before they develop into current fluctuations. (These intervals may be
about ten meters long at the beginning of a driver, see section 4.3.2). This would allow
one to build pulsers which were less flexible, in the main, provided the resulting
accelerating voltage errors could be precisely removed at the correction station. We
imagine the correction pulsers, of small amplitude, would be rather flexible and could be
more expensive and/or less efficient if necessary. These interspersed correctors would
also be the natural place to apply voltages to control the bunch ends.

In the gentle schedule on MBE-4 gaps 9, 11, 16, 21 and 26 are to be correction
locations, given that current fluctuations will emerge a few meters downstream from the
original error (4.3.1). We have installed small-amplitude pulsers which can be turned
off and on, reversed in polarity and moved around in time and amplitude. Figure 18
shows an example of one of these correction voltage waveforms.
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Figure 18. An example of the individual correcting voltage pulses, three or four
of which are used at several accelerating gaps in the gentle accelerating schedule.
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The price to be paid in giving up core material for correctors is a somewhat
reduced average accelerating gradient and a lower final kinetic energy.

We also implement a lower factor of current amplification. The beamlet current
increases from 10 mA to 35 mA in this schedule.

The tuning procedure is similar to that for the vigorous schedule. The simulation
code SLID is used to design the schedule using "ideal" waveforms and zero voltage at
the correction gaps. Pulsers are tuned on all gaps except the correction locations and
SLID can compute the longitudinal dynamics once more, this time using the actual
accelerating voltage waveforms at the accelerating gaps and 'ideal' waveforms at the
correcting gaps. This gives an idea of the corrections required. The correction pulsers
are finally tuned by looking at the current waveforms throughout the linac itself.

Figure 19 shows a selection of the accelerating voltage waveforms used for the
gentle schedule. The bar under each voltage waveform shows the timing of the bunch
at that gap. At gap 3 we are partially correcting the kinetic energy profile for the diode
transient effects (see Figure 2). At gaps 6 and 8 we apply a voltage which is ramped,
to establish the velocity tilt from head to tail for current amplification. Gap 9 (not
shown) is the first correction gap, where the longitudinal space charge effects at the
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Figure 19. Composite accelerating voltage waveforms at several gaps, used for
the gentle accelerating schedule. The solid bar under each picture shows the timing of
the bunch at that gap.
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bunch ends are empirically compensated. Gaps 11 and 16 are the next correction gaps,
several small correction pulsers are shown, tuned empirically to minimize current
fluctuations. Gap 14 is ramped up to compensate for gaps 12, 13 (not shown) which
were ramped down due to core configuration constraints. Gaps 17 and 18 are driven by
the same large spark-gap pulser and their voltage waveforms appear simultaneously.
However the bunch arrives first at gap 17 then at gap 18, as shown, and the tail of the
bunch sees a rapidly falling voltage at gap 18. Gap 19 is tuned to make up for this
deficiency at gap 18; and so on through the linac to gap 30.

Figure 20 shows the current waveforms measured at each diagnostic gap under

this schedule.
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Figure 20. Measured current waveforms at each diagnostic gap under the gentle
schedule of acceleration. Several shots are superimposed.
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6.2.1 Final longitudinal emittance

The longitudinal emittance is measured at the end of the linac and is shown in
figure 21. The contours are logarithmic in intensity. The measurement is made over
about 100 shots and includes the shot-to-shot variations in kinetic energy and arrival
time. These shot-to-shot variations arise from small variations of the voltage pulses
from the accelerating modules and give rise to the finite width of the distribution in
figure 21. Some systematic perturbations are observable at the bunch ends, but much
less than in the vigorous schedule. At the ends the kinetic energy is not a single-valued
function of the arrival time, even in a single shot, due to the effects of the correcting
pulsers which are used for control against the longitudinal space charge force. The area
of an ellipse surrounding this distribution is again set by the systematic acceleration
errors and is estimated to be:

T €longitudinal = 3.0-103 teV-s
which is 75% of the value previously obtained.

We now address the relationship between the longitudinal emittance achieved in
MBE-4 and that required in a fusion driver.

The uncorrelated acceleration errors acting, at each gap, on a particular slice of
the bunch length, contribute to the final momentum spread like a one dimensional
random walk with a step size decreasing down the linac. The contribution is largest
from the beginning of the accelerator because of subsequent acceleration and subsequent
bunch shortening.

