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PREFACE

It is customary for the proceedings of a workshop such as this one to
include a summary of the conclusions. In this case, a letter from the
chairman, Burton Richter, was sent to Dr. Greg Canavan a few weeks after
the conference ended. This letter was the cover for a summary based on
the preliminary reports of the subsection chairmen, which, owing to the
press of time, I put together without consulting the other members of the
organizing committee. These documents became the real record of the con-
ference and thus are reproduced here as the summary reports. To reduce
redundancy, the preliminary reports of the subsection chairmen have been
replaced by their final reports.

Many people contributed to the success of the workshop, but special
recognition is due for the cooperation of the subsection chairmen, and for
the support provided by Judy Zelver and the rest of the secretarial staff
of the Accelerator and Fusion Research Division of LBL. Also, thanks are
due to those who attended from accelerator laboratories outside the US.
Their participation was essential to fulfilling the goals of the confer-
ence. My cochairman, Terry Godlove, joins me in expressing our apprecia-
tion to all of the above, and to everyone else who participated in the
study session.

Bill Herrmannsfeldt
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STANFORD UNIVERSITY

Mail Address
StaNFORD LiNeaR AcCCELERATOR CENTER SLAC, P. O. Box 4349
Stanford, California 94305

27 November 1979

Dr. G. Canavan

Office of Inertial Fusion
Department of Energy
Washington, D.C. 20545

Dear Greg:

I am enclosing a summary of the work of the Heavy Ion Accelerator
Study Session which was held under the auspices of your office
October 29, to November 9, in Berkeley. This summary was prepared by
W.B. Herrmannsfeldt, who was chairman of the Organizing Committee of
the Conference, from the reports of the heads of the various working
groups at the Conference. This meeting was organized to bring together
members of the world community of accelerator physicists to examine
potential problem areas in the design of heavy ion drivers for inertial
fusion. It is gratifying to note that these experts found no fatal
flaws in the heavy ion drivers but, as you might expect, they did find
some matters which needed further theoretical as well as experimental
work .

After the formal end of this study session, I convened a meeting
of some of the participants to discuss what they thought needed doing
in the 1ight of the work in the study session. Their first conclusion
was that the pellet designers had gone too far in Towering the beam energy
for heavy ion drivers to 5 GeV. This Tow energy makes space charge
problems in these drivers much more severe than the old 20 GeV case. A
good compromise for both the pellet design and the driver design will
probably be about 10 GeV. The pellet designers should specify the energy,
peak power, and beam radius required for a 10 GeV driver and the
accelerator designers should then carry out new reference designs for
the required systems. The next workshop in this series should concentrate
on the review of these reference designs.

Four areas which needed more work were identified in this study.
These are 1) final transport in vacuum with space charge; 2) longitudinal
stability in induction linacs with emphasis on wave form tolerances;

3) longitudinal stability in storage rings; 4) longitudinal-transverse
coupling in induction linacs which operate in an unusual mode with many
transverse and few longitudinal oscillations during acceleration.



Dr. G. Canavan 27 November 1979
Page 2

It was emphasized that the theoretical calculations are difficult
and some estimate should be made of the possibility of scaled experiments
using existing low and medium energy accelerators.

I think that this study session was very useful to the program and
it gave me increased confidence that the work of the past few years had
not overlooked any major problem areas.

Sincerely,

Burton Richter
Professor

BR:skd



HEAVY ION ACCELERATOR STUDY SESSION
W.B. Herrmannsfeldt
Stanford Linear Accelerator Center

Objective

To study the physics of high-intensity
heavy-ion accelerators to assess their promise
as ignitor systems for inertially confined
fusion.

Participation

Approximately one hundred accelerator
scientists participated in the study session
held at the Claremont Hotel, Oakland, California
for two weeks during the period October 29 to
November 9, 1979.

Organization
The study session was jointly sponsored by

the Office of Inertial Fusion, (OIF) U.S.
Department of Energy and the Lawrence Berkeley
Laboratory, (LBL). The chajrman of the
conference was Professor Burton Richter,
Stanford Linear Accelerator Center (SLAC). The
organizing committee was chaired by W.B.
Herrmannsfeldt, SLAC, and T. Godlove, OIF.
Other members of the organizing committee were:
A. Maschke and E. Courant, BNL, R. Martin and
T. Khoe, ANL, and D. Keefe and L. Smith, LBL.

