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FOREWORD

The basic objective of the Heavy lon Fusion Accelerator Research (HIFAR)
program is to assess the suitability of heavy ion beam accelerators as igniters for
Inertial Confinement Fusion (ICF). A specific accelerator technology, the induction
linac, has been studied at the Lawrence Berkeley Laboratory and has reached the point
at which its viability for ICF applications can be assessed over the next few years.

The HIFAR program addresses the generation of high-power, high-brightness
beams of heavy ions, the understanding of the scaling laws in this novel physics regime,
and the validation of new accelerator strategies, to cut costs. Key elements to be
addressed include: 1) Beam quality limits set by transverse and longitudinal beam
physics; 2) Development of induction accelerating modules, and multiple beam
hardware, at affordable costs; 3) Acceleration of multiple beams with current
amplification -- both new features in a linac -- without significant dilution of the
optical quality of the beams; 4) Final bunching, transport, and accurate focussing on a

small target.
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HIGHLIGHTS

T.J. Fessenden

For this report we have collected the papers presented by the HIF AR group at the
IEEE Particle Accelerator Conference held in Washington D.C. on March 16-19, 1987,
which essentially coincides with the end of the reporting period. In addition we report
on research to determine the cause of the failures of Re-X insulator that are used as
the high-voltage feed-through for the electrostatic quadrupoles on MBE -4.

During this period, the major activity of the HIF AR group again centered around
the MBE-4 experiment. We experimented until mid-February with that portion of
MBE-4 that was completed by the end of FY-86. At that time we shut down to install a
further complement of accelerating units. Figure 1 shows a picture of MBE -4 taken in
March 1987. The apparatus is now being aligned and the pulsers are being installed.

Experiments with this configuration will begin in May, 1987.

" CBB 873-1842



Experiments with MBE-4 have thus far demonstrated amplification of
the current in each of the four cesium beams from 13 to 35 mA (i.e.,
x 2.7) with an energy gain of 200 to 400 keV at the beam head and 200
to 550 keV at the beam tail. We are able to control the growth of
current fluctuations which result from unavoidable acceleration errors
by small modifications to downstream accelerating waveforms
suggested by the SLID longitudinal acceleration procedure. The
normalized beam emittance is remaining constant as expected except,
perhaps, for some growth at the beam head. Further experiments will
take place in May to Auqust and the apparatus will be fully complete in

September.

We have used 30 kV thyratron-switched pulsers in the first half of
MBE-4. For the latter half, we will use a higher voltage pulser
switched by a spark-gap. The output of a single 120 kV pulser is applied
in series across two adjacent acceleration gaps. The remaining two
gaps are powered by thyratron pulsers such that the net accelerating
waveform for an entire four-gap section has the correct waveform to
accelerate and control the length of the cesium beams. This procedure
minimizes the number of pulsers required for the accelerator and,
because of the higher impedance of the high-voltage pulser, provides
the fast-rising accelerating waveforms needed for the last half of

MBE -4.

As mentioned in the last report (LLBL-22349), we were somewhat
disturbed by failures of the metal embedments in the Re-X insulators
used as high-voltage feed-throughs in MBE-4. Metallurgical tests of

these have now shown the presence of small amounts of sulfur in the



metal grain boundaries of the spun metal where the failures are
occurring. We hypothesize that sulfur is introduced from oil used in the
spinning process. When the part is heated during welding (or possibly
when the ceramic is bonded to the metal) the sulfur forms
titianium-sulfide which is brittle and leads to failure as the metal is
flexed. It appears that these failures can be prevented by removing the
source of sulfur and/or moving the weld from the deformed area of the

spun ring.

More details on experiments reported briefly in the last semi-annual
report on the evolution of beam mis-match and emittance growth in
SBTE were reported at the conference by M. Tiefenback. The
experiments indicate that symmetrical beam mis-matches (Ax = Ay)
appear to produce little or no emittance growth whereas
anti-symmetrical mis-matches (AX = —Ay) produce significant
emittance growth as the mis-match oscillations damp along the beam

line.

The simulation-code study of the growth of emittance for off-axis
beams over hundreds of lattice periods at high tune depressions has
continued. The growth is generated by effects dué to image charges
induced by off-axis beams, or by deviations of the quadrupole focusing
fields from the ideal. The simulations show (surprisingly) that the
effects of images and higher-order multipole expansions of the focusing
fields tend to cancel even though these two forces seem to drive
different modes. The mechanism of cancellation, however, is not yet

understood.



6. Bending space-charge-dominated particle beams is an important
element in many accelerator systems including those required by Heavy
Ion Fusion. We have written a beam dynamics code HICURB that is
being used to study beam bending when space charge effects are

important. The code contains a treatment of the beam envelope and

centroid in a system of bends and quadrupoles, including image forces. (This work

was supported in part by the USA SDC.)

7. Our present concept of a driver for HIF employs four-to-one beam
combinations at an energy like 100 MeV to change from 64 beams down
to 16 beams. A computational study of emittance growth during the
combination process and some initial experiments on SBTE suggest that
effects due to beam space charge and geometrical phase-space dilution
will increése the beam emittance by a factor 4 to 10 depending on beam
intensity. A conceptual combining system minimizes the emittance
growth by focusing the beams and bringing them closely together before

allowing them to mix.

8. We are re-examining the case of a purely magnetically-focused HIF
driver with 16 beams in which beam combining is not necessary. In
principle, 16 beams at 100 MeV can be produced either by a
magnetically focused accelerator without beam combining or by a
64-beam, electrostatically focused accelerator that combines 64 beams
to 16 at 100 MeV. The magnetically focused accelerator is 200 meters
longer and contains 50% more volt-seconds of iron, but can result in

lower emittance should that be deemed desirable.



THE LBL MULTIPLE BEAM EXPERIMENTS*

Thomas J. Fessenden, Denis Keefe, Charles Kim, IHermann Meuth, and Anthony Warwickf
Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Summary

The multiple-beam induction linac approach to a
heavy ion driver for inertial confinement fusion features
continuous current amplification along the accelerator and a
minimum of beam manipulations from source to pellet.
Current amplification and bunch length control require
careful shaping of the accelerating voltages.

MBE-4 is designed as a four-beam induction linac that
models much of the accelerator physics of the
electrostatically focused section of a significantly longer
induction accelerator. Four space-charge-dominated Cs+
beams, initially about one meter in length at a current of
13 mA, are focused by electrostatic quadrupoles and
accelerated in parallel from 200 to nearly 600 keV. The
energy will reach approximately one MeV when the
accelerator is complete. Experiments have proceeded in
parallel with the construction of the apparatus which began
in FY 85 and is now more that half complete. The results
show a current amplification, so far, by a factor of 2.8 in
good agreement with the longitudinal acceleration
calculations.

Introduction

The multiple beam induction accelerator experiment
MBE -4 was designed to model the longitudinal physics of the
electrostatically focused section of a much longer induction
linac. The length of the beam bunches are short compared
with the length of the accelerator and longitudinal space
charge spreading must be controlled. In the completed
accelerator, the current of each beam will increase by a
factor of four to six and the beam energy will increase by
nearly five-times. Thus the increase in beam power (VxI)
will be a factor of 20 to 30. MBE-4 will demonstrate
current magnification resulting largely from an increase in
particle speed, but also from some shortening of the length
of the beam bunch. As a percentage of beam energy, the
acceleration voltages in MBE-4 are much larger than will be
used in a driver. Therefore, the consequences of errors in
acceleration voltages will be more apparent and more easily
assessed.

INJECTOR SYSTEM

Four beams are used to investigate potential effects
caused by beam-beam coupling and to get practical
experience in difficulties associated with accelerating and
transversely controlling parallel beams. In examining the
scaling with injection energy and with quadrupole size, we
have been careful to preserve space-charge domination of
the beams both transversely (depends on beam current
density) and longitudinally (depends on line density of
charge). Measured in units of initial-bunch-length, MBE-4
is comparable in length to the electrostatically focused
portion of a fusion driver. In this paper we presenl. the
results of experiments with the first half of the accelerator.

An essential element in both the synthesis of the
MBE-4 accelerating waveforms and the analysis of the
experiments is the longitudinal acceleration procedure
developed by C. Kim with help from L. Smith [1]. This
method follows the longitudinal motion of the beam
particles through the accelerator and includes the effects
produced by beam space charge and finite gap width; it is
incorporated into the computer code, SLID, which runs on a
small computer. We use this code to find the accelerating
waveforms at each gap in the accelerator that will produce
the desired current waveforms at any position in the
accelerator. For the MBE-4 design, we have chosen to
specify a rectangular current pulse which remains
self-similar as the current amplifies along the accelerataor.
Accelerating waveforms calculated by SLID are used as the
initial specification for the engineering design of the
accelerator pulsers [2]. Since it is not possible to synthesize
exactly the ideal waveforms, we use the code to solve for
slightly modified downstream accelerating waveforms that
can correct for upstream errors.

Description of the MBE -4 Apparatus

Much of the mechanical design of the apparatus was
presented at the IEEE Particle Accelerator Conference in
Vancouver in 1985 [3]. A schematic diagram of the
experiment is presented in Fig. 1. The experiment uses four
beams of singly charged cesium obtained from four
thermionic alumino-silicate sources. These are accelerated
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to 0.2 MV in a single gap injector [4]. The initial pulse
duration is 2.5 us which will shorten to 0.6 ps at the end of
the accelerator. The four beams are focused by arrays of
electrostatic  quadrupoles, each consisting of nine
electrodes. A photograph of a quadrupole array is shown in
Fig. 2. The beam-to-beam spacing is 6.67 cm (between
centers) and the clear aperture diameter is 5.41 cm. The
diameters of the electrodes are 4.02 cm. The electrodes
occupy approximately one half the lattice period (45.7 cm).
Each of the four beams is axi-symmetric at the exit of the
injector, and has its envelope carefully adjusted in a
electrostatic quadrupole beam matching section to the
proper form for acceptance by the FODO transport system
in the accelerator. The beams, each approximately one
meter in length, will be accelerated to nearly 1.0 MV by 24
linear induction modules in a total length of 17.2 m. The
voltage waveforms on the early accelerator gaps are nearly
triangular so as to impart an axial velocity shear, or tilt, to
the beam by accelerating the tail of the beam more than the
head. A report [5] on the status of the development of
pulsers for MBE-4 is being presented al this conference.
After the tail of the beam has entered the accelerator, the
head of the beam can be accelerated as well; thereafter, the
waveforms on the downstream gaps can be almost
flat-topped. The apparatus will be completed in the fall of
1987. The experiment has been completed through section
"C" as shown in the photograph presented in Fig. 3. At this
writing we are in the process of installing sections "D" and
"E" and expect to begin experiments with these sections in
place in May 1987.

Diagnostics

As shown in Fig. 1, the induction accelerator units are
placed in groups of four, followed by a station that allows
pumping and diagnostic access to the beams. The

CBB 857-5682

Fig. 2. Photograph of a four-beam electrostatic quadrupole
array.

accelerating voltages are monitored with a resistive divider
placed across each accelerating gap. Our primary beam
diagnostics are arrays of four biased Faraday cups for
current measurements. These have rise times less than 0.1
us and are remotely inserted into the beams as required. We
also use arrays of four capacitive pickups which measure the
line charge density of the beams and have the advantage of
being non-intercepting. The rise time of these is limited by
the transit time of the beam through the pickup which, for
cesium, can be as long as 0.3 ps. Emittance measurements
employ the two-slit method; the detectors are small
Faraday cups placed behind the downstream slits. Beam
size measurements are made with parallel wire arrays called
"Harps" that emit secondary electrons when struck by the
cesium beam. The wires are .25 mm wide and are located .5
mm apart. Finally, at the end of the system, an
electrostatic energy analyser is set up to analyse the
right-hand beam. The analyser has an energy resolution of
0.5% and can be seen in the photograph of Fig. 3. As more
of the MBE-4 apparatus is progressively assembled, the
analyzer is moved downstream.

Data are collected by digitizing oscilloscopes that are
interfaced to a small computer. The computer transfers
data to and from the oscilloscopes and, in addition, runs the
SLID program for analysis and interpretation of the
experiments. The computer also controls the voltage on the
electrostatic enerqgy analyzer during measurements of beam
energy, and positions the slits during measurements of beam
emittance.