In order to derive a simple expression for the final momentum spreadlS we
assume that the voltage (AV) applied to the beam is the same at each gap, with

uncorrelated errors having the same root mean square magnitude (V<n2>.AV) where n
is the fractional voltage error. We parametrize the bunch length through the linac as

1~ V-1/4
Then the final r.m.s. momentum spread is given by:
Aprms/p={ (<nZ> Vil2) /(2N Vi/2) }172
where N is the number of accelerating gaps, Vr is the beam kinetic energy at the
end of the linac and Vj is the kinetic energy at injection.
In MBE-4, V; = 200 keV, V¢ = 620 keV, N = 21 and the maximum accelerating
voltage error is about 2.5%, giving <n2> = 2:10* for a uniform distribution of random

error amplitude with zero mean. Using these parameters in the formula above and the
bunch duration from Figure 21 gives

T €longitudinal = 3.6:103 7 eV-s

which 1s close to the measured value.
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Using the same accelerating voltage and accelerating errors in a fusion driver
with Vj= 10 MeV and V¢= 10 GeV (Table 1) gives N = 1.5-105 and

Aprms/p = 1.5.104

This is close to the maximum value of 1 to 2.10-4 that would be allowed under
the constraints of the final focus onto the fusion target. This analysis is consistent with
an earlier estimate of the accelerating voltage errors allowable in a driver, discussed by
Faltens and Keefel6, who concluded that voltage errors had to be controlled to 1%. It
should be noted that in this scenario there is no phase space available for longitudinal
emittance growth through the interaction of high current beams with the accelerator
impedance.
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Figure 21. Measured longitudinal phase space distribution for one of the four
beams accelerated gently to gap 30. The contours are logarithmic and include the effect
of shot-to-shot variations. If one encloses the distribution in an ellipse the area is
approximately 3w.10-3 eV s.
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6.2.2 Transmission

The transmission was measured under the gentle schedule by digitizing current
measurements at each diagnostic station and integrating numerically. There is a tail to
the bunch at gap O (see Figure 3) which is not accelerated and falls behind (Figures 15,
20), until it can no longer be detected. We are concerned with the transmitted fraction
of the bunch proper, the loss of the tail under acceleration is not of interest. In
Figure 22 we plot the transmitted charge integrated from the head of the bunch up to
that point where the tail begins, the knee in the curve of integrated charge versus time,
with error bars to reflect the uncertain location of this point. We conclude that there are
no other measurable losses during acceleration under the gentle schedule.
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Figure 22. Transmission under the gentle acceleration schedule. The current
measurements are integrated from the arrival time of the head of the bunch to the arrival
time of the tail and one can see a knee in the curve of integrated charge where the tail,
which is not accelerated, begins. We plot the integrated charge up to the point where the
tail begins, measured at each diagnostic location. Compare these numbers with the
transmitted charge for the unaccelerated beam shown in Figure 4, there are no
measurable additional losses during acceleration.
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6.2.3 Final transverse emittance

Figure 23 shows time-resolved measurements of the un-normalized transverse
emittance at the end of MBE-4, a) for a drifting beam at 200 keV with no acceleration
and b) for a beam accelerated through the gentle schedule to 620 keV. These data are
for a slice of about 100 ns duration at the detector, midway between head and tail of the
bunch. Because of the increase in velocity, the un-normalized emittance in b) should be
reduced by a factor of 1.75. These data show essentially no reduction, implying
emittance growth by approximately this factor during acceleration. At this point we
have not accelerated a beam at full current through MBE-4 without observing some
growth of the transverse emittance. Work is continuing to identify the source of the

growth.
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Figure 23. Transverse emittance at the end of the linac. The un-normalized
emittance is plotted for the drifting beam and for the beam accelerated through the gentle
schedule. The phase space distribution at the longitudinal center of the bunch is shown
on the left. On the right the emittance is plotted versus the fraction of the intensity,
above a varying phase space density threshold applied before the r.m.s. computation.
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7. RESULTS

We have demonstrated that the principle of acceleration and current amplification
of multiple ion beams in an induction linac is workable.

The short bunch employed in this experiment over-emphasizes the problems of
bunch end control, in that the ends of the accelerated bunch represent two-thirds of its
overall length. We have best achieved control over the longitudinal space-charge forces
at the ends by empirical tuning of small accelerating pulsers located at several correcting
stations through the linac. This was also found to be the best way to minimize current
fluctuations in the body of the bunch.

Acceleration errors we have accumulated represent an increase of the longitudinal
emittance which is close to the maximum allowable. However, systematic acceleration
errors, which are the same every shot, determine this experimental result. One might
hope, in the future, to be able to remove such errors. They could not easily be removed
here because of the limited number and the limited frequency response of the
accelerating pulsers.