The study was divided into five working
groups with attendees participating in one or
more of these according to their specific
interests and areas of specialization. Chairmen
for these groups were chosen from among the
attendees who were not part of one of the funded
OIF heavy-ion fusion (HIF) programs. (More than
half of the attendees were from programs other
than HIF, including universities, foreign
countries, high-energy physics, etc.) The
working groups and their cochairmen were:

Low-beta Accelerators: R. Jameson, LASL and
P. Lapostolle, France.

(Beta refers to the velocity in units of the
velocity of Tight, v/c.)

Linear Accelerators: S. Penner and M.
Wilson, both NBS.

Storage Rings: L. Teng, FNAL, E. Courant,
BNL, and N. M. King, Great Britain.

Final Transport in Vacuum: A. Garren, LBL
and I. Hofmann, West Germany.

Final Transport in Gas: C. Olson, SLA.

Background

This was the fourth in the series of annual
workshops held to study the subject of heavy ion
accelerator drivers for inertial fusion. Since
the status of the field has changed rapidly
during this period, the purpose and style of
each of these sessions nhas also changed.

The first Claremont meeting, held in the
same hotel in 1976, actually preceded formal
funding for accelerator laboratories for HIF.
This study was held to test the validity of
early claims by proponents that HIF was in fact
feasible, and to identify the most promising
techniques and most critical questions.

The second workshop, held at BNL in 1977,
saw a multitude of proposed systems and
subsystems being sorted out to enable the
community to better concentrate on comparable
approaches. Some of the theoretical studies,
such as the space charge Timits for beam
transport, began to show some progress.

The third workshop, held at ANL in 1978,
resulted in over 400 pages of technical
proceedings complete with a comparative
evaluation of the complete driver systems
proposed by each of the three major centers;
ANL, BNL and LBL. During this workshop, one of
the systems, that using synchrotrons as the
principal element for increasing the total
energy in the beam, was more or less dropped
leaving two main line approaches: 1) a o,
conventional rf accelerator with a system of
storage rings for current multiplication, and
2) a single-pass linear induction accelerator



propelling a single high intensity bunch of ions
using waveform shaping to compress the bunch and
increase the current. Both approaches require
the use of a system of pulsed induction modules
followed by a system of tranport magnets
extending over a distance sufficient to allow
the beam to ballistically compress
longitudinally to achieve the peak pulse power
needed to ignite a fusion pellet.

It should be noted that the synchrotron
approach, which was dropped at least partially
because of the 1limited funding and manpower
available to study it, has continued to be
studied by two Japanese laboratories which were
represented by three attendees at this year's
workshop.

Finally, the 1979 study was convened with
the express purpose of looking carefully at the
physics questions (as opposed to questions of
systems, pellets, economics, etc.) posed by the
two main-line approaches. These questions were
to be formulated and examined particularly in
the light of recent experiences with other new
accelerator systems such as storage rings for
high-energy physics and induction accelerators
for weapons-related activities. The majority of
attendees, and all of the chairmen of the
working groups, were from such outside groups,
and many had not attended any of the previous
workshops. A brief discussion of target
parameters and the results of recent theoretical
work in pellet design was presented by way of an
introduction for new workers. A significant
change in beam requirements was identified by
R. Bangerter, LLL, who presented the following
table of target beam parameters:

Ions at or above A = 200 atomic mass are
assumed. Comparison with data given to previous
workshops shows that, while the multimegajoule
cases continue to be favored as higher
confidence for achieving useful gain, the
kinetic energy allowed for the ion beams has
decreased. This requires a corresponding
increase in beam intensity, although some growth
{about a factor of two) has occured in spot
radius and peak pulse Tength. Qualitatively, of
course, increased intensity adds to the
difficulty of achieving the necessary beam
parameters while increasing the spot size and
the peak pulse length increases the permitted
six-dimensional beam emittance, thus easing the
requirements. Paradoxically, increases in beam
energy and kinetic energy tend to make the
accelerator parameters somewhat less stringent.
This is because. it is easier to contain and
transport a higher energy beam in which
overcoming collective (space charge) forces
requires a relatively smaller fraction of the
total force needed for confinement.