Experimental Results

Experiments on MBE -4 have proceeded one section at
a time as the apparatus has been assembled. The status of
the experiments was last reported at the Heavy lon Inertial
Fusion Symposium [5] in May 1986 and al the "Beams 86"
conference [6] in Kobe, Japan in June 1986. At present the
major experimental thrust is to study a so-called
"acceleration schedule" in which the current is amplified as
BZ2:5. The accelerating waveforms that are used in the first
twelve gaps are shown in Fig. 4. These were obtained by
using the SLID code, experimental observation, and iteration
procedure detailed above. Accelerating voltages at gaps 4,
9, and 11 contain components to control the longitudinal
space-charge spreading of the beams as well as to
accelerate the beams. The waveforms in section "C" (gaps
11-14) were synthesized in such a way that the accelerating
voltage seen by beams passing through adjacent gaps was of
the correct form to retain the desired self-similar current
waveforms. That is, waveforms on adjacent gaps, as
opposed to individual gaps, were required to synthesize the
self-similar current amplifying acceleration schedule.

Oscillograms of each of the four cesium beams at the
entrance to the accelerator and at diagnostic stations 5, 10,
and 15 are presented in Fig. 5. These were obtained using
four arrays of four Faraday cups. There are some variations
in calibration among the 16 cups. By electronically

CBB 868-6793A

Fig. 3. Photograph of MBE -4 taken in Nov. 1986.
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Fig. 4. Oscillograms of the waveforms used in the first 12
accelerating gaps of MBE-4.
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Fig. 5. Cesium beam current wave forms at stations 0, 5,
10, and 15.

integrating the 16 current traces, we determined that the
measured charge contained in each beam at each station
varies by no more than 5%. For a given beam the charge
varies by less that 3% along the length of the apparatus.

These variations are of the same order as our experimental
error. The small peak on the top beam at station 15 is an
artifact due to faulty operation of that particular Faraday
cup.

Measurements of the time dependence of the energy
of the right hand beam are shown in Fig. 6. In taking these
data the analyser was located after section "D" which
contained no acceleration. With each firing of the machine,
the computer raised the electrostatic analyzing voltage in
steps corresponding to approximately one percent of the
energy range being scanned. To obtain a beam energy
measurement requires the better part of one hour. After
recording the data the computer calculates the mean and
standard deviations of the detected signal to obtain the
beam energy versus time.

Measurements of the MBE-4 Beam Energy Versus Time at Station 20
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Fig. 6 Measurements of the Beam energy versus time at
Station 20. a) Without acceleration, b) With acceleration.

Figure 6a shows the energy variation versus time for a
beam drifted through the accelerator from the injector to
the analyser without acceleration. As a resull the
longitudinal space charge fields at the bunch ends were not
compensated and the particles at the beam-head gain energy
from the bunch while the trailing particles lose energy. (An
analysis of this physics was done by Faltens, Lee and
Rosenblum [7] using experimental data taken from the
Single Beam Transport Experiment [8].) The energy of the
beam in the main body of the pulse is not exactly constant
but shows a slight ramp of about 1.5%.

Figure 6b shows the energy of the MBE-4 beam
accelerated by the waveforms in Fig. 4 to an average energy
near 500 keV. The normalized beam velocity shear (aB/B) is
approximately 10% from head to tail. The down-turn in
energy at later times occurs after the main body of the
pulse and is associated with particles trailing behind that
constitute a small fraction of the total. An aperture
located at station 15 was used to greatly reduce the beam
current and longitudinal space-charge effects as the beam
passed through the drift section "D". However, for the
accelerated beam, the beam velocity tilt at the end of the
accelerator results in additional pulse shortening and
current amplification before the beam energy is measured.

The SILID code was used to calculate the expected
current and enerqgy profiles at stations 0, 5, 10, and 15,
where the diagnostics are located The results of these
calculations are presented in Fig. 7. The SLID code was run
in the analysis mode wherein the measured accelerator
waveforms presented in Fig. 4 and the beam currenl. and
energy at the entrance to the accelerator were provided as
inputs. SLID calculations of the energy at the position of the
energy analyser are included in Fig. 6 for comparison.
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Fig 7. SLID Calculations of the MBE -4 current waveforms and energy at stations 0, 5, 10, and 15.
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Fig. 8 Plots of the tail, center, and head energy of the
MBE-4 beams as calculated by the SLID code from
experimental data.
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Fig. 9 Beam speed at pulse center and normalized velocity
shear of the MBE -4 beams in the accelerator.

Further analysis of the experimental operation of

MBE -4 obtained with the SLID code is presented in Figs. 8
and 9. Figure 8 shows calculations of the energy of the
beam tail, center, and head for the above experimental
conditions. The energy variation at station 15 can be
compared with the measurements of beam energy shown in

Fig. 6. Figure 9 shows the variation of the beam speed and
the velocity shear, AaB/B, along the accelerator. The
velocity shear peaks at 20% at period 7 then falls to 13% at
the end of the present apparatus. The absence of
acceleration in gaps 5, 10, and 15 is reflected by flat spots
on the curves of beam energy versus 7 in Fig. 8 and beam
speed in Fig. 9 at these locations.

Several experiments were performed to study the
evolution of the beam emittance with time under
acceleration. We measured the emittance of the bottom
beam at station 15 at times near the head, center, and tail
of the pulse. We also measured the beam emittance at pulse
center aL the gun exit (Ml) and at station 15 with the
accelerator turned off. The time window of the
measurement is 60-70 ns. Figure 10 shows a plot of the
bottom cesium beam in horizontal phase space al. station
15. The contours are selected on the basis of amplitude and
enclose all points that are greater than, respectively, 5, 10,
20, and 50% of the maximum signal. These data were taken
at the time center of the pulse at the instant that the beam
energy was approximately 500 keV.

L X(mRed) |70

XBL 873-989

Fig. 10. The bottom cesium beam at station 15 in horizontal
phase space. Mean x =-l.4mm; rms x =7.6mm; Mean
x' = 2.6 mR; Rms x'=13.9 mR; beam offset, 1.4 mm in x,
2.6 mR in x;. Rms emittance = 20.1 mm-mR with 95% of
the particles.
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The computer code EPLLOT is used to calculate the
r.m.s. emittance. We define the rms emittance as

2 2

= ((x ><x't> - 2)1/2

<xx'>

€rms {1}

where <x> and <x'> are, respectively, the r.m.s. beam
size and the r.m.s. transverse velocity normalized to the
parallel velocity. The parameter <xx'> is the rms mean
product of the beam size and normalized parallel velocity.
The normalized emittance is defined as 4Beypq in the
computations reported here.

Results are presented in Table 1. The experimental
error in these data is considerable due to electrical noise
generated by the pulsers firing and the data is not believed
accurate to better than 20%. These results suggest that the
normalized emittance remains constant under acceleration
as expected and that there is no evidence of transverse
emittance growth. Nevertheless, more experiments are
required before we can be confident of this conclusion. We
are in the process of developing the coding that will enable
us to measure beam emittance simultaneously at several
positions within the pulse instead of at one time; this will
greatly shorten the required experimental time.

Table I
Beam Emittance Measurements
pulse Energy  rms Emit. norm. Emit. Comment
(keV) (mm-mR) (mm-mR)
center 200 31 0.22 M1 Gun exit
center 200 29 0.21 15 Accel. off
head 450 26 0.28 15 Accel. on
center 500 20 0.23 15 Accel. on
center 500 21 0.24 15 Accel. on
tail 550 21 .25 15 Accel. on
Discussion

We have accelerated four parallel space-charge
dominated cesium ion beams from 0.2 MV to nearly 0.6 MV
with a current amplification of 2.8 in the partially complete
MBE-4 apparatus. The experiments are in excellent
agreement with our theoretical acceleration model.

The acceleration schedule is one in which the current
waveforms grow in amplitude and decrease in pulse duration
in a self-similar or self-replicating way with acceleration
distance. Aside from small fluctuations, generated by small
errors in the acceleration waveforms, the experimental
current waveforms are self-replicating. The acceleration
errors are mostly corrected by "trim" pulsers located at
approximately every fourth accelerating gap. These are
also used to control space charge spreading of the ends of
the beam bunches. Comparisons of the measurements of the
actual accelerating waveforms with those calculated
theoretically are used to derive small corrections to the
design of the pulsers that provide the accelerating
waveforms for subsequent gaps.

Preliminary measurements of the beam emittance
versus position in the pulse, after acceleration of the cesium
beams from 200 keV to nearly 600 keV, have revealed no
unpleasant surprises. The normalized emittance appears to
remain constant as expected. A more thorough
experimental study will be made when the MBE -4 apparatus
is completed.

Current amplification with acceleration in a linac is
only possible for beams moving non-relativistically. In
order to overcome the effects of space charge and control
the bunch length within the accelerator, one must precisely
control of the longitudinal acceleration fields seen by the

beam. Small acceleration errors, if uncorrected, lead to
growing current fluctuations that result in beam spill or
momentum spread. We have been successful in controlling
the consequences of unavoidable small errors with the use of
the Kim-Smith longitudinal acceleration model as
incorporated into the SLID computer code. Future
experiments will give a clearer picture of the importance of
current fluctuations in the operation of an ion induction
linac and how effectively they may be controlled.

Acknowledgments

We wish to acknowledge the excellent engineering
support provided by C. Pike, D. Vanecek, D. Gough and their
crews in fabricating and assembling the apparatus.

References

[1] C.H. Kim and L. Smith, Part. Accel. 85, pp. 101-113,
(1985).

[2] C.H. Kim, V.0. Brady, T.J. Fessenden, D.L. Judd, and
L.J. Laslett, IEEE Trans. on Nuc. Sci., NS-32, p. 3190,
(1985).

[3] R.T. Avery, C.S. Chavis, T.J. Fessenden, D.E. Gough,
T.F. Henderson, D. Keefe, J.R. Meneghetti, C.D.
Pike, D.L. Vanecek, and A.l. Warwick, IEEE Trans. on
Nuc. Sci., NS-32, p. 3187, (1985).

[4] A.L. Warwick, D. Vanecek, and O. Fredriksson, IEEE
Trans. on Nuc. Sci., NS-32, p. 3196, (1985).

[5] D. Gough, D. Brodzik, A. Faltens, C. Pike, and J.
Stoker, "Pulsers for the Induction Linac Experiment,
MBE-4", this conference.

[6] T.J. Fessenden, D.L. Judd, D. Keefe, C. Kim, L.J.
Laslett, L. Smith, and A.l. Warwick, AIP Conf. Proc.
152, Heavy lon Inertial Fusion, Wash. D.C., p. 145,
(1986).

[7] T.J. Fessenden, R.T. Avery, D.A. Brodzik, C.S.
Chavis, A. Faltens, D.E. Gough, T.F. Henderson, D.L.
Judd, D. Keefe, C. Kim, L.J. Laslett, J.R.
Meneghetti, C.D. Pike, .. Smith, D.L. Vanecek, and
A.l. Warwick, "MBE-4: An Induction Linac Experiment
for Heavy lon Fusion", Sixth International Conference
on High-Power Particle Beams, Kobe, Japan, June
9-12, 1986.

[8] A. Faltens, E.P. Lee, and S.S. Rosenblum, "Beam End
Erosion", Submitted to J.A.P. also LBL report
LBL-19508 January 1986.

[9] W. Chupp, A. Faltens, E.C. Hartwig, D. Keefe, C.H.
Kim, L.J. Laslett, R. Nemetz, C. Pike, S.S.
Rosenblum, J. Shiloh, L. Smith, M. Tiefenback, and D.
Vanecek, IEEE Trans. Nucl. Sci., NS-30, 2549 (1983).



PULSERS FOR THE INDUCTION LINAC EXPERIMENT, MBE-4%

D. Gough, D. Brodzik, A. Faltens, C. Pike, and J. Stoker

Lawrence Berkeley Laboratory
University of California

Berkeley,

Summatry

The MBE-4 proof-of-principle experiment uses an
induction linac to accelerate four Cs+ beams from
injection at 200 kV to almost 1MV. When completed
in the summer of 1987 it will be 17.2 meters long
and have 24 acceleration gaps and 6 diagnostic
gaps. Careful tailoring of the accelerating voltage
wavefarms at each gap is required to accelerate the

beam, amplify the current and provide longitudinal
focusing. The ideal voltage waveforms required at
the first 4 gaps are almost triangular with an

amplitude of about 20 kV and an approximate width of
3 usec, becoming flatter and shorter with an
amplitude of 30 kV at subsequent gaps as the beam

current increases and the pulse width narrows.
These waveforms [l] are shown in Fig. 1. Pulser
voltage waveforms at each gap are adjusted 1in both

amplitude and firing time in conjunction with beam
experiments to determine the required voltage wave-
forms of the subsequent pulsers. Existing cores and
previous experience with thyratron pulsers provided
the basis for the pulsers for the first half of the
machine. During this fabrication period, additional
cores and spark gap pulsers capable of generating
higher voltages than the thyratron pulsers became
available and a combination of both types of pulser
will be used to complete the apparatus.
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Fig. 1 1Ideal Accelerating Voltage Waveforms tor all
24 Gaps
Introduction
MBE-4, when complete, will have 24 accelerating
gaps. The initial complement of available cores

consisted of 92 nickel-iron tape wound cores [2]
capable of 6.8 mVsec/core and 26 silicon steel tape
wound cores [3] capable of 24 mVsec/core. Groups of
these cores were used with an appropriate number of
thyratron pulsers to provide the necessary accel-
erating voltage waveforms at the first eight gaps

*This work was supported by the Office of Energy Re-
search, Office of Basic Energy Sciences, U.S. Dept.
of Energy under Contract No. DE-ACO03-76SF00098.

