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Summary 

The multiple beam accelerator MBE-4 is a device for research toward a heavy ion 

driver for inertial confineJ:!lent fusion, based on the induction linac concept. Its main goal 

is proof of the principle of current amplification by acceleration and controlled self-similar 

beam pulse compression. Into the 16-m long device four beams, each with an initial 

current of 10 rnA are injected from a Marx-driven diode at 200 keY. The current 

amplification is up to nine-fold, with a fmal beam energy of about 800 keY in the middle of 

the bunch. Now that all the apparatus' accelerator sections have been completed, installed 

. and aligned, and its uri-accelerated transport properties have been studied, our experimental 

research has reached the crucial phase of implementing appropriate accelerator schedules 

that approximate self-similar current-pulse compression. These schedules are established 

through a close interplay of computations using a one-dimensional simulation code and a 

manual empirical tuning procedure. In a first approach, with a rather vigorous schedule 

that uses most of the accelerator modules to their voltage limits, we have determined the 

limits of our capability for controlled pulse compression, mainly due to waveform shaping 

of the driving pulse-forming networks. We shall report on these results. In the future, we 

will also aim for gentler schedules that would model more closely an inertial confinement 

fusion scenario. 

* This work was supported by the Office of Energy Research, Office of Basic Energy 

Sciences, l.J.S. Dept. of Energy under contract No. DE-AC03-76SF00098 
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Introduction 

Two accelerator concepts are presently implemented to examine heavy-ion 

acceleration that might be suitable for inertial confinement fusion, namely the rf linac and 

storage ring system; 1 and the linear induction accelerator. The induction accelerator 

concept has been pursued for some time at the Lawrence Berkeley Laboratory, where a 

multiple-beam heavy ion linear accelerator, called MBE-4, has been recently completed.2 

This device is a scaled model experiment to study some of the issues that will arise in a 

heavy-ion driver for inertial confinement fusion. The four beams share the longitudinal 

acceleration gap structures and the corresponding driving modules, wh~le being 

transversely contained in four separate focusing channels. 

A four beam device was chosen to study the multiple-beam approach, which is 

needed in an HIP driver to reduce the required currents of several kiloamperes at the final 

focus to a technologically feasible level in each channel, especially in the early part of the 

accelerator, where the beam velocity is still low and space charge effects dominate. The 

transverse focusing iri MBE-4 is electrostatic throughout its entire length. In a driver, the 

electrostatic focusing would be replaced by magnetic focusing in the later part of the 

accelerator, when increased ion velocities make this type of focusing more efficient. 

Specific Features of MBE-4 

Table I shows the salient physical and performance parameters of MBE-4. The 

schematic layout of MBE-4 is depicted in Fig. 1. In the matching section, the quadrupole 

doublets adapt the beams that emerge round from the thermonic diode3 to the alternate 

gradient channels of the accelerator. Each gap between the quadrupoles in the matching 

section, and every fifth gap in the accelerator section serve for diagnostic access, while the 

accelerating voltages are applied to all the remaining gaps. 

The design and performance features of the accelerator pulse-forming networks 

have been reported elsewhere.4 Up to four pulsers per gap are available, whose amplitude 

and timing can each be programmed independently while their individual waveform 

patterns are essentially fixed by the specific choice of the circuitry components. The 

coupling cores, made from Nickel iron, and, for the modules with faster response time, 

from Silicon steel, constitute a non-linear load that modifies to some extent the waveform 

shape, depending on the amplitude setting . 
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Acceleration Schedules 

The goal of the acceleration experiments is to show the feasibility of current 

amplification. The current j=AV may be increased (a) by accelerating the bulk: of the ion 

. bunch, thereby increasing the velocity v; and (b) by a differential head-to-tail acceleration 

for pulse compression, thereby increasing the line charge A. In addition, to avoid bunch 

end erosion, very specific acceleration (or deceleration) is needed at the rise and fall of the 

current pulse. In the long-wavelength approximation, the longitudinal space charge electric 

fields are given by Ez=-(g/41tEoy2)dA./dz in terms of the line charge gradient and the usual 

relativistic coefficient y. The empirical co-factor g/41tEo models the electrostatic screening 

. effects by the focusing channel. The force density AEz is the essential ingredient for our 

one-dimensional codeS, that models the dynamics of a beam bunch made up from a small 

(S;100) number of macro-particles during drift and/or acceleration through the device, using 

as initial conditions the measured current and energy pulse shape (see Fig. 2). This code 

served as an important design tool for the acceleration modules, and provides a guidance 

for establishing acceleration schedules (Le. the setting of amplitude and timing of the 

individual modules), and, also, a diagnostic tool with the ongoing experiments to better 

understand the longitudinal beam dynamics in MBE-4, with and without acceleration. The 

parameter g (=2.2) was determined by fitting to the simulation the experimentally 

determined evolution (a) of a freely drifting beam bunch, and (b) of a drifting beam bunch 

that was "kicked" with an acceleration pulse at its midpoint. 