Technical questions

Case A B C
Beam energy 1M 3 MJ 10 MJ
Peak power 100 TW 150 TW 300 TW
Kinetic energy 5 GeV 10 GeV 10 GeV
Spot radius 1 mm 2.5 mm 3 mm
Pulse length {(total) 20 ns 40 ns 70 ns

Pulse length (peak) 6 ns 16 ns 20 ns

A representative Tist of specific technical
questions was defined by the organizing
committee:

(1) For low-beta and rf Tlinacs:
a) Preservation of emittance during
combining of beamlets.
b) Coherent instabilities in the main

accelerator.

(2) For induction linacs:
a) High current injector systems.
b) Coherent instabilities, both transverse
and Tongitudinal.
c) Waveform tolerances and jitter.

(3) For storage rings:
a) Injection requiring debunching and
stacking.
b) Rebunching in the ring.
c) Coherent effects, both transverse and
1ongitddina1.



Vacuum requirements.

Charge exchange.

Extraction.

Cooling techniques, if useful.

(4) Final Transport, vacuum:
Longitudinal pulse compression.
Geometric aberrations.

)
)
) Chromatic aberrations.
)] Beam splitting.

)

Coherent effects.

(5) Final transport, gas (may be required in a

power reactor):

a) Charge and current neutralization.

b) Two-stream instability.

¢) Availability of "windows" for beam
transport, i.e., ranges of pressure in
which beam transport and reactor
first-wall protection are compatible.

Test Beds

The two Targest DOE Taboratory programs in
HIF, ANL and LBL, have each developed proposals
to design and construct accelerator systems,
called Test Beds, to demonstrate the principal
parameters and components needed to construct a
full-scale prototype driver. The test beds
would be far too small and too low in energy to
be useful as pellet drivers, but should serve to
provide for the testing of components and
verification of theoretical stability
calculations. The study session did not have
time to assess adquately the degreee to which
the proposed test beds would fulfill these
requirements, but did establish some specific
questions which the test beds should be designed

to answer.

Working Group Summaries

At the end of the study session the meeting
site was shifted to the LBL auditorium to allow
unlimited attendance by interested scientists
who had not been able to participate in the
workshop. The reports began with a summary of
the target parameters described above. Then the

working groups reported their findings starting
with the final transport groups and working
backwards.

(1) Final transport in gas: The group
considered possible reactor scenarios to test
the compatibility of the reactor environment
(diameter and kind and pressure of gas) with the
problem of transporting the beam to the target.
The presently favored design concept, using
either a Tithium fall or a Tithium wetted wall
operating at about 375°C, would have a pressure
in the range 10~% to 1073 Torr. (This
temperature is about the same as the operating
temperature for Tight water reactors.) The
group found that transport at pressures up to
about 10_3 Torr for a reactor radius of five
meters would be suffciently unaffected by the
two-stream instability to be effectively
stable. The 0.1 to 1.0 Torr "window" that had
been defined earlier (assuming a noble gas to
provide reactor front wall protection) appears
to be closing off with the Tower kinetic
energies called for (5-10 GeV). A practical
problem with this scenario is the difficulty of
pumping a noble gas well enough to avoid beam
loss due to stripping in the last focusing
magnet. The pinch mode, similar to that
required for 1ight ion beam fusion, stili
appears to be a possible transport mode. The
most promising conclusion, however, is that the
newly found window, coinciding with the
parameters of the liquid Tithium reactor
scenario, provides a final beam transport
scenario consistent with the favored reactor
system.

(2) Final transport in vacuum: The
transport line from the accelerator and/or
storage ring to the reactor is evacuated. The
problem of stable transport in this system is
complicated by the fact that the beam is rapidly
compressing longitudinally, thus causing the
current to be continuously increasing. The
approach used by the working group was to design
the best possible system without space charge
and then to modify the solution assuming uniform



charge density in both the transverse and
longitudinal directions. The designs resulting
from this approach would then be tested using
the numercial simulation methods developed for
the space charge limited transport studies by
Haber, Penner, Laslett, etc. These simulations,
which were beyond the capabilities of the
workshop during the limited time available,
would account for the nonuniform space charge
distribution. An example beam line was designed
by K. Brown and J. Peterson during the study.