94720

together with the required voltage waveforms which
provide the longitudinal control of the beam ends.
Additional silicon steel tape wound cores capable of
nominally 60 mVsec/core became available and some of
these were used in conjunction with the existing
cores to provide the necessary accelerating voltage

waveforms at the next four gaps (#11 - 14) using
thyratron pulsers. Four different pulser circuit
types were identified as possible solutions for

generating the required waveforms. These pulsers
are typically identified by their generated voltage
waveforms which are either parabolic, (l-cos wt),
trapezoidal, or capacitor discharge. Basic circuits
were established to generate the required voltage
wave-forms using thyratron pulsers and at the same
time basic performance characteristics were es-
tablished for the cores. 1In order to generate the
parabolic waveform it was necessary to connect a re-
sistor in parallel with the core so that it domi-
nated the load resistance. This introduced addi-
tional circuit losses that are undesirable, there-
fore this circuit configuration has not been pur-
sued. The computer program Spice [4], together with
some basic characteristics for each type of core,
has been used to predict the performance of any pro-
posed circuit configuration. This has enabled the

number and type of thyratron pulser circuits re-
quired for each gap to be defined so that they
generate the specified voltage waveforms. A
standard pulser package, including reset, was

established which could operate at a maximum voltage
of 30 kV, with the pulser output waveform character-
istics being determined by the pulse-forming network
installed internally in the designated area.

A spark gap pulser built by Ford Laboratories
was modified to operate in conjunction with four of
the nominal 60 mVsec cores. This pulser arrangement
is used at two of the acceleration gaps to provide
most of the acceleration voltage specified for four
of the gaps. Corrections to the generated accelera-
tion voltage waveform and the voltage waveforms re-
quired to provide longitudinal control of the beam
ends are obtained using four thyratron pulsers.

Thyratron Pulser Development

An analytically derived model for magnetic in-
duction cores [5] is, in its simplest form, a re-
sistance in parallel with an inductance and this is
used with the other appropriate circuit elements to
predict pulser performance. The values of re-
sistance and inductance used to represent a specific
core is voltage-level dependent; core package mea-
surements were made to determine these resistance
values. An initial value of inductance was cal-
culated and used with the appropriate core re-
sistance equivalence at specific charge voltages to
generate computed voltage and current waveforms.
The inductance value was modified using the measured
current waveform as reference until the computed
waveform matched the measured waveform up to
saturation level. This was carried out for all the
different core packages to establish the core model
[6] for any core/circuit combination.

The computed and measured characteristics for a
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Fig. 2 Computer predicted and measured core voltage

for a core package containing two 24 mVsec
silicon steel cores and a (l-cos wt) pul-
ser at a charge voltage of 10 kV and 20 kV.

core package containing two 24 mVsec silicon steel
cores and a (l-cos wt) pulser at charge voltages
of 10 kV and 20 kV are shown in Fig. 2. All the
(l-cos wt) and capacitor discharge circuit arrange-
ments used on MBE-4 were evaluated in the same way
and showed reasonable agreement between the measured
and computed waveforms. The computed and measured
results for a trapezoidal waveform pulser using a
core package containing two 24 mVsec silicon steel
cores has been demonstrated. This circuit configu-
ration has not yet been used on MBE4 because it is
not compatible with an optimized pulser arrangement
for the required accelerating voltage waveform
schedule.

Selection of the core package arrangements, type
of pulsers and number of pulser circuits is carried
out by matching these to the accelerating voltage
specified for a given gap. The number of pulser
circuits is kept to a minimum and the core package
usage 1is maximized. Computed voltage waveforms,
within the limits of the standard thyratron pulser,
for each of the proposed pulser circuits are gener-

ated. A composite of these waveforms is also pro-
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Fig. 3 Predicted individual and composite voltage
waveforms for a (l-cos wt) pulser and a

capacitor discharge pulser for a
voltage of 20 kV each.
each pulser contains
steel cores.

charging
The core package for
two 24 mVsec silicon

11

duced so that it can be compared with the specified
waveform. A capacitor discharge pulser and a
(l-cos wt) pulser each using a core package con-
taining two 24 mV sec silicon steel cores was pro-
posed for gap 8 and the computer predicted waveforms
are shown in Fig. 3. This can be compared to the
ideal accelerating voltage waveform for gap 8 as
shown in Fig. 1.

Two pulsers are normally provided at each gap
with additional pulsers being provided at the gaps
requiring more complex waveforms. With the capabi-
lity to control the pulser charge voltage and the

trigger time to 10 nsec, it has been possible to
minimize the error between the calculated and
generated acceleration voltage waveforms. The vol-

tage specified for gap 11 was considered complex and
a considerable amount of flexibility was requested.
Computer waveform simulation was carried out and
from this a four pulser configuration was selected.
The ability of this group of pulsers to match the
calculated acceleration voltage waveform, which is
based on the measured performance at the previous
gap, for gap 11 is shown in Fig. 4. [7]

=11 T1 # 2% 3% 4

E <11 (1 + 2+ 3)
~ <— 11 (1 + 2)
: <11 € 1)
0 ¢
0.5 US / DIV XBB 872-1623
Fig. 4 Comparison of the calculated ideal voltage

waveform with the actual composite voltage
waveform at gap 11 using four thyratron pul-
sers.

Spark-Gap Pulser Development

In the spring of 1986 we learned that a project
to build an electron induction linac by Ford Labora-
tories had been discontinued. We then purchased
enough of their fabricated silicon steel cores to
complete MBE-4, and embarked on a study of their
pulser design to see if their excess pulsers could
be usefully incorporated in MBE-4. This, indeed,
proved to be the case but at the cost of minor modi-

fications to the planned accelerating schedule in
the last half of MBE-4. It was pleasing to find
that the induction linac design proved flexible
enough to accommodate a rather different core
arrangement, and quite a different pulser design.
The incorporation of the new pulsers, switched by

spark-gaps rather than thyratrons, gives a broader
base to our pulser technology development.

The rtesults of these tests indicated that the
desired flat waveforms in the high energy end of the
accelerator could be approximated by the waveform in
Fig. 5, augmented by low amplitude (l-cos wt) pul-
sers. Whereas the initial design of MBE-4 was based
on a maximum voltage of 30 kV per gap and one or
more pulsers per gap to obtain the voltage, the new
design is 60 kV across each of two adjacent gaps, .
all driven by one higher power pulser. To achieve
this, 4 cores are driven in a series parallel con-
figuration as shown in Fig. 7.



Without correcting networks, the core voltage is
a monotonically decreasing function of time as the
pulser capacitors are dischacped. To flatten the
voltage pulse, we added a small series inductance to
the existing self inductances of the capacitors,
spark gap, and wiring, to obtain a 2:1 voltage divi-
der between the core impedance and the rest of the
circuit. Then, to counteract the pulse droop, we
added across each of the cores an LC circuit whose
function is to take some enerpy out of the main
energy storage capacitor at the beginning of the
pulse, and put it into the core near the end of the
pulse.

induction cores from remanent B
in both directions, we found
Bg = 13.5 k6, By =

By pulsing the
field to saturation
that a typical core has:
11.2 kG, Amps,

s
where Bg is the

Ig' » 250

XBB 872-1624

Fig. 5 The accelerating voltage appearing across
each of the four induction cores driven by
one modulator.

Vert. scale: 5 kV/div. Horz. scale: 500 ns/div.

XBB 872-1625

Modulator
pulse in Fig. 5.

Fig. 6 output current for the voltage
As the core enters satura-
tion, near the center of the picture, most
of the current is being supplied by the cor-
recting network, whereas at the beginning of
the pulse much of the modulator current is
going into the correcting network.

Vert. scale: 600 A/div. Horz. scale: 500 ns/div.

saturation
density, and Ip

flux density, B, is the remanent flux
is the current required to slowly
reset the core. The radial packing fraction, f,
which 1is the ratio of core lamination thickness
divided by the lamination plus insulation thickness,
was measured as 0.8. Combining these values with
the cross sectional area, A, of the 11" x 4" core
results in an available flux change, ¢ = (B +
Bg)fA., of 54 mVsec, the usable fraction of
which is determined by the core saturation charac-
teristics and the drive circuit to be about 80% for
the 1.4 pusec pulse in Fig. 5. The pulse excita-
tion current, or '"step" for these cores 1is about
1 kA, after which the core current shows a satura-
tion wave-like linear increase up to about the 4 kA
level. With the aid of this preliminary data the
circuit shown in Fig. 7 was constructed and resulted
in the voltage and current waveforms shown in
Figs. 5 and 6 respectively. A good discussion on
pulse magnetization is found 1in Chapter 15 of
Reference [8].
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Fig. 7 The spark gap pulser circuit
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HIF INSULATOR FAILURE

Kurt Kennedy

MBE -4 high voltage feed-thru insulators were made by
centrifugally casting a glass in a cast iron mold. At the
same time a thin metal ring is embedded in the molten
glass. This ring is used to weld the insulator to a vacuum
system. These metal ends are made of 430Ti stainless steel
and are shaped by spinning.

Several of the insulators have developed vacuum leaks
near where the insulator was welded to the vacuum system.
This style of insulator had its weld made in the thin metal
that had been deformed by spinning.

A micrograph of the weld is shown in Figs. 1 and 2.
Figure 1 is unetched and shows grain boundary delineation
and that some grain has fallen out. Figure 2 shows the same
area after etch with more grains missing. The results of an
X -ray microprobe of the weld area are shown in Fig. 3. The
grain interior shows only iron and chromium but the
titanium, which is in 430 Ti stainless, was absent. The grain
boundary is rich in both titanium and sulfur.

It appears that sulfur may have been introduced in the
spinning process. During the long heat treatment used in
processing the insulators, the sulfur combined with titanium
to form Titanium Sulfide in the metal grain boundaries the

XBB 874-2630 XBB 874-2631

Fig. 1 Fig. 2

XBB 874-2632

titanium sulfide which is brittle formed a path for a vacuum
leak during the subsequent welding of the part.

A spun ring of 430 Ti stainless, similar to those used in
insulator, was analyzed for gross sulfur by normal chemical
methods and no sulfur was found. As an experiment, a piece
of this ring was annealed at 900°C for 5 hours and welded as
in the failed part. Figure 4 shows a micrograph of the
welded and unwelded region of this part. The welded area
shows the defective grain boundary as found in the failed
part but not to the extent of grain falling out.

The failure of the HIF insulators has only been
associated with welds made on spun deformed metal. The
grain boundaries of the failed welds contain high levels of
sulfur. Sulfurized oil is a common lubricate used in
spinning. The failure to totally replicate the physical loss of
metal grains in the experimental piece is disturbing but the
spinning may have had a different history than the failed
part.

The weld failure in the HIF insulators appears to be
remediable by: (1) Moving the weld from the deformed area
of the spun ring; (2) Find a spinning method that does not
compromise welding.

Figure 3
Grain Boundary
Element Weight Atomic Precision
& Line Percent Percent 2 Sigma K-Ratio Iter
CR KA 20.39 21.37 Nn.86 0.2333
FE KA  80.58 78.63 2.10 0.7667 2
Grain Boundary
Element Weight Atomic  Precision
& Line Percent Percent 2 Sigma K-Ratio Iter
S KA 6.52 10.09 0.43 0.0458
T KA 9.92 6.14 0.41 0.0602
CR KA 19.58 18.70 0.82 0.2094
FE KA 72.20 64.20 1.88 0.6749
CO KA 1.03 0.87 0.97 0.0096 3

%BB 874-2633

unwelded

Fig. 4.
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EXPERIMENTAL MEASUREMENT OF EMITTANCE GROWTH
IN MISMATCHED SPACE-CHARGE-DOMINATED BEAMS*

M. G. Tiefenbau:kr
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Abstract

Using the Single Beam Transport Experiment (SBTE) at
LBL, we have measured the emittance of a well-matched
4.6-mA beam of 122-keV Cst to be conserved from
injection into through exit from an 80-lens segment of the
AG focussing channel. We then mismatched the beam into
the same channel such that the maximum (minimum) radius
of the beam at the midplane between lenses was about 1.5
(0.5) times the former value. We caused mismatches in the
envelope of the beam in both transverse dimensions (labeled
a and b) in modes both symmetric (§a = &b) and
antisymmetric (§a = -&b). We found the mismatch
amplitude to decay during the beam transit through the
channel for both modes of mismatch, although more so for
the antisymmetric mode. We also found the emittance of
the symmetrically mismatched beam to be the same as for
the matched beam, while the emittance of the
antisymmetrically mismatched beam grew by as much as a
factor of four over that for the matched beam.