We have observed growth of the transverse emittance by about a factor of two
as the full current beam is accelerated through MBE-4. Work is continuing to locate the
origin of this growth.

We have observed an unexplained reduction of the transverse emittance in the
ends of the bunch as they are distended by the longitudinal space charge fields.

We find that the K-V envelope equations reflect the radii of the beams quite
accurately (to within about a millimeter out of about 12 millimeters), although we
observe non-uniform phase space distributions in every measurement.

The one dimensional model of the longitudinal beam dynamics in which the
space-charge force is proportional to dA/dz, with an empirically determined constant of
proportionality (g), has been a useful tool for design and tuning. The implementation of
this model as a one dimensional simulation was limited by the inability to handle
overtaking of the macroparticles. It may be that a more sophisticated implementation of
this model is all that is required for the future.

8. CONCLUSIONS

It would not be reasonable to conclude this preliminary report without
commenting on the practical problems we have encountered while running MBE-4.

We have suffered throughout this work from quadrupole misalignments. The
design called for mechanical tolerances on the four fold quadrupole structure of about
0.004 inches. We have measured positional errors at times as large as .020 inches. The
structure moves during pumping and in response to temperature changes between early
morning and late afternoon. The most serious consequence of this is the limit on useful
betatron tunes. In order to transport the accelerated beam clear of the quadrupole
electrodes we would have liked to have been able to use tunes as high as 90 degrees but
could not, because of the large amplitude coherent betatron oscillations which then arise
out of the quadrupole misalignments.
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Reliability of the accelerating pulsers has been an issue. The acceleration
schedules typically use about 70 pulsers. Failure of one or more of these was common.

Although the thermionic ion sources emit at their space charge limit over a period
of months without attention, the thermal cycles cause motion in the diode which is
compensated, as possible, by steering at the exit of the gun. This tuning is difficult and
laborious, so that we often worked with only one of the four ion beams well aligned at
the entrance to the linac. Improved diagnostics would have helped here. The prospect of
controlling a large number of beams is sobering.

Our beam measurement techniques throughout the linac were time consuming. In
a future linac with more than four beams, considerable attention should be given to
developing convenient measurement techniques.

The limited frequency response of the induction modules causes concern. In
MBE-4 this restricted the duration over which we could control the bunch ends. The
limiting component was the accelerating cores themselves, which for reasons of cost,
were not made of the ideal material. However, future machines may need significantly
faster response (see Table 1) and a lumped element driving circuit may be inappropriate.
We will give up what little shaping flexibility we presently have when we have to build
driver circuits using transmission lines.

This brings us to the need for flexibility and tunability in the accelerating
pulsers. This is difficult and expensive to achieve, but is certainly required. It is
required either to match the computed waveforms, in a situation where a precise and
realistic numerical model of the longitudinal dynamics is applied to the tuning problem,
or alternatively to tune empirically to minimize current and energy fluctuations measured
in the accelerator.

We must also consider the probability that fluctuations of the beam current in
loaded accelerating modules, running with high efficiency, would grow through
interaction with the longitudinal impedance of the structure.l7 If the growth rate is not
too large, the damping of this instability could be incorporated in the tuning procedure.
This could be accomplished either by including the growth in a precise model used to
compute the waveforms, or, more practically, by empirical tuning to minimize current
fluctuations. In either case great flexibility would be required of the pulsers.

We suggest the following procedures with the accelerating induction pulsers for
a fusion driver:

i) Build low voltage pulsers, say 50 kV, for the first several hundred meters of
a driver where acceleration errors are most important. '

i1) Build 'crude' pulsers which can somehow generate the required accelerating
waveforms to about 1%, ignoring special requirements for error correction or
for control at the bunch ends.

1ii) Build flexible low amplitude correction pulsers to insert at intervals throughout
the linac. The spacing of these correctors depends on the frequency of typical
accelerating errors and on the space charge wave speed in the beam bunch.
These pulsers should be able to act on the bunch ends and on acceleration
errors before they oscillate into current fluctuations.

iv) After turning on the crude pulsers, tune the correctors. This could be done in
response to precise and realistic computations of the longitudinal dynamics
which take into account everything upstream, including the longitudinal
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impedance, or, more practically, it could be done empirically, to minimize
current fluctuations a suitable distance downstream. ‘
v) These procedures will only be feasible if the longitudinal growth rates are not

too large.
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