It consists of three one-half wave modules and
includes sextupole magnets for chromatic
correction. Second order calculations yielded
85% transmission onto a 4 mm diameter target
with 3% momentum spread. The relatively large
momentum spread permits higher currents to be
transported below instability thresholds, and is
a significant parameter for all the preceding
parts of an accelerator system. The principal
effect of including space charge was to increase
the maximum beam radius from 25 to 36 cm. In
spite of the promising result given above, there
was concern expressed in the summary that
chromatic correction schemes may in practice do
more harm than good, and that momentum spreads
should be limited to # 1%. The final transport
group also issued a call for an intensified
program of numerical calculation for the full
simulation of these transport system.

(3) Storage Rings: The working group on
the storage rings developed parameter sets for
each of the three target cases. The special
situations considered include:

a) Stacking at injection, with resulting
emittance dilution,
b) Bunch compression in the ring prior to

extraction,

c) Losses due to charge exchange collisions,

d) Current limitations imposed by coherent
longitudinal effects.

Among the more significant conclusions was
the finding that injection and ejection elements
must be carefully protected against significant

beam Toss. The workshop resulted in a more
intensified look at problems of coherent
longitudinal instabilities. The thresholds for
such instabilities were used to define the
maximum currents to be stored. The limitations
are acceptable if the coupling impedance can be
limited to ~ 25 ohms per mode. Even if this
should be difficult, the growth times for the
instabilities may be longer than the necessary
storage time. The spokesman for the working
group called for intensified efforts to
determine charge exchange cross sections of ions
suitable for the HIF application. One rather
high cross section for cesium was reported from
the University of Belfast by the delegates from
Great Britain. There was also a call for .
intensified studies of the coherent longitudinal
effects and the structure impedances that can
drive longitudinal instabilities. The summary
concluded that there are important and
fascinating problems but "no insuperable
obstacles" were found.

(4) Linacs: The linac working group
considered both rf linacs and induction linacs.

RF linacs: The problem of merging beams by
frequency multiplying, and the resultant
emittance dilution, attracted the most
attention. Numerical methods exist to treat
these problems and need to be applied.
Impedance effects and possible resulting
instabilities need further study. The working
group reported their concensus that transverse
blowup is not to be expected and Tongitudinal
blowup is unlikely but need to be calculated.

The induction linac presents a very
different, and in some ways, a simpler case than
the rf linac. However, because there is so
little relevant experience, there are more
questions remaining than for the rf case. Most
of these questions deal with longitudinal
stability; the use of feedback controi, waveform
tolerances, behavior of the bunch ends, etc.
Transverse dynamics, at least in the absence of
transverse-longitudinal coupling, appears to be
in good theoretical shape.



The recommendations of the linac working
group include development of numerical methods
of treating the problems described above and
careful diagnostics to ensure useful
measurements when beams are available from the
proposed test bed systems. The conclusions were
that "no fatal flaws were found and the

concensus is that there probably aren't any.”

(5) Low-beta accelerators: There are now
several candidate systems for the low-beta
accelerator for injection into the rf linac.
These include, a) conventional high voltage
injection into a low freguency Wideroce linac.
b) the rf quadrupole accelerators first
developed in Russia and now being tested at
LASL, and ¢) the arrays of small electrostatic
quadrupoles, called MEQALAC by A. Maschke of BNL.
The low-beta working group considered many of
the same problems faced by the linac group, and
emerged with essentially the same conclusions
described above. They ran some comparisons of
the three systems defined above to check the
scaling Taws reported. They concluded that
adequate safety margins exist for all
parameters, although the necessary intensity
could require some beam scraping. Scraping at
low energy is quite tolerable and, in the worst
case, simply reguires more branches to the linac
trees at slight overall increased cost.

European and Japanese Programs

The foreign delegates were asked to describe
their HIF programs during the summary session.
S. Kawasaki of Kanasawa University gave a brief
discussion of the synchrotron program in Japan
and discussed energy balance accounting in
fusion. Since a fusion power plant of the same
size is expected to be somewhat more expensive
than a similar fission plant, it was not
surprising that the energy balance payoff period
is similarly longer. D. Bohne of GSI described
the German effort. It is presently split
between GSI, Frankfurt and Garching and is only
Jjust beginning to be funded. N.M. King
described the program in Great Britain. Some
funds that are available are earmarked for
university programs. This permits starting such
work as the charge exchange cross section work
described earlier, but makes it difficult to
begin serious work in a laboratory such as
Rutherford which could act as a focus of the
university efforts. John Lawson discussed
broader internationa]rcol]aborations, either
among the European states or with independent
alliances with the U.S. DOE programs. Since the
classification problems do not directly affect
the accelerator systems, the heavy ion drivers
would be the ideal vehicle for such colla-
borations.