Introduction

Because of the inevitable spread in betatron frequency -

of the particles in a beam, the particles will eventually
"phase-mix" and forget their original neighbors in betatron
phase. In the zero-current limit, for a beam that is either
misaligned or mismatched within its channel, the beam will
eventually diffuse so that its radius is equal to the maximum
excursion of the particles of which it is composed.

We expect the same phenomenon to occur within
space-charge-dominated beams, although the final radius of
the beam will not be determined solely by the initial
mismatch or misalignment amplitude, but also by the
space-charge self-energy of the beam.

From perturbation of the equations for the envelope of
a beam in two transverse dimensions (see, for example, refs.
1 and 2, which we label a and b), we obtain in the limit of
continuous focussing, we obtain the following phase advance
rates ("wave-numbers," in essence) for the eigenmodes of
oscillation:

2u§ + 202, da = §b

k2 = (1)
ag + 302, da = -&b

where og is the phase advance per arbitrary length for a
single particle in the channel and o is the net phase
advance for a particle under the influence of the self-field
of a beam. In the low-temperature limit (¢ » 0) we see
that k,» V2o, (symmetric mismatch) and k. » og
(antisymmetric mismatch). The symmetric mode frequency
is the higher of the two because the space-charge density is
affected by this oscillation and not by the antisymmetric
mode. We will compare these values with our data below.

*This work was supported by the Office of Energy Research,
Office of Basic Energy Sciences, U.S. Dept. of Energy under
Contract No. DE-ACO3-765F00098.

1.
Now at Pulse Sciences, San Leandro, CA.

Method

We used a 4.6-mA beam of 122-keV Cst ions with a
normalized emittance of 0.7x10-7 « meter radians for our
measurements. We matched the beam into the quadrupole
channel of the SBTE by tuning the first five lenses of the
channel (M1--MS5) [3,4]. The channel was set so that
dgg = 60° (per focussing period), which resulted in a matched
beam radius at the midplane between lenses of Rg =
10 mm. We also tuned the matching lenses to mismatch the
beam in the succeeding FODO lattice. In one experiment,
the adjustment caused a purely symmetric mismatch. In the
other a purely antisymmetric mismatch was created. In
each case the maximum (minimum) radius between
quadrupoles reached 1.5 Ry (0.5 Ry).

Our emittance measurements were made using pairs of
0.010-inch-wide slits spaced 6 inches apart longitudinally.
We have defined our "emittance" in terms of the measured
phase space distribution in the following way: We delete the
low-level measurements until the beam current represented
by the sum of the remaining points drops to 95% of the
original total. The emittance is then 4By times the RMS
emittance of the subset of the data:

e = 4By \/<x2><x'2> - <xx'>2 .

Results

The beam radius (defined as twice the RMS radius of
the beam) near the injection and exit of the periodic channel
is shown in Table 1 for these three sets of initial conditions.

For the beam parameters given above and for og =
60° we calculate o = 8° from the solution to the envelope
equations. Thus k, = 86° and k_ =~ 62°. The envelope
data for the symmetric mode show that the minimum occurs

Table l: Summary of beam radius data (in mm) for an
approximately matched beam (Case 1), a symmetrically
mismatched beam (Case 1I), and an antisymetrically
mismatched beam (Case III). In the two mismatched cases,
the maximum amplitude of the beam was about 16 mm.

Case | Case 11 Case 111

Ry R Ry R4 Ry R4
M5 10.5 11.9 14.2 14.6 9.2 13.8
Q1 9.4 12.2 ~ 14 14.8 3.8 15.3
Qs 10.0 8.1 5.2 6.8 15.1 8.5
Q7 11.9 10.7 12.9 12.1 15.8 4.0
Q9 10.3 10.7 13.6 15.0 9.8 9.2
Q73 | 10.8 9.4 1L.5 1L.5 12.0 10.7
Q75 | 10.0 9.7 10.2 113 9.9 11.3
Q77 8.6 9.0 .33 7 10.2 11.8
Q79 B 9.9 - 9.9 - LET
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Table 2: Emittances of the beam for the various cases at

the end of the transport channel (@80) and for the most
intense 95% of the distribution (to eliminate low-level data
points and avoid heavy weighting of the distribution tails by
the RMS emittance calculation).
Case 1l

Case | Case il

0.67x10-7 0.68x10-7 2.94x10-7

about 2 periods (4 lenses) after the maximum, so we would
estimate k, = 90° Similarly, the antisymmetric mode
shows an interchange of radius values over 3 periods, so we
measure k_ = 60°. These numbers are in close agreement
with the values calculated from Eq. (1). The amplitudes of
oscillation damp between injection (Ql) and exit (Q80),
although the damping 1is less pronounced for the
symmetrically mismatched beam. The measured emittance
of the beam at Q80 (80 lenses downstream from the
matching lenses, shown in Table 2) is unchanged for the
symmetric mismatch with respect to the matched beam, but
the emittance of the antisymmetrically mismatched beam is
4 times as great as for the matched beam.

The phase space contours shown in Figs. 1A)-C) show
the marked difference between the antisymmetrically
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Fig. 1. Phase space contours for A) the matched beam, B)
the symmetrically mismatched beam, and C) the
antisymmetrically mismatched beam, transformed to
suppress the overall focussing of the beam and make the
phase ellipses approximately upright. The contour levels for
A) and B) are for 1.5%, 20%, and 80% of the peak density at
the center of the beam. The lowest contour level for C) was
chosen as 2.5% of the peak level in order to show the
gradient in phase space density and give a sense of the
direction of particle diffusion in phase space. At the 1.5%
level, the clockwise-pointed tails in phase space have
encircled the body of the distribution, enclesing two regions
of very low particle density. We expect thal the
4-dimensional phase space density is conserved, while the
2-dimensional projected density measured experimentally is
not conserved.

mismatched beam and the others. The matched beam in A)
and the symmetrically mismatched beam in B) are very
much alike in distribution. In contrast, a very extensive, but
low-level, halo has formed around the beam core in phase
space for the antisymmetrically mismatched beam. The
lowest contour level in C) was chosen as 2.5% rather than
1.5% to show the gradient in density from the ends of the
distribution. It is as if particles are being ejected from the
ends of the distribution and wrapping clockwise around the
beam. The contour at the 1.5% level (not shown) actually
reconnects with the body of the distribution, enclosing void
areas. Recall that the 4-d transverse phase space density
p(x,y,x',y') is expected to be conserved here, while the
projected density need not be conserved under the influence
of non-linear fields.

We also compare the peak signal level for the three
cases to separate the effect of the tails of the distribution
on the emittance from that of changes in the core of the
distribution. The average of the three adjacent highest
values in the distributions was highest for the matched
beam, falling to about 35% for the symmetric and 77% for
the antisymmetric mismatches. The change in emittance is
thus not due solgly to the extensive tails of the distribution
shown in Fig. 1C.)

We note that the extensive tails of the distribution are
only at the level of 2-3% of the peak intensity in the

- antisymetrically mismatched beam. We measured the phase

space distribution at @35 and found the same structure as
that shown in Fig. 3 (including enclosed voids), but the halo
was at the level of 1-2% of the peak and the voids were
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much cleaner. [Up to this point, the antisymetric mismatch
had been generated from the configuration for the matched
beam by raising the strength of lens M5 to about 20% above
its nominal value. To check the dependence of the
emittance growth on the mismatch amplitude, we then set
this lens to about 14% above the value for the matched
beam, expecting to have an antisymetrically mismatched
beam with mismatch amplitude - about 2/3 of the original
value. When we measured the emittance at Q35 and Q80,
we found that the same structure was present as before, but
only at the level of 0.5-1% of the peak. The emittance at
Q80 was reduced to 1.75x10-7 v meter radian, but still well
above the value for the matched beam, and the peak
intensity was 82% of that for the matched beam.]

Interpretation of the Data

The ideal beam dynamics of the K-V distribution
depends delicately upon the linear nature of the beam
self-field. Real beams are not so smooth as mathematical
beams, and if a space-charge-dominated beam is focused
into a very eccentric profile (long in the x-dimension, say),
this clumpiness can manifest itself in a large variation of
the electric self-field component Ey as a function of x. In
the severe antisymetric mismatch we caused in Case 11, the
beam 1is very ribbon-like, having an aspect ratio of
approximately 4:1. 1In the case of the symmetric mismatch,
the maximum beam aspect ratio remains near the value
given by the AG flutter, which is about 1.5:1 for oy = 60°.

This observation could well explain certain problems in
beam matching encountered in the extensive SBTE survey
reported elsewhere [3]. There it was noted that it became
more difficult to match the beam cleanly to the FODO
lattice the further the beam aspect ratio departed from
unity.
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THE EFFECT OF NONLINEAR FORCES ON COHERENTLY OSCILLATING SPACE-CHARGE-DOMINATED BEAMS*

C.M., Celata
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Abstract

A particle-in-cell computer simulation code has been
used to study the transverse dynamics of nonrelativistic
misaligned space-charge-dominated coasting beams in an
alternating gradient focusing channel. In the presence of
nonlinear forces due to dodecapole or octupole
imperfections of the focusing fields or to image forces, the
transverse rms emittance grows in a beat pattern. Analysis
indicates that this emittance dilution is due to the driving of
coherent modes of the beam near their resonant frequencies
by the nonlinear force. The effects of the dodecapole and
images forces can be made to effectively cancel for some
boundary conditions, but the mechanism is not understood at
this time.

Introduction

The high power density needed on target for a heavy
ion fusion reactor implies the need for extremely intense
beams. In the parameter range of interest such beams are
"space-charge-dominated"--i.e., the space charge forces,
rather than the emittance, determine the beam envelope
radii. Indeed, about 99% of the focusing field strength is
cancelled by the space charge force, giving a
space-charge-depression of the betatron frequency to ~ 0.1
of its zero-current value.

The general problem addressed in part by this paper is
the question of what phenomena limit the intensity of a
coasting beam which can be stably transported without
emittance degradation in an alternating gradient focusing
channel. This question has been investigated by Hofmann,
Laslett, Smith, and Haber! for the case where image forces
are neglected and no external nonlinearities are present. In
that paper it was shown that coherent modes of the beam
exist. However, these modes were shown by simulation to
be nonlinearly stabilized with negligible emittance growth
when o, < 80°1,Z where o, is the zero-current value of
the betatron phase advance per lattice period for a
particle. This was confirmed by experiment.’?

In this paper we examine the effect of external
nonlinear forces and image forces, i.e., the forces due to
charge induced on the conductors around the beam, on
space-charge-dominated beams. Note that for intense
beams the image forces can become of the order of the
focusing field forces. As discussed below, no important
effect on beam quality is found for beams which are
centered in the focusing channel. However, for misaligned
beams significant emittance increase is seen for all of the
nonlinearities that have been studied.

Emittance Growth Due Lo Misalignments

We will first consider the effect of forces due to
charge induced on nearby conductors, the-so-called "image
forces", on the beam. We have studied two different
boundary conditions: the round conducting pipe concentric
with the center of the focusing channel, and the case
pictured in Fig. 1, which we shall refer to as the "cylindrical
quadrupole” geometry. Figure 1| shows four conducting
cylindrical electrostatic quadrupole electrodes surrounding
the beam. This models the geometry presently used in the
Single Beam Transport Experiment and Multiple Beam

*This work was supported by the Office of Energy Research,
Office of Basic Energy Sciences, U.S. Department of
Energy, under Contract No. DE-ACO3-765F -00098.
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Experiment of the Heavy lon Fusion Program at Lawrence
Berkeley L.aboratory. Though in the experiments the
electrodes occupy only about 60% of the longitudinal space
available, we have made the simplifying assumption in the
simulation code that the electrodes are present at all
longitudinal locations. The error implicit in this assumption
is ameliorated by the fact that the beam radius is smaller
between electrodes, and therefore image forces are less
important. The simulation imposes periodic boundary
conditions along the dashed line shown in Fig. 1. This
simulates the case of an (infinite) array of beams in a
reqular array of focusing electrodes. All conductors are
assumed by the code to be perfect conductors.