Figure 3 shows the accelerating waveforms for the two types of pulsers used in 

MBE-4.4 In figure 3a, the desired waveform, calculated by the simulation, is compared 

with the actually implemented waveform that was built up from three independent 

Thyratron pulsers at gap 4 (c.f. Fig. 1). At this gap, attempts were made to correct for the 

transient effects of the injector that show up in the beam kinetic energy at the bunch head 

and tail (c.f. Fig. 2). This correction appears not yet quite adequate, as can be seen from 

Fig. 3a. In sections D, E and F (c.f. Fig. 1), the bulk acceleration is achieved by spark

gap pulsers that produce a roughly square wave form across the induction cores. In Figure 

3b, this is again compared with a desirable (or "ideal") waveform as computed by the 

simulation. Clearly, by this point higher frequency errors have accumulated. 

Figure 4 shows the current pulses of the four beams at injection into the accelerator, 

and at the end, after acceleration. We observe that all beams are essentially equivalent, 

before and after acceleration. The corresponding current amplitudes and pulse widths are 

given in table I. 
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Longitudinal Dynamics 

The measured current wavefonns at all the diagnostic stations are shown in Fig. 5. 

The simulation tracks these measurements rather well throughout the major part of the 

accelerator (Fig. 6). However, in the last two sections the accumulation of slight voltage 

calibration and timing errors, as well as of errors emerging from the simulation, make such 

a comparison difficult, since the one-dimensional code cannot model correctly any possible 

particle overtaking. The indication of such an overtaking in the code mayor may not be 

real and usually occurs at the head and tail of the bunch, where the actual acceleration 

wavefonns match least the ideal ones that would be required for maintaining the bunch 

ends. These errors in the wavefonns can also drive longitudinal space charge waves.6 

This suggests an early error correction, before kinetic particle energy has been converted 

into (electrostatic) potential energy. 

The pulse compression requires a head-to-tail velocity tilt .1~/~. This tilt increases 

through the midpoint of MBE-4. Thereafter, it decreases continuously but leads to further 

current amplification. Figure 7 shows .1~/~ and the kinetic energy at the head, center and 

tail of the bunch, along the accelerator, as they result from the simulation, and also the 

respective values at the end of the accelerator, as measured with an electrostatic energy 

analyzer. From this measurement, shown in Fig. 8, we can deduce a longitudinal 

emittance by estimating the area of the ellipse that encloses the particle distribution in 

longitudinal phase space 

£z - 4 x 1t x 1O-3eVs - 1O-2eVs 

The control of the distribution at the head is still inadequate, since it is perturbed by the 

leading edge of the accelerator wavefonns that presently have too long a rise time (c.f. 

Fig. 3a). 

Transverse Dynamics 

The transverse dynamics, with and without acceleration, are detennined with 

double slit scanners, inserted at various (axial) positions into the accelerator, and along 

both (transverse) principal axes. This diagnostic supplies the transverse beam distribution 

in (x, x')-phase space during the entire duration of the current pulse. From it we extract the 

temporal evolution of the nns-emittance, of the line-integrated transverse beam profile, and 

of the corresponding current bunch center by means of data evaluation routines that reside 
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on a PC-level computer that is also used for control of the experiment.7 We will first 

discuss the emittance measurements. 

Via a multi-shot scanning procedure, the double slit method records the cup signal 

vs. time, S(x,x',t) for the (x,x')-phase space area that is occupied by the beam. In Figure 

9, the length of the bars represents this signal strength. The transverse bell-shaped 

distribution is clearly visible. But aside from the charge collection from the cup, the signal 

contains also a contribution from noise pick-up. This noise is particularly difficult to 

eliminate, when all acceleration modules are in operation, and is dominant wherever the 

beam signal amplitude is small. From the measurement S(x,x',t) the rms emittanceErms is 

calculated in the following fashion: 

where the (truncated) average of a function f(x,x',t) is derived from S by: 

Here, c is the cut-off level of the signal, with Smin ~ c ~ S max; for S < c, the 

distribution is truncated, signified here by the Heavyside function 8. Correspondingly, we 

many define the percentage, P, of the total current that is thus included: 

P = Lij S(Xi,Xj',t) 8(S(Xi,Xj',t)-c) / Lij S(Xi,Xj',t) . 