SUMMARY OF LOW-f LINAC WORKING GROUP
R. A. Jameson
Los Alamos Scientific Laboratory
and
P. Lapostolle

GANTL
Requirements

The linac is required to deliver a certain current within a pre-
scribed 6-D phase space volume to the storage ring(s). Ion sources
exist with brightness greater than can be handled by linacs. Adequate
brightness for the storage rings can be preserved through the linacs if
the current is shared by multiple linacs at the low-RB end, with funnel-

ing to a single linac as beta increases.

Assumptions
Quite adequate safety margins can be insured, perhaps at the expense

of a few extra low-B linac branches, (1) by requiring that the ratio of
space charge to restoring force be <0.5 in transverse and longitudinal
phase space, implying a tune shift O/OO 2 0.7; (2) by keeping the beam
loading on the rf system <507 (probably over~restrictive); and (3) by
realizing that beam scraping can be tolerated to any degree in the low-f

linac, since no radioactivity is induced.

Scaling Laws

Scaling laws for current limits work very well within the range of
the assumptions. At the Workshop some scalings pertinent to phase-space
density and emittance growth under various conditions were compared to
simulation and experimental results. Further work in this area would be

useful to clarify design issues and relative merits of various structures.

Problem Areas

There appear to be no fundamental problem areas in meeting the low-B

linac requirements.



Emittance dilution must be controlled. The assumptions above
essentially assure this, at the expense of a linac tree to split up the
current at the low-B end. Two modes of operation were proposed by the
various participants: one where the emittance always remains smaller
than the machine acceptance even if growth occurs, and another where
the acceptance is filled and some particles are lost. Further work is
needed to clarify the trade-offs involved.

Combining the branches of the linac tree can be done in a variety
of ways by stacking, funneling and interlacing the beams transversely
and/or longitudinally. Schemes are possible which keep the emittance
within the requirements. Nominal allowances for growth should be made
for some tuning error during operation. Rf deflectors would be required
for longitudinal interlacing; detailed design and simulation work is
needed, particularly at the final highest-B combination sections.

A detailed simulation combining all elements of a linac tree has
not been done - this is easily within the capability of existing codes
and would quickly answer questions about emittance dilution for proposed
designs.

Some further experimental work in determining voltage breakdown
limits at various frequencies with actual beams would be most helpful
in eventual performance optimization.

Wall effects, structure impedance interactions, beam loading and
coherent effects do not appear to be problems within the range of the
assumptions - at least for conventional structures. New types such as
the RFQ require scrutiny. The induction linac is a rather independent
line of approach and much more experimental evidence is needed to arrive

at level of confidence similar to rf linacs.

Machine Studies

Test programs under way at ANL (Dynamitron + independently-phased-
cavities + Wideroes), LBL (long drift-tubes), BNL (multiple-beam-electro-
static-focusing linac (MEQALAC)), and LASL (radio-frequency-quadrupole
(RFQ) structure) seem adequate to provide beam to subsequent stages where

the problems are harder, and provide options for eventual optimization.



Studies on the low-B accelerators will be very useful in pushing the

performance to the ultimate levels and understanding effects in detail.

Computer Simulation

As stated above, detailed simulation of complete systems should
resolve most remaining questions for conservative designs where the
assumptions are applied. Existing codes have good accuracy and have been
experimentally verified in terms of what happens to the main 95% or so
of the beam.

Simulations can help develop guidelines or formulas for predicting
emittance growth.

We used simulation tools at the Workshop to partially test a new
code against the PARMTLA standard, and to simulate the ANL Wideroe and
the BNL MEQALAC to check scaling.

Design of the low-R sections will benefit from code development (e.g.
3-D space-charge) when it becomes necessary to optimize system efficiency
and performance.