The particle-in-cell code used for this study was the
code SHIFTXY, written by 1. Haber. It is a two dimensional
(x-y) nonrelativistic code. Space charge forces are
computed self-consistently. For the studies presented in
this paper, alternating gradient focusing has been modeled
using a thin lens approximation, though the code is capable
of calculating for finite-length focusing elements. With
only a few exceptions, which will be noted below, the initial
distribution function used was gaussian in vy, and Vys with
uniform temperature and density.

For the case of a beam in a square conducting pipe, it
was shown by 1. Haber? that although the shape of the beam
is changed, the emittance of a centered beam is unaffected
by image forces unless the beam fills more than 85% of the
aperture radius. For larger filling factors particle loss
occurs. We also observe very little effect on beam
emittance for centered beams for any of the nonlinearities
studied, until the beam fills mos!. of the aperture. Phase
plots for a centered beam in the cylindrical gquadrupole
geometry, with no external nonlinearities present, are shown
in Figs. 2 and 3 for the beam initially and after 19 periods of
transport. In this case, where the beam fills 75% of the
aperture radius, there is an initial rise in rms emittance by
about 8%, followed by a very slow rise of ~ 1.5% per 100
periods.
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Fig. 2. Phase plots for initial distribution function for
centered beam. oy = 60°, o =6° rms major radius/distance
to electrode surface = 0.375.
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Fig. 3. Phase plots at period 19 in cylindrical quadrupole
geometry for beam shown in Fig. 2.

The growth of transverse rms emittance for a
misaligned beam exposed to image forces is shown in Fig. 4
for the round pipe and cylindrical quadrupole geometries
described above. (Rms emittance is defined as e, =
(<xZ><x'Z> - <xx'> )1/2, and similarly for y, where
x' = dx/dz.) The emittance in Fig. 4 is recorded once per
lattice period at the center of the x focusing lens. The
rms y emittance exhibits the same behavior as the x
emittance, in phase with it. The beats that can be clearly
seen in the cylindrical quadrupole case are not present for
the round pipe case shown, though when the parameters are
changed to give larger emittance growth the round pipe case
also exhibits beats. The sum frequency for the beals is
approximately twice the coherent betatron frequency. Note
that the emittance growth for the round pipe boundary is
much less than for the cylindrical quadrupoles, even though
the beam has been displaced by twice as much. This is
probably due to the fact that the image forces for the highly

Emittance Growth from Image Forces
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Fig. 4. x rms emittance, normalized to its initial value, for
boundary conditions described in the text. o4 = 60°, o =6°
beam major radius/distance from axis to nearest conductor
=0.42, 6 = 45°, h = a/4 (cyl. quads), a/2 (round pipe).

symmetric round pipe are much weaker. A few runs have
been done for a Kapchinskij-Viadimirskij distribution
function, which shows very similar patterns and magnitude
of emittance growth.

Further characterization of the phenomenon shown in
Fig. 4 can be obtained by investigating other moments of

_the distribution. The rms x and y radii of the beam do

not vary during the run, while the rms v, and v, show the
same behavior as the emittance. Thus, the beam’is heating,
not expanding. No particle loss is seen. Phase plots (see
Fig. 5) show some triangularization of the beam in x-y,
Xx-px, and y-py space, and even symmetry in x and v,
indicating that {he potential causing the beam deformation
is odd in x and y. (Plots for the initial beam are the same
as those in Fig. 5, with all axes of that figure scaled down.)
This odd symmetry indicates that the distribution function
will have non-zero odd muiltipole components, and therefore
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Fig. 5. Phase plots for period 19 for cylindrical quadrupole
parameters of Fig. 4.
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non-zero third moments. We have therefore also looked at
third order moments of the distribution function. These
show beats at the same frequency as the emittance, though
the sum frequency is half of that for the emittance. No
secular growth of the third order moments is seen.

Thorough scaling studies have not been done, due to
the extensive parameter space and the limited computer
time available. The emittance growth increases with og,
the beam major radius, a, and the offset, h (see Fiq. 1), and
decreases with increasing aperture or betatron phase
advance per lattice period, o. The secular growth of the
emittance is found to be approximately linearly proportional
to the amplitude of the emittance oscillations.

Some experimental evidence for emittance growth due
- to image forces has been obtained in the Single Beam
Transport Experiment,? in which a 120 keV Cs* beam is
transported through 40 periods of alternating gradient
focusing. Figure 6 shows the rms x emittance vs. z for
two beams with different initial offset, h, from the
focusing channel axis. The emittance has been calculated
from the measured phase space plots using either 100% of
the current or only the inner 95% in order to exclude halo
effects. The emittance difference between the two beams
at a given z location can be measured accurately to a few
percent, but comparison at different 2z locations is
- hampered by calibration difficulties. As the graph shows,

the emittance of the beam with the dreater offset grows as

a function of z with respect to the other beam. With h=0
no emittance growth was seen. The magnitude of the
emittance growth observed was consistent with simulation
calculations, but more data would be needed to prove that
the effect observed was the same as that seen in
calculations.
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Fig. 6. Experimental measurements of rms x emittance
(circled points) for two off-center beams. oy = 60°, o =8°.

Similar effects to those just described for image
forces are seen in simulation calculations in which external
nonlinear forces are present. Figure 7 shows the growth of
emittance for a misaligned beam in the presence of a
dodecapole  potential. If quadrupole symmetry is
maintained, this is the lowest order muitipole which can
occur as an imperfection in the focusing field. The focusing
potential applied in the code is therefore V,:,[Az(r/d)2 cos 26
+ A6(r/d)6 cos 66), where d is the distance from the center
of the focusing channel to the surface of the cylindrical
quadrupole electrode. V, alternates in sign and a thin lens

Emittance Growth from Dodecapole
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Fig. 7. x rms emittance vs. z with external dodecapole
force. df = 60° o = 6° h = al/2, 8 =0° Ag/Az=
1.02x10-<,

approximation is used. No image forces are applied. Again,
if the beam is centered in the focusing channel no emittance
growth occurs. For misaligned beams a beat pattern is
again seen in the emittance growth, with the sum frequency
approximately equal to twice the coherent betatron
frequency. The emittance growth, and also the amplitude of
the emittance oscillations, appears to be proportional to
Agh, and it increases with increasing oy or decreasing o.
Again the rms beam radii are essentially constant, while the
rms vy and v, increase in the same manner as the
emittance. However phase plot35 show an odd symmetry in
x and y, and therefore an even potential, indicating that
while the macroscopic beam changes are similar to the
image force case, the process is different in detail.

Similar effects have also been seen for an alternating
sign octupole potential used to model end effects of
interdigital electrostatic quadrupole structures.? It seems
reasonable therefore to state the following as a general
result: For intense space-charge-dominated (o/oy ~ 0.1)
misaligned beams the presence of a nonlinear force causes
emittance growth in a beat pattern. This is due to beam
heating, with negligible change in rms beam radii.

A Possible Mechanism

The beat pattern seen in the graphs of emittance vs.
z suggests that the nonlinear forces applied may be driving
a coherent mode of the beam at a frequency slightly off
resonance. As noted above, Hofmann et al. showed that
space-charge-dominated beams in alternating gradient
focusing systems have coherent modes which stabilize
nonlinearly with negligible effect on beam emittancel. The
potential of these modes is proportional to cos m6. Figure 8
shows the phase advance per lattice period of the m =3 or
“third order” modes vs. ¢ for oy =60° Note that one of
the modes has a phase advance per lattice period which
approaches oy as the beam becomes more intense (o » 0).
This occurs for all m. The phase advance per period of the
coherent betatron oscillation is also nearly the same as og,
the deviation being a measure of the strength of the
nonlinearity versus that of the linear focusing force.
Therefore the mode frequency is close to the coherent
betatron frequency. Moreover, the strength of the applied
nonlinear force at the beam will be modulated at the
coherent betatron frequency, since its value depends on the
distance of the centroid from the axis of the focusing
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Fig. 8. Phase advance per lattice period of the third order
modes of the K-V distribution vs. o. oy = 60°.

channel. Therefore the nonlinear force provides a driving
force at a frequency near the resonant frequency of these
coherent modes of the beam.

The symmetry of the phase plots suggests that in the
case of the image force the m = 3 mode might be involved,
and for the dodecapole, perhaps m = 4. In the beam frame
the ‘image force potential does contain a r3 cos 36
multipole component, and the dodecapole contains all
multipoles up to 6. However we should remember that
though these are the predominant symmetries evident in the
phase plots, it is likely that a mixture of modes would be
involved, and it is unclear that the most obvious mode in the
phase plots is the one that causes the most emittance
growth.

L. Smith has studied analytically the mechanism just
described, for the case of constant focusing, a
Kapchinskij-Vladimirskij (K-V) distribution, and the image
forces in a round pipe®. In this case, the largest multipole
component of the image forces is the third order
component. Putting this into the linearized Vlasov equation
with a perturbation potential proportional to r? cos 36 he
found the perturbed potential to be

e Q-w
: c . ¢
sin < 5 t> s1n< 5 )

where wg is the coherent betatron frequency with no image
forces or external nonlinear forces present, § =
2 2 4 22 4
Sw  + wp/l& + \/wp/IG + w wp + 16w the
of a K-V third order mode being driven , with « the
betatron frequency and «, the plasma frequericy, and R is
the pipe radius. It is difficult to compare the scaling with
wg, a, h, and R given in Eq. (1) with simulation results,
since for the round pipe the emittance growth is so small.
However, one can clearly see from this calculation the beat
phenomenon which appears in the simulation results. The
frequencies agree fairly well with the simulation
calculations. This lends plausibility to the hypothesis that
~ the emittance growth derives from the driving of coherent
- beam modes near their resonant frequencies by external
nonlinearities or image forces, whose strength is modulated
by the coherent betatron oscillation. The emittance growth
itself cannot be obtained from the linearized Vlasov
equation, since to this order it is zero.

M

is frequency

Cancellation of Image Effects by the Dodecapole

When both the image forces of the cylindrical
quadrupole geometry and a dodecapole force of the proper
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Fig. 9. y emittance vs. z for the cylindrical quadrupole
geometry and parameters of Fig. 2, with and withoul. an
additional dodecapole force, showing disappearance of
emittance growth. Also shown is a case with sign of Ag
reversed. Ag/Ap = 1.02x10-2.

strength are present, simulation shows that the emittance
growth can be reduced to zero. This is shown in Fig. 9 for
the same case as Figs. 4 and 7. Though only the first 100
lattice periods are shown in Fig. 9, no emittance growth is
seen over the length of the simulation run, 300 periods. This
"cancellation" seems to be insensitive to the values of o
and oy, and is a gentle function of Ag. Since the modes
driven by these two forces seem to be different, one might
speculate that this "cancellation" is due to some kind of
interference of one mode with the coherence of the other so
that the emittance could not grow, rather than a true
cancellation of the effect. However, if the sign of the
dodecapole term is changed, the emittance growth is seen to
double, rather than disappearing. This is shown by the third
curve in Fig. 9, marked "images - dodecapole”. This seems
to indicate some real cancellation.

We have as yet been unable to find the mechanism by
which this cancellation occurs. One reasonable hypothesis
might be that both forces are driving several modes, with
one primarily responsible for the emittance growth. Then if
the coefficients of the multipole component of the two
forces responsible for the emittance growth were made to
cancel, emittance growth would not occur. The most
obvious choice might be the third order mode, since it has
the symmetry seen in the phase plots for the image forces.
Since the image forces are present at all z in the
simulation, and the dodecapole only at the lenses, they can
not cancel exactly in detail. However, since we are
interested in intense beams (low o) the betatron phase
advance of the particles per lattice period is low, and it is
reasonable to require the cancellation of the coefficients
integrated over one lattice period. We therefore find the
third order muitipole coefficient of both the image and
dodecapole forces as seen in the beam frame (i.e., perform
the multipole expansion about the beam centroid), average
them over one lattice period, and set the coefficients for
the two forces equal and opposite. This has been done
analytically, using the image force due to four hyperbolic”
electrodes rather than the cylindrical ones used in the
simulation. The result gives a value of Ag for cancellation
which is a factor of 10 higher than the value which the
simulation shows to cause cancellation. Moreover, using in
the simulation the value of Ag calculated analytically
causes extreme emittance growth. If we attempt to follow
the same procedure, but assume that the mode of interest is
the fifth order mode, then we again find disagreement with
the simulation, the value of Ag calculated analytically
being a factor of 4 less than the simulation value. So at this



time we can only say that the mechanism of cancellation is
not understood. It may be that it is not necessary to
completely cancel the driving force in order to stop
emittance growth, but only to bring it below some threshold
for growth--we know, for instance, that nonlinear
stabilization of the modes occurs when they are started with
a small perturbation and no driving force is present. This
could account for the fact that the analysis finds a larger
third order dodecapole component necessary for
cancellation than the simulation shows is needed. Another
possibility is that the mechanism is nonlinear and does not
involve straightforward cancellation of the driving forces.