The rms emittance is hence an implicit function ofP via the cut-off level c. Plotting 

Erms vs. P (Fig. 9) we note three regimes with distinctly different slope (see also Fig. 10). 

With increasing cut-off level (or decreasing percentage of current), the first is governed by 

the noise contribution to the wings of the distribution, then the second by the halo and the 

third by the core of the beam. We discuss this point in some detail to show the importance 

of how to define the conditions under which the emittance values are quoted. The 

otherwise commonly used "95%"-value appears not suitable for MBE-4, since at this level 

the emittance is still largely determined by the electrical noise. Rather than giving here the 

emittance for a certain percentage value, we , therefore, present instead the detailed 

emittance-versus-cutoff plots for three locations (accelerator entrance, midpoint and exit), 

for both principal transverse axes (horizontal and vertical). Results for the un accelerated 

and accelerated beams are compared. The normalized transverse emittance is thus of the 
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order of 41tJ3YErms :S 0.15 1t x 10-6 radxm for the unaccelerated beam and appears to 

increase by a factor of two for the beam accelerated to four-fold energy. However, these 

data are still preliminary that will require confIrmation. In any case, the mechanisms for 

emittance growth, if any, in MBE-4 are not understood at this point. 

A second feature of the transverse dynamics are the coherent betatron oscillations 

that are driven by the large velocity tilt necessitated for pulse compression and transverse 

machine misalignments. In MBE-4, the transverse alternate gradient focusing system 

operates with dc-voltages. Consequently, due to head-to-tail tilt there will be necessarily 

some mismatch occurring during the pulse, leading to transverse oscillations in the bunch. 

Secondly, oscillations are induced due to transverse misalignments in the quadrupole 

focusing channels. After the mechanical completion of MBE-4 late 1987, the channels 

were aligned to within ± O.13mm (rms). From estimates by Smith and Hahn8 we expect 

oscillation amplitudes of a few millimeters, roughly in line with our measured results. 

Figure 11 shows these transverse oscillations of beam position and angle at the midpoint of 

the accelerator, where the velocity tilt has reached its maximum value (Fig. 7). 

Future Outlook 

With these fIrst experimental results from the now completed MBE-4 accelerator 

device, we could pinpoint several issues that will have to be addressed in the future: 

(a) the longitudinal pulse shape control has to be improved, particularly at head and 

tail. Limitations in hardware have to be evaluated regarding their effect in 

driving longitudinal current fluctuations. 

(b) the (transverse) coherent betatron oscillation may make necessary steering ofthe 

beam to avoid the proximity to the focusing elements. 

(c) transverse emittance measurements will have to be continued and the 

corresponding diagnostic techniques be refIned to assert any possible emittance 

growth. 
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Table I 

type of ions Cs+ .' initial final 

kinetic energy 200KeV ~900KeV @ center of bunch .. 
ion velocity 5.7x105m/s ~1.2x106m/s @ center of bunch 

beam current 4xlOmA 4x85mA @ center of bunch 

line charge density 4x1.8xlO-8C/m 4x7xlO-8C/m @ center of bunch 

pulse duration 3f.!s 350ns (FWHM) 

bunch length 1.7m 0.45m (FWHM) 

tota1length of accelerator 14m 

tune depression 00=60· , 0=12· 

• 

\t 
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Figure Captions 

Fig. 1: Schematic layout of the accelerator. 

Fig. 2: Current and energy of beam pulse at injection. 

Fig. 3: 

Fig. 4: 

" Ideal (---) and actual ( ... ) accelerating waveforms from (a) Thyratron pulsers 

(box 4), and (b) spark-gap pulsers (box 17). 

Current pulse waveforms (a) before (box M4), and (b) after (box 30) 

acceleration. 

Fig. 5: Current pulse waveforms at all diagnostic stations of accelerator. 

Fig. 6: Comparison of simulation and measurements. 

Fig. 7: Velocity tilt and kinetic beam energy along accelerator. 

Fig. 8: Kinetic energy measurement at box 30. 

Fig. 9: Emittance versus percent of beam current. 

Fig. 10: Emittance measurements at entrance (box M4), midpoint (box 15), and exit 

(box 30) of accelerator. 

Fig. 11: Transverse oscillations in beam bunch (box 15) . 
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