Finally, comparison of simulations with experiments on the linacs

will push hardest the development of the experimental techniques.

Further Remarks

We expand the summary above, prepared immediately after the Workshop,

with the following remarks.

Requirements and Assumptions

The assumptions above are very conservative. Even though the economic
impact of the low-beta section is small in terms of total facility cost,
there has been and will be interest in optimizing this section. This would
involve operating with tune shifts <0.7, closer to (or even near) the space-

charge limit. It must be strongly emphasized, however, that the HIF re-

quirement is on six-dimensional brightness, and the requirement is reason-

ably stringent. Few of the designs presented so far have adequately

considered the overall brightness requirement. Little is known about
emittance behavior, except at the limits of zero or saturated current.
Also,'”current limits" mean different things to different authors, and

the definition being used in a particular case is often not stated.



Saturated vs. Unsaturated Operation

Two asymptotic regions are commonly used in discussions of linac
operation: a low-current region where things are essentially linear and
a high-current region where the linac is saturated. We must carefully
separate these two extrema from each other and also from the region where
we usually operate a linac, which usually turns out to be in neither
asymptotic region. The scaling laws for each of these regions are very
different from each other, a point that needs to be emphasized.

Direct comparison between designs running in these two very different

T

operating modes, and "scaling" inferences drawn from these comparisons are

%
rather too common in the HIF literature to date. We argue with this method

' rather than

of inferring general properties and deciding ''best approaches,'
with the results of the particular cases. 1In other words, such comparisons
should not be called "scaling."

In the low-current region, single-particle dynamics essentially holds,
the particle loss is low or zero, and the tune depression is small. Since
the particle loss is negligible, it is meaningful to talk about a ratio
of exit to entrance emittance (dilution factor). The brightness of the output
beam is linear with input current if the input emittance is constant, or
conversely, 1f the input brightness 1is constant, so is the output brightness
if the machine always operates in the very-low-current mode. Few real
linacs operate in this region (but the SuperHILAC may be one of them).

In the intermediate region, tune shift is significant and emittance
blow~up is not negligible. Scaling equations which account for emittance
behavior do not exist yet, but particular cases can be investigated quite

well with computer simulation codes. It is essential that emittance as

well as current be considered in system designs.

Scaling Laws

"Scaling laws' presented without proper explanation can be confusing,
if not outright misleading.

Using linearized equations of motion_and assuming ellipsoidal beam
bunches with uniform charge distribution and no emittance growth, general

equations result for the transverse and longitudinal beam envelope behavior

*Including these proceedings. Let the reader beware.
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in periodic focusing systems with acceleration. These equations, written
in terms of the forces acting on the particles, are the same for all rf
linacs.

The equations may then be rewritten in forms specific to a particular
type of linac. For example, the rf-quadrupole linac has continuous focus-
ing and may be formulated in that manner, or may be represented by an equiv-
alent hard-edged quad system. The number of B)'s per focusing period has
a particularly strong influence.

Certain criteria may then be placed on the linac performance, for
example on the phase advance per period at zero current, 00, or on the phase
advance with current, 0, or on both OO and O.

Further, physical constraints appropriate to a particular type of
structure or focusing method (e.g. electrostatic or electromagnetic) may
then be added. Cost constraints, for instance from rf power requirements,
can also be folded in.

The resulting equations, and numbers from them, can be extremely con-
fusing to someone else, unless the derivation is made very clear. That is
why we want to emphasize that the basic equations are the same, but perform-

ance and physical constraints can change the effect of a parameter drastic-

ally. Further, direct comparisons of examples using two different sets of

assumptions are likely to be misleading. A particularly good elucidation

of this point is given by Reiser1 for transport systems. For application
to linacs, the longitudinal properties must be taken into account simulta-
neously, but the concepts are the same.

Tt was very apparent at the Workshop that a consistent comparison of
various low-beta linac types has not been made. By systematically deriving
relations for different sets of constraints, in the manner of Reiser, rather
than imposing the constraints a priori and instantly jumping to conclusions
and specific designs, we would at least clarify the issues and might even
find more attractive systems.