We have been unable to produce similar cancellation
to that of the cylindrical quadrupole case in the simulation
results for the round pipe image force by any simple scaling
-of input parameters or analytical calculations. However no
systematic variation of the parameters to find a minimum
of the emittance growth has yet been done.

Summary and Conclusions

We have shown using particle-in-cell simulation that
in an alternating gradient focusing system in the presence of
(1) image forces due to either of two different conducting
boundary geometries, or (2) dodecapole or octupole
imperfections of the focusing fields, transverse emittance
growth occurs for misaligned intense (o/ogg ~ 0.1) beams.
This appears to be a general phenomenon caused by the
driving of stable coherent modes of the beam by the
nonlinearity, and we expect that it will occur for other
nonlinear forces besides those mentioned above. The
frequency of modulation of the nonlinearity strength, the
coherent betatron frequency, is nearly coincident with the
frequency of some coherent modes for intense beams,
enabling the nonlinear force to drive these modes near their
resonant frequencies.

For the case of the image forces of cylindrical
quadrupole electrodes simulation has shown that emittance
growth can be prevented by applying a dodecapole force of
the correct strength. Analytical theory shows that this is
not due to a straightforward cancellation of the driving
force of the most likely modes, and the mechanism for the
effect is not yet understood.

Analysis of data from the Single Beam Transport
Experiment indicates a growth of rms emittance for
misaligned beams, but further experiments are needed to
assess the validity of both the growth of emittance and the
image-dodecapole cancellation seen in simulation results.

The practical consequences of the effects we have
discussed depend on the amount of emittance growth that is
tolerable in a given experiment, the length of the
accelerator, and the diameter of the beam. The beam
diameter is important since it gives the scale length for
acceptable misalignments, and technological limits on this
length of course exist. In general, for a given allowable
emittance growth the phenomena described will specify
limits on the amount of misalignment which is permissibie,
given the strength of the nonlinear forces acting and the
value of o/og. From another point of view, given the
technologically achievable alignment of a beam and the
lower limit on spurious focusing field nonlinearities, the
effects described give a lower limit on the value of /g,
which can be transported without exceeding limits on
emittance growth for a given length accelerator. For Heavy
lon Fusion this does not place unacceptably low limits on the
alignment of the beam or the charge per unit length that
can be transported. Results like those shown in Fig. 4
indicate that emittance growth due to the image forces of a
round pipe is small enough to be tolerable in the ~ 400
periods needed for a reactor, assuming reasonable
misalignments of h < a/4.
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SPACE CHARGE EFFECTS IN A BENDING MAGNET SYSTEM*
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Abstract

In order to examine problems and phenomena
associated with space charge in a beam bending system, the
beam dynamics code HICURB has been written. Its
principal features include momentum variations, vertical
and horizontal envelope dynamics coupled to the off-axis
centroid, curvature effect on fields, and images.
Preliminary results for an achromatic lattice configuration
are presented.

Introduction

The transport of intense ion beams in strong focussing
lattices has been the subject of theory and experimeni for
eleven years.l -4 However, the consideration of such beams
in a system which includes bends has only recently begun. In
particular, this report is concerned with the bending of an
intense beam bunch of finite length, in which the momentum
varies from head to tail of the bunch.

In an intense ion beam, space-charge induced forces
play a role comparable to or greater than emittance in
determining the envelope radii. A quantitative measure of
intensity is the degree of tune depression by the beam's
space charge. If (g,) denotes the undepressed tune (phase
advance per lattice period), then the depressed value (o)
experienced by an ion is approximately given by

2
02 z\oz - K <2—_L-> .
0 a

Here a is the mean beam edge radius, L is the lattice haif

period length, and K is the perveance,

2qel
K=""3"3
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where 1 is ion current, ¢ and M are charge state and
mass, and fy is the relativistic factor. Space charge
forces dominate over emittance when o/og < 1/V2. 1t has
been demonstrated® that transport is stable over many
lattice periods (> 40) provided that o5 < 85° and
a/og > 0.1. For a short transport subsystem consisting of
only 10-20 lattice periods, such as might be employed with
an inserted bend of, say, 180° it is expected (but has not
been demonstrated) that these conditions could be relaxed
to oy £ 90°, o > D°

The introduction of bends raises the issue of the
control of chromatic effects. For a low current beam there
are many combinations of bends and quadrupoles which
result in a first order, double achromat, i.e., the first order
optics of the complete subsystem is independent of small
differences of momentum (AP/P) among ions. This is
generally desirable for a single bend followed by a straight
system since any dependence of final transverse phase space
variables on AP would convert momentum spread intc an
effective increase in emittance. Similarly, a momentum
variation along a pulse (without local spread) would result in
an undesirable time dependent jitter in position and angle of
the beam centroid.

*This work was supported by the USASDC under Contract
No. MIPR W3IRPD-63-A087 and also by the Office of
Energy Research, Office of Basic Energy Sciences, U.S.
Department of Energy, under Contract NO.
DE-ACO03-765F00098.
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For an intense ion beam, special care must be taken in
the design of an achromat since the focussing and bending
forces are modified by beam-induced fields. In particular,
any portion of a beam pulse with mean momentum
deviation AP is displaced from the design orbit by the local
centroid value X = (AP/P})d where d is the dispersion.
This displacement induces an image force directed towards
the conducting boundary of approximate magnitude XK/RZ
where R is the pipe radius.

The image force acts in first order as a defocussing
element in the centroid dynamics. Ideally the focal strength
of the lattice should be increased to compensate for the
image effect in order to restore the desired achromatic
condition. This is impossible to do in general since the cur-
rent varies along the pulse. It is also clear that the
dispersion function of the centroid differs from that of an
individual particle since the particles are subject to the full
tune depression of the beam's self field, while the centroid
is subject to the (smaller) image force. For the present
study we consider the situation in which momentum spread
is negligible at any position within the beam pulse, but
varies by a large amount (up to 8% total) along the pulse.
The centroid dynamics are of the greatest concern and we
seek a bending configuration which does not cause
unacceptable jitter of the centroid.

To aid in this study a beam dynamics code HICURB
has been written. In its preliminary version it contains a
treatment of the beam envelope and centroid in a system of
bends and quadrupoles, including the image forces. A future
version of HICURB will also incorporate the modification
of beam-induced fields resulting from curved geometry,
which affects centroid dynamics in the same order of
approximation as the image force.

Bend System

The specific computations described here were carried
out for a bend system composed of eight periods, all of the
identical form FOBODDOBOFf, for a total of eighty lattice
elements. If the total angle of bend is 180° then each of the
sixteen bend magnets, (B), deflects the beam through some
11.25°. Adjacent elements of the same type would be
combined in the physical lattice. Focus (F) and defocus
(D) quadrupoles are of equal strength and produce an
undepressed tune o =90° Individual quadrupoles, bends
(B) and drifts (0) occupy respectively 1/12, 1/6, and 1/12
of the lattice space and are treated in hard edge
approximation. Curvature and edge focussing are neglected
in the present version of HICURB. The cumulative bend is
180° with total length (l6L). A double achromatic
condition (d = d' = 0) occurs at the system midpoint and
end in the absence of beam induced fields. This feature is a
consequence of the symmetric placement of elements and
the 720° total phase advance. Achromats of this general
type may be made up out of sectors with 360° phase
advance, each sector containing n > 3 identical periods
with o4 = 360°/n. The larger values of n yield weaker
focussing for a fixed period length (2L), but have smoother
envelopes and are possibly less prone to intense-beam
instabilities. The use of two 360° sectors with o5 =90° isa
natural choice for a bending system using a minimum of
space and characterized by large momentum variations (+4%
from the center of the bunch) because of its tight focus
using magnets of reasonable length and aperture. The
maximum beta function and dispersion in the absence of
space charge are



B « = (3.2763) L , d

ma ax - (1.0511) L .

m

The quadrupole field gradient (for og = 90°) is

B' = (4.8164)[Bp]/L% ,
where [Bp] = ByMc/qe is the magnetic rigidity of the ions.

Image Field

The image field of a beam of elliptic cross section,
centered off-axis in a circular cross section pipe is
employed in HICURB. We note first that it is sufficient to
obtain an expression for the electrostatic field alone since
in straight-pipe geometry, the transverse force from
magnetic field is incorporated by the substitution

x B> E/YC .

E+yxB

The Greens function solution for the image field is

E(r) = - ] v J-dzr'p(ﬁ') Tog

we
2 ]

where p(r') is the charge density of the beam and R is

the pipe radius. A convenient expression for the field is

. 1 Jz
£+ iE = dr'
X y 2ﬂ€0R2

p(r')(x'+iy")

1 - (x'+iy')(x-iy) /RS

From2 this form we obtain the expansion in inverse powers
of Ré:

E, + i€ = (x+iy) + Xt 5 +
V' 2me R R

+ + ...

Performing the averages over an ellipse of semi-axes
(a,b), and displaced by amount X = X, we have, through

order X3
2 [(x—X)f - iyf + Xg] ,

E_+ iE =
X Y 2we R
o

where f and g are defined as

N < 2_b2> 3 <a2_bz> 2
w2 2\ 2 B\ 2
L2 2 3 (a2?) 1 (a20?) 2
g=1+—*+* 3" *2 2 Y\ 2
aw? R R R

The leading term (AX/2regR2) is the usual dipole force in-
duced by small displacements of a beam with circular cross
section. There are also a gquadrupole force term induced b
the elliptic cross section and terms of order X2 and X
which couple the centroid to the envelope oscillations.

Code Model

In its preliminary form HICURB solves the coupled
envelope equations of Kapchinskij and Vladimirskij5 with the
additional quadrupole force terms resulting from the image
field:
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d52 [Bp] a3 a+ R2
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d’b _ _B' y 2K Kbf
—— =% —=——= b + + -,
dSZ [Bp] b3 a+b R2

The function f contains the effects of the round pipe
image resulting from the non-zero centroid X and elliptic
profile of the beam.

The centroid in the bend plane [X(s)] is the mean
value of particle amplitude x. An equation of motion for X
is obtained by taking an average over the single particle
equation, assuming the particles uniformly occupy a
displaced ellipse of semi-axes a and b. We find

2 .
X _, B, 001, K
‘dsz [Be] Pp R2

where p is the radius of curvature in the bends and g is
the previously defined image function.

In a periodic lattice there exist matched periodic
solutions for the envelope radii and X. The initial values for
these matched solutions in the absence of images are
available in tabular form or may be found directly by solving
of the model equations, omitting images.

It is clear that the code model is incomplete at this
stage and the computed results should in any event serve
only as a guide to the magnitude of disturbance by images
and its possible compensation. A particle-in-cell simulation
should be used in conjunction with HICURB Lo provide
greater detail and physical insight. Model features which
we intend to add to HICURB are
of curved

a. Modification to

geometkry

fields due

b. Enerqgy variation with time resuiting from
motion in an electrostatic potential

c. Curvature and edge focussing from bends
d. Non-circular pipe boundary

e. Time variation of perveance due to bunching.

Code Description

~ The numerical results presented in this report were
obtained using a preliminary version of the FORTRAN-77
program HICURB, which was written at LBL during 1986.
This program consists of the main program, HICURB, and a
collection of modules that perform the necessary
programming and calculation tasks such as lattice element
definition and arrangement and input/output features.

Lattice elements are described in terms of their
geometric length and aperture, along with magnetic field
properties appropriate for their type. The system is defined
using a simple list representation that allows sections of the
system to be defined and subsequently used in repetitive or
reflected blocks. This allows a system of many elements to
be easily represented once the elements in a half-period are
specified. The input beam parameters are the ion charge
state, mass number, kinetic energy, current, momentum
error, and horizontal and vertical emittances. Perveance,
magnetic rigidity and radius of curvature are then computed.

A standard fourth-order Runge-Kutta integration
package is used to integrate the six first-order equations for



beam radii, centroid displacement, and their derivatives. A
hard-edge magnet representation was used to obtain the
results of this report. However, HICURB is capable of
performing calculations with any variation of field.
Integration parameters have been set to give 6 or 7
significant figures. The calculation for the particular
system considered in this study, consisting of 80 elements, is
easily performed on a VAX/VMS 8600 system in a few
seconds of CPU processing time.

HICURB will be modified as experience is acquired
and new model features are developed. Because of. the
program’'s modular construction it is easy to introduce sys-
tem editing modules, specific diagnostic output, and graph-
ical output. It is also easy to change the program to reflect
the changes in the model. Because HICURB is actually a
generic program for defining systems and calculating
systems element by element, it is not difficult to include
features such as ray tracing or element transformations.