We did check various specific designs currently under consideration,
and found that the calculated current limits agreed well with computer code
simulations in which the input current was raised until the output current
saturated. We also found that the envelope equations, used with a tune shift
O/OO = 0.4, give a value for the saturated transverse output emittance

which agrees very well with computer simulations. The limit formulas must
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be applied on the basis of experience gained from the simulations as to the
point in the machine where the "bottleneck” occurs. For example, in the
LASL RFQ, the current limit bottleneck occurs at the end of the gentle
buncher, where the bunches are well-formed and the rapid acceleration begins.
In machines where bunched beams are injected, the current is limited at the
injection end.

Having gained this confidence in the agreement between computer codes

and the formulae at the current limit, we could, and should, now proceed

as suggested above to refine our estimates of performance bounds, including
saturated emittance and current loss.

The scaling relationships also are quite accurate and useful at lower
currents, except that they do not account for emittance growth. Some sys-—
tematic numerical experiments have been done2 which provide some insight
into emittance growth, but there are no useful formulas yet. However,
meaningful system comparisons could be made by assuming reasonable growth
factors. 1In this regime we must also be aware of the ion source brightness
and how it varies as the current is changed, either by changing the ion

source parameters or by various types of scraping.

Funneling

Some of the important requirements on funneling schemes were reempha-
sized at the Workshop, in particular the desirability of filling every
accelerating bucket in each stage. The geometries of the RFQ and Wideroe

3 while other

structures are particularly suited to accomplishing this,
multi-channel configurations may not be.

Computer simulation work is needed on the funneling regions to design
suitable transport lines and deflectors and look at possible emittance
growth. With proper design, it is expected that the funneling sectiomns
will not degrade the emittance significantly. Accelerator arrays having
close-packed beam channels and intrinsic longitudinal phasing (thus
avoiding flight-path differences in the funneling transport) are clearly
preferable.

At the lowest energy end of the system, there may be some advantage
in running in a current-saturated mode, with the consequent beam loss
and geometry defined emittance. This might, for example, avoid another

level in the tree while not compromising the emittance required downstream
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by an excessive amount. At the funneling points in the tree, the degree
to which the space charge limit is approached can easily be controlled

by choosing the appropriate velocity for the transition point. Considera-
tion of longitudinal matching will also be important in the funneling

region.

Computer Simulation

We wish to reemphasize our belief that existing rf linac simulation
codes are quite adequate to proceed with more detailed designs and system
comparisons. Simulation of induction linacs is less advanced; the problem

is complicated by the extreme aspect ratio of the beam bunch.

Experiment vs. Simulation

It was mentioned in the initial summary above that existing codes
for rf linacs have been experimentally verified for the main part of the
beam. It must be said that a spectrum of opinion could be found on this
point. The above statement is considered reasonable if the modeling is
done with extreme care, and if physics clearly not in the present simulations,
like neutralization effects, is also clearly not a factor in the experiment.
The main particle-tracing codes for rf linacs are six-dimensional and include
non—-linear effects; thus there is general confidence in the physical descrip-
tion for the bulk of the beam. A whole host of detailed considerations
come into any discussion of the entire beam, including fringe particles.
The main point is there is not a wide body of experimental verification,
and research accelerators will be very helpful. Development of diagnostic
techniques is necessary, and the work involved in an overall verificatiom
program is far from trivial. An area which will be particularly hard to
measure experimentally, and to simulate properly, is the initial injection
and beam bunching region, where neutralization and longitudinal-transverse

coupling effects will complicate the situation.
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ANL LOW BETA DEVELOPMENT. (PHASE 0)

J. M. Watson
Argonne National Laboratory

Introduction

The HIF group at Argonne National Laboratory is currently developing the
initial Accelerator Demonstration Facility (ADF) for the rf Tinac reference
concepts. This has been dubbed Phase O since it is a preliminary step before
our two proposed ADF's which could deposit 10 kJ (Phase I) and 500 kJ (Phase II)
on target. Phase 0 is a $25 million project over a three-year period.
Unfortunately, much of the funding expected for this project was withdrawn
from the FY 1980 budget, thereby delaying its completion by a year.

The basic configuration of Phase O is shown in Fig. 1. The low-beta front
end consists of a high voltage preaccelerator followed by an array of 12.5 MHz
independently-phased linac resonators and Wideroe linacs to accelerate 25 mA
of Xe+1 to 20 MeV. The beam is then stripped to charge state +8 and accelerated
in a 25 MHz Wideroe to 220 MeV. It will be injected into a ring (using the
Princeton-Penn accelerator magnets) housed in the ZGS tunnel. The extracted
beam will be compressed, split into four beams and focussed onto target foils.