Computation Study

HICURB has been used in its preliminary form to study
the effect of images on the beam envelope and centroid.
The above described lattice is used, with input parameters.

K = 7.0827x10°%, L = 5.8905x10" m

In order to study intense beam phenomena, the tune has
been depressed to zero (o = 0) with matched initial radii

(ignoring image forces):
(2.9952x10‘2 m>

<1.4988x10'2 m> ,

a(0) = amax

b(0)

1]
1]
[

min

and a'(0) = b'(0) = 0. The matched initial value of X is
-2 AP/P
X(0) = x = {1.2383x10 m) (—753>,
X'(0) =0 .

An initial run with R = » was made to verify the
matched solutions undisturbed by images, and obtain the
maximum, matched, undisturbed derivatives (a,;,ax =
3.68717x10-2, Xhax = 1.65012x10-2), which provide a basis
for comparison with the disturbed solutions.

Three pair of runs were made to compare the envelope
and centroid values obtained using pipe radii R = .12 m and
.06 m with the undisturbed values. The final values, taken
at the system end, are of greatest importance since they
give an indication of the violation of achromaticity.

The first set of runs takes aAP/P =0, so X =0
everywhere and the only image effect is the small additional
quadrupole force from the elliptic profile
[= (Ka/RZ)(a2-b?)/4RZ). Dencting final values by subscript
f we find

af/a0 = 1.00002 —5} R=.12m,
] ] - -
ag /amax = -3.87x10

ag/a, = 1.00036 _4} R=.06m.
[} 1 -
af/amax = -5.980x10

Hence there are very small decreases in the effective value
of oy, with inconsequential results.
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The second set of runs takes aP/P = .04 corre-
sponding to the bunch tail, and X(0) = X(')(O) = 0, i.e. the
centroid is not matched. In the absence of images, a,
a', X and X' return to their initial values at the system
end. However, we obtain with images

af/ao = .99941
al/al = -1.0737x1073
£/ “max ) 7 ? R=.12m,
Xf/Xo = 3.0715x10
-2
=y - _
Xf/Xmax = -9.6663x10 p,
~
af/a0 = 1.0319
~2
' ' _ .
af/amax = 2.3074x19] R=.06m.
)(f_/Xo = 7.0203x10
-1
1 ' _ .
Xp/XL = -3.9529x107 )

A very considerable (and probably unacceptable) disturbance
of the centroid has developed for the case R = .06 m. With
R = .l1Z2m there is an improvement factor of several for X¢
and Xf. :

The third run set takes aP/P = .04 (the bunch tail)

and matches the centroid [X(0) = X5, X'(0) = 0]. This
yields <
af/a0 = 1.00004
-5 .
1 1 - _
af/amax = -2.57x10 > R=.12m,
Xf/X0 = 1.00105
-3
] ] = -
Xf/xmax = -3.3049x10 ")
af/a = 1.00427
° -3
1 t -
af/amax = -3.1334x10 > R = .06m .
Xe/X =.1.0944 .
] ' -
xf/xmax = ~5.5898x10

The final values obtained with R = .12m and possibly
R=.06m may be acceptable for most laboratory
applications. However, it may prove difficult to obtain the
matched initial conditions without introducing an image
disturbance in the matching sections.

The authors would like to thank L.J. Laslett for a
useful table of matched envelope parameters and D. Keefe
and T. Fessenden for useful advice on system definition.
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TRANSVERSE COMBINING OF NONRELATIVISTIC BEAMSIN A MULTIPLE BEAM INDUCTION LINAC*

C.M. Celata, A. Faltens, David L. Judd, L. Smith, and M.G. Tiefenback1L
LLawrence Berkeley Laboratory
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Berkeley, CA 94720

Abstract .

Emittance growth of beams during transverse com-
bining has been studied computationally and experimentally
for Heavy lon Fusion applications, and the theory and resuits
are presented. A hardware design is also discussed.

At the low energy end of an inertial confinement
fusion heavy ion driver it is most cost effective to transport
the intense beams by dividing the current into many
"beamlets” which are individually focused by an array of
magnetic or electrostatic focusing quadrupoles. The
desirability of dividing the current inte many beams is a
result of the fact that if the aperture radius of the
quadrupoles is decreased while keeping the highest
technologically possible field at the pole tip, a higher
focusing field gradient results, making possible the transport
of a higher current density beam. The advantage gained by
going to smaller aperture must be weighed against two
factors. First, as the beam radius decreases, the clearance
needed for misalignments and mismatches increases slowly.
Thus little gain is made in decreasing the aperture by
decreasing the charge per unit length when the beam radius
becomes smaller than the required clearance length.
Second, the increased number of focusing elements required
to transport the larger number of beams increases the cost
of the focusing system. For a heavy lon inertial
confinement driver, minimal cost occurs when the number
of beams at the low energy end is about 100. At the high
energy end of the accelerator, where space charge forces
are weaker relative to available focusing, the optimum
number of beamlets is approximately 8-16. Therefore it is
necessary at some point to combine beams, probably in the
100-500 MeV range.

In this paper we will consider transverse combining of
intense beams. Beam combining is permitted only if the
resuitant emittance growth is tolerable. Considering target
requirements and the best available sources, a total
emittance increase of about 100 times is allowed in the
accelerator.

2. A Combining System

To date, we have considered only the four-to-one
combining of beams because of the relevance of this
arrangement to the square arrays of multiple beams
presently envisioned for future experiments. The combining
section will deflect the centroids of the beams through a
bend, followed by a reverse bend, so that when they emerge
into a common focusing channel their centroids are as close
together as possible, with negligible relative transverse
velocity. Both of these constraints are needed to minimize
the emittance growth when the beams combine.

During the bending process, it may be advisable to
maintain individual A-G focusing of the beams. Making the
reasonable assumption that the strength of the bending
fields will be limited to values of the order of the limit on
the focusing field strength, it can be shown that without
concurrent focusing the beam radii will double in the bends.

*This work was supported by the Qffice of Energy Research,
Office of Basic Energy Sciences, U.S. Dept. of Energy under
Contract No. DE-AC03-76SF00098.

1~Present address: Pulse Sciences, San Leandro, CA.
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This may make an array of such beams unacceptably large.
A sketch of a possible combining section is shown in Fig. 1.
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Fig. 1. Above are shown successive bending and focusing
regions and x and y envelopes a and b, for one of the
four beams. Also indicated are the transverse sections of
all four beams at the six stations shown.

In order to bring the beams as close together as
possible, the structure between them which provides the
focusing and bending fields at the end of the bending section
must be thin. It appears possible to use pulsed
current-sheet magnetic dipole and quadrupole field arrays
for this purpose. Because the fields are only needed for
microseconds and the duty cycle is low, conducting sheets as
thin as a few millimeters can be used. A set of four dipole
fields needed to bring the four beams together can be
realized by various current-sheet configurations.
Quadrupole fields can be generated by various config-
urations of current sheets having a linear variation of
current density across them, but they require an outer layer
of permeable material to guide magnetic flux around the
outside of the arrays. All of the required current distri-
butions can be made to adequate accuracy by relatively
small numbers of conducting wires, rather than continuous
sheets.

3. Emittance Growth

Emittance growth due to the combining process occurs
for two reasons. First, the betatron orbits of the particles
cause them to fill in "holes" between the beams in phase
space which are present when they first emerge into the
same focusing channel, causing what we will call
"geometric” emittance dilution. This is well known, and has
been studied in the context of stacking in storage rings.
Second, space charge forces cause the density profile to
change, rapidly expanding the beams into the spaces
between them in configuration space. The change in
electrostatic field energy becomes transverse kinetic energy.

In this paper we will be interested in the change in the
transverse rms emittance, defined as €y =
(<x2><x'2> - <xx'>)1/2, and similarly for y. We will
assume that the initial configuration of beams as they
emerge from the combining section described above is "rms
matched” to the focusing lattice -- i.e., that the rms beam
radii of the total configuration are the same as those of a
uniform matched beam. This implies that in general the x
and y emittances of the configuration are not equal.
Further, we assume that since the composite beam is "rms



matched” to the focusing channel, the rms radii of the final
combined beam are these same matched radii. Simulation
shows this to be a reasonable assumption if the beams are
very close together -- within a few beam radii of each
other. In this case the geometric emittance dilution can be
easily calculated from the initial conditions. Experiments
on a single beam in the Single Beam Transport Experiment
at Lawrence Berkeley Laboratory have shown that space
charge couples the transverse dimensions, causing the final
beam to have equal emittance in the two planes. We
therefore assume the final x and y emittances to be
equal. Finally, if the configuration of beams is matched,
then the sum of the electrostatic field energy and the
transverse kinetic energy, measured at homologous points in
the focusing lattice, will be constant. Using this we obtain:

m

and similarly for y , where 4U is the change in
electrostatic field energy per unit length (note that
aY < 0), Toy is va)%ol?_, N is the number of particles per
unit length, and "o" and "f" refer to the initial state of the
configuration of four beams emerging from Lthe bending

section and the final state respectively.

AU can be calculated if the final density profile of the v

beam is known. Striickmeier et al.l have indicated that,
based on simulation, the equilibrium state of a
space-charge-dominated beam in a linear focusing system
seems to have a uniform density profile. Hofmann and
StriickmeierZ have shown that this is the profile which has
the lowest electrostatic field energy. We therefore assume
the final beam to have uniform density. We have studied in
some detail the configuration of beams shown in Fig. 2. We
will discuss the results below, and then comment briefly on
the case shown in Fig. I, where two of the beams have thelr
major axes rotated by 90 degrees.

AU can be found analytically for the geometry of
Fig. 2 for the case of constant focusing and round beams,
with §, = &,. Assuming a final state of uniform density,
with initial and final rms radii equal,

2
2 2 8 /.\3 2
a= Ay |- (2) 2L )| ()
64 we 4 8 2
0 d
R~ s
~ lY
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y XBL 866-1137
Fig. 2. Transverse plane geometry showing four beams when
they first "see" each other. The separation of the beams is
exaggerated in this diagram.
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where q = charge of the ion, ¢ =§/R, a is the beam
radius, and & is defined in Fig. 2. Note that there is
negligible dependence on g, so that AU depends only on
§/a and Ng. For all configurations of beams U, and
therefore AU, will be proportional to N2gZ, and this is the
only explicit dependence of the total emittance dilution on
Ng. Using Eq. (1) the emittance growth due to space charge
alone can now be shown to be

1
B(ef) = efy = egy = 7 g A s - a‘zg? s
vaz kE
where k is the focusing constant and E = mvE/Z.

Equation (3) was used to calculate the results of varying the
beam charge per unit length while keeping constant o, and
the value of ¢ = 2-1/2 §-a. ¢ is defined as the clearance
between a beam and the x (or y) axis, and therefore the
clearance to the conducting sheets separating them before
they combine. As Nq increases, "a" will increase as
(N@)1/2Z. For the experimentally interesting range of oy =
30°-80° ¢ =_3-6mm, and Nq = .01-0.2yC/m, the
varlanon of /a (cz) wn:h Nq was found to be very close to
linear. This is not true for smaller values of Ng. As
expected, A (eZ) increases with c.

The total emittance growth can be defined as My =
(c /(2: )(c where the first factor is the
geometrlc emi Pt(ancé dilution, the second we will refer to as
the space charge factor, and cj is the emittance of one
beamlel. before combining. Note that if phase space were
exactly conserved during combining, the value of M would
be upity. For the round beam case the geometric factor is
0.5/1+282/a%. The total emittance growth is seen from
Fig. 3 to be about a factor of four for experimentally
feasible parameters.

The combining geometry of Fig.2 was also
investigated for the case of elliptical beams in 'a A-G
focusing system, using the 2D particle-in-cell simulation
SHIFTXY. The initial particle distribution for each beam
was assumed to be gaussian in velocity, with uniform
temperature, and uniform in density. The betatron phase
advance per lattice period, o, and the emittance of the
beamlets before combining, as well as og,.. R, and the rms
radii of the initial configuration, were kept constant for all
runs, When ¢ = I, where ¢ = (8,/a)/(8,/b), simulation
results for the emittance growth had the values which would
be calculated using the value of aU given for round beams,
with § = /7 8y. The results are therefore parameterized
in terms of the values of this shape factor, ¢, which

8
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Fig. 3. Emittance increase during combining for a=b,
8y = 8y, calculated from Egs. (2),(3). c=3mm, L=0.5m.

The legend identifies the betatron phase advance per meter
with and without space charge for each curve.
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Fig. 4. One dimensional rms emittance growth vs, §,/a for
z=1 and 7 = 2. Circles and triangles are simulation
results for ¢ =1 and ¢ = 2 respectively. Solid lines are
total emittance growth, ¢ /(Z‘Six)' while dashed lines are
space charge dilution factor only. "og = 60°, ¢ =20° (before
combining), xrmg/R for initial configuration = 0.35.

indicates the departure from "roundness", and §/a. With
the value of <x2>/<y2>, these two parameters specify the
initial state. The results are shown in Fig. 4. As §,/a
increases, keeping <x2> constant, "a" must decrease, giving
hotter initial beams, since the emittance per beam is
constant. In an actual experiment, this would be done using
‘a matching section. The additional energy provided by the
combining then gives a smaller fractional increase in the
transverse kinetic energy, and therefore in the emittance.
This effect accounts for the facl thalt the space charge
emittance factor seen in Fig. 4 does not rise monotonically
with §,/a but instead attains rather moderate values and
then levels off or decreases. Note that for experimentally
realizable parameters the values of emittance growth are
less than or equal to a factor of about 3. As explained
above, these results imply that beams may be combined a
few times in a heavy ion inertial fusion linac driver without
causing unacceptable emittance growth. A few simulation
runs have been done for the case of beams in the
configuration shown in Fig. 1. These show emittance growth
of the same magnitude as the cases just described, with
values of M, My less than or equal to about 3.

The l.awrence Berkeley Laboratory Single Beam
Transport Experiment3 was used to test the theoretical
results for emittance growth described above, by
intercepting the space-charge-dominated 122 keV, 10 ma,
Cs* beam with a conducting plate with four holes cut in it,
in the geometry shown in Fig. 2. The normalized rms beam
emittance upstream of the mask was 0.26x10-7 v m-rad.
The plate was placed at a longitudinal position midway
between quadrupoles, and Lthe holes were round with
8y = &,. Final emittance was measured 38 lattice periods
downs{ream. A lower lattice strength was used downstream
from the mask to allow for the decreased density of the
beam. No attempt was made to adjust the transverse
velocity distribution to the required distribution for the
focusing lattice, so that some mismatch was present. The
beamlets thus formed immediately combined. Results for
the four cases measured are shown in Table 1. The range of
values given for the calculated space charge factor and final
emittance is due to the uncertainty in the experimental
measurement of the initial emittance. Agreement between
theory and experiment is quite good, allowing for the
experimental uncertainty. Measurements of the phase space
evolution of the combining beams are shown in Fig. 5.
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VFig. 5. Phase plots for the last case in Table 1. x vs. x'

measured for (3) 0.5 and (b) 38.5 lattice periods
downstream of the mask. Total current after the mask =
4.2 mA.

Table 1

a dy/a space charge geometric 4 ef (ICI‘7 w m-rad)
(mm) factor factor (theory) (expt)
3.88 1.00 1.16-1.23 1.12 0.78-0.89 0.97
3.88 1.15 1.30-1.41 1.25 0.96-1.07 1.06
3.88 1.30 1.45-1.61 1.39 1.22-1.32 1.19
4.46 1.15 1.36-1.50 1.25 1.17-1.28 1.13

5. Summary

For economic reasons it is desirable to transport the
current in a heavy ion inertial fusion linac driver as multiple
intense beams at the low energy end of the accelerator,
then combine beams as the beam velocity increases. We
have described a system which would be used to combine
transversely four beams, and have shown theoretically and
experimentally that the emittance dilution produced, about
a factor of 4, would be within acceptable limits. We find
good agreement between simulation, analytical theory, and
experiment.
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Abstract

In this report we compare two physics designs of the.

low energy end of an induction-linac-ICF driver: one using
electric quadrupole focusing of many parallel beams
followed by transverse beam combining; the other using
magnetic quadrupole focusing of fewer beams without beam
combining., Because of larger head-to-tail velocity spread
and a consequent rapid current amplification in a magnetic
focusing channel, the overall accelerator size of the design
using magnetic focusing is comparable to that using electric
focusing.

Introduction

The induction linac is an efficient accelerator for high
current beams with short pulse durations. Unfortunately, the
transportable current for a low energy heavy ion beam in a
conventional alternating-gradient focusing channel is
severely limited by space-charge forces. . For the
Inertial-Confinement-Fusion (ICF) application, in which the
total number of particles is fixed, the requirement for
current amplification can reduce the acceleration rate and
makes the linac longer. One way to alleviate this problem
and increase the efficiency of the accelerator is to use
many parallel beams individually focused in electric
quadrupole channels. After a significant acceleration, these
multiple beams are combined transversely into a fewer
number of beams and injected into magnetic quadrupole
focusing channels. A conceptual design using this method
was described in the Heavy lon Fusion Accelerator Research
Outline Plan {1}, in which 64 beams are combined to 16
beams at an energy of 100 MeV. A schematic diagram of
the conceptual design is shown in Fig. 1. In the present
study we limit ourselves to the region below 100 MeV.

In order to benefit from the multiple-beam idea, one
can use a great number of beams with very small channel
diameters [2]). The required mechanical tolerances and
beam manipulations associated with bending and combining
are not a trivial task. In bending the beams, it is necessary
that either a time dependent bending field should be used or
the head-to-tail velocity spread has to be removed before

bending. Also, recent studies have shown that the
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Fig. 1. A schematic diagram of a conceptual induction-
linac-1CF driver using mass number 200 and charge state 3.
(Adopted from ref. 1)
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transverse emittances tend -to grow during the combining
operation as the beams see each other's space charge forces
[3]. The purpose of the present study is to find what
penalties, if any, we need to pay to eliminate the beam
combining operation. )

An alternative design presented here uses magnetic
quadrupole focusing of fewer beams and does not require
beam combining. This simpler option has received less
attention so far because the overall size of the accelerator

' was considered to be too large. However, magnetic focusing

channels accept larger head-to-tail velocity spread than
electric channels and thus current amplification can take
place more rapidly. By taking advantage of ' these
properties, the size of the lower energy end of the driver
and the injector can be greatly reduced.

Design Considerations

At injection, the zero-intensity phase advance of the
betatron oscillation per lattice period (betatron tune or o)
is chosen to be 80 degrees. This value of o is maintained
constant for the head of the beam by increasing the lattice
period along the linac. (One can also get the same result by
keeping the lattice period constant and increasing the
pole-tip field strength provided that the field gradient has
not reached the technological limit set by insulator
flash-over. Current amplification 1is faster for this
option.). The value of o5 for the tail of the bunch
decreases as it gets more acceleration than the head of the
bunch. The acceleration and bunching schedule is adjusted
in such a way that, for the tail of the beam, the tune is
allowed to drop as low as 40 degrees but not below this
value. This range of values for o4 corresponds to a
head-to-tail velocity tilt of about 30 per cent for electric
focusing channels and 60 per cent for magnetic focusing
channels.

Quadrupole occupancy factor is assumed to be 0.5,
that is, the physical length of quadrupoles are about one half
of the lattice-half period. For higher energy regions beyond
100 MeV, the occupancy factor is decreased to make room
for more accelerating units.

The quadrupole-bore radius is kept constant for”
simplicity. The center-to-center beam separation is also
assumed to be constant to avoid beam bending. The pole-Lip
fields are kept constant along the linac.

Other common design parameters are listed below.

Mass Number 200
Charge State +3
Injection Energy 10 MeV
Final Energy 100 MeV

Final Current

Final Pulse Duration
Max Gradient

Max Flux

Total Charge

250 A (Electrical)
4 micro-secaonds
0.4 MV/m
0.5 Vs/m (Set by size)
1000 micro-Coulombs
(electrical)

Description of the Designs

The current amplification schedule is determined by

'requiring that the maximum beam radius (in the middle of

the focusing lenses) remains approximately constant. For
the transport channels described in the previous section,



beam current should be amplified linearly with the velocity
of the beam for electric focusing and linearly with the
kinetic energy for magnetic focusing {4). For the electric
focusing design however, the initial and final currents given
in reference 1 require that the current should amplify
approximately as velocity to the 1.4-th power. As a result,
the beam radius increases along the linac and the quadrupole
bore radius is somewhat under-utilized at the injection
point. The current amplification schedules adopted in this
report are shown in Fig. 2(a) for electric and 3(a) for
magnetic focusing.

The total current required at injection is twice higher
for electric design (50 A total), but the current per beam at
injection is twice higher for magnetic focusing (1.56 A per
beam). A design tradeoff can be made for an even smaller
injection current with a longitudinal drift compression.

The accelerating voltage waveforms are calculated
according to the design procedure described by Kim and
Smith [5). This procedure is based on the current
self-replicating scheme where the current pulse shape at a
given location is self-similar at subsequent locations. The
accelerating voltage waveforms should provide not only the
acceleration but also the velocity tilt necessary for current
amplification. Two types of voltage waveforms are used;
"square" waveforms for accelerations and "triangular or
trapezoidal" waveforms for generating the head-to-tail
velocity spread for the desired current amplification.
Typical waveforms selected at intervals of every 15 meters
are shown in Fig. 2(b) for electric and 3(b) for magnetic
focusing. Space-charge effects and corrections for the
accumulated errors can be added to these waveforms as
demonstrated in the I_BL multiple beam experiment [6].
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Fig. 2. Design using electrical quadrupole focusing:
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Fig. 3. Design using magnetic quadrupole focusing:

At a given location the beam radius may change in
time because of the velocity tilt. If the beam current is
constant in time, the major radius of the beam cross section
(ellipse) remains approximately constant for electric
focusing. The same is true for magnetic focusing if the line
charge density is constant in time. In the present study, we
will consider the constant current distribution for both
eletric and magnetic focusing.

The head-to-tail velocity tilt as a function of distance
(z) is shown in Figs. 2(c) and 3(c). Velocity spread of up to
30% has been tried in MBE-4 successfully [7). High velocity
tilt in magnetic focusing has not been tried experimentally
but calculations using beam envelope equations showed no ill
effects. In these calculations, a constant current (at a given
location) was assumed for electric focussing and a constant
density (at a given location) waa assumed for magnetic
focussing [4]. The overall length of the linac depends
sensitively on the maximum allowable velocity tilt.

The kinetic energies for the head, center and the tail
of the beam bunch are shown in Figs. 2(d) and 3(d) for the
two designs. In both designs rapid acceleration happens only
after the pulse is significantly compressed.

Other beam parameters are summarized in Table I.
The space-charge depressed betatron tune (o) for magnetic
focusing is 15 degrees at the beginning and drops to 7
degrees at the end (for a normalized emittance of 2x10-7 «
radian-meters).

The half-lattice period can be increased in steps in
combination with some variations of the pole-tip field.
Although the required volt-seconds are less for the
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Table 1. Summary of parameters for the two designs

Electric Magnetic

25 Amperes
16
40 microsec

50 Amperes
64
20 microsec

Current at injection
Number of beams
Pulse duration
Beam radius (max)
Initial
Final
Bore radius
Bunch length
Initial
Final
Pole-tip Voltage/field
Half -lattice period

4 cm
4cm
7 cm (constant)

2.7cm
3.4 cm
5 cm (constant)

124 m
39 m
1.5 T (constant)

62 m
39 m
100 kV (constant)

Initial 50 cm 50 cm
Final 163 cm 100 cm
Max velocity tilt 30 % 55 %
Total flux required 227 Volt-sec 330 Volt-sec
Total length of Linac 471 meters 660 meters

electrical design the amount of core material is about the
same for both designs because the total diameter of the
transport structure is bigger for the electrical design.

Beam combining adds some additional length to the
electric design. An additional two-bunch lengths of linac is
needed if the velocity spread is to be removed before
combining and to be restored thereafter.

Possible Improvements

A possible way to improve the electrical design is to
increase the injection current by increasing the number of
beams and decreasing the individual quadrupole-bore
diameter at the same time. However, better alignments are
needed [4], the core 1D becomes larger, and the combining
operation becomes more complex.

A possible way to improve Lhe magnetic design is to
use higher pole-tip field. The field at injection can not be
increased much because the quadrupoles become too short,
but it can be increased linearly with the beam velocity if
the half-lattice period is fixed. This scenario allow much
faster current amplification (as velocity to the third power)
and more rapid acceleration. The tune depression is very
strong but may not cause any ill effects if the beam pipe has
a round cross section. [8]. °

Summary

Judging from the size and complexity of the
accelerator the design using magnetic focusing appear to be
more attractive than that using electric focusing. However,
a detailed cost analysis is required to make a final decision.
Some of the assumptions made for the magnetic design
require further investigation: Magnet-winding techniques
for short quadrupoles need to be developed; beam transport
with a high velocity tilt need to be experimentally
demonstrated.

The author wishes to acknowledge helpful discussions
with and suggestions by Drs. T.J. Fessenden, D. Keefe,
and L.J. Laslett.
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