Phase 0 could demonstrate adequate beam quality and intensity through
many stages common to a HIF driver:

Ion source

Low-beta acceleration

Charge stripping

Frequency jump with\simu1ated funneling
Multi-turn injection into a storage ring
Storage ring vacuum and instabilities
Extraction

Compression

Beam splitting

Final focus

Energy deposition
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Fig. 1 ANL Phase 0

Because we are trying to demonstrate accelerator technology at many stages in
a short time, it is important that we develop and extend upon the techniques
which have a reasonable probability of early success. To do the storage ring
and final focus studies we will need a front end which can perform reliably
over long periods. This has been among our considerations in determining the
configuration of the accelerator. Even so, the HIF requirements are a
considerable extrapolation from any existing heavy ion accelerators. The
development of an ADF will require more extensive computer simulations during
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its design than has been typical for HEP accelerators. They will also require
a new generation of diagnostics for the evaluation of the beam characteristics
in six-dimensional phase space as it passes through each stage of the facility.

Preaccelerator

There are several advantages to operating the preaccelerator at the
highest voltage possible. The current 1imit of the first linac tank is
substantially increased and the very lowest frequencies and their associated
frequency jumps are avoided. The high brightness of the Source can be best
maintained with minimal dilution during the difficult initial acceleration
stage by using electrostatic acceleration with a Pierce geometry as far as
practical.

We have chosen an operating voltage of 1.5 MV for our Phase 0 pre-
accelerator. We have high confidence that such a machine will be reliable
for 50 mA operation. At this energy, a linac current Timit of 25 mA can
probably be achieved using conventional magnets. The preaccelerator and
source have been described in detail elsewhere '’%; therefore, I will primarily
discuss our recent experience and present status.

The current layout of our injector is shown in Fig. 2. The equipment
shown is installed and operational with the exception of the independently-
phased Tinac cavities C2 and C3. Their construction will be completed in a
few months. The magnet BM1 is used for energy and charge analysis of the beam.
A Faraday cup has been placed immediately behind the independently-phased
cavity C1 in our initial operation. The PAPS 1 and PAPS 2 monitors provide
non-destructive horizontal and vertical profiles of the beam,and the toroids
T1 and T2 non-destructively measure the current. The accelerating column was
high voltage conditioned to 1.4 MV and 50 mA Xe™' beams were reliably
extracted at 1.3 MV. A pulse Tength of 100 usec and a repetition rate of 1/sec
were typical during these tests. The protective grading rings on the inner
surface of the accelerating column shell would not hold off the voltages
involved above 1.4 MV. We also found that the ceramic at the high voltage
end of the column was experiencing damage due to the overvoltages during
conditioning sparkdowns. For the former problem, half of the rings were
modified to increase the spacing. For the latter, a third intermediate
electrode was added. This reduced the voltage across the last gap from 900 kV
to 450 kV and spread this reduced transient from a sparkdown over twice as
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many insulators; thereby reducing overvoltages by a factor of four. We have
since conditioned to 1.1 MV with much less sparking and have experienced no

additional damage. The present tests are being carried out at 1 MeV until a
new outer shell has been fabricated. At that time, it will be conditioned as
high as possible.

RATOR
PREfoEML.EV 0 ECTIFIER STACK
Qo1 TERMINAL
FOCUSSING
E
QUADRUPOLE S {° SOURC
lap COLUMN

PAPS 1-PROFILE MONITOR

Fig. 2

ANL Injector
Test Facility

LOW- BETA
LINAC

FARADAY CUP
im

At this time we are tuning the beam 1ine and column electrostatics to
minimize beam losses through the rf buncher and first accelerating cavity.
Bunching factors greater than 4 have been measured at C1 at 1 MeV. In fact,
this provides a fairly clean resolution of the various xenon isotopes
(approximately 15 nsec/amu) when using gas which has the natural abundances.
Once the beam 1is transported cleanly through this section, the transverse
emittances will be measured. Beam scraping on the vacuum pipe has been seen
to cause time-varying beam parameters (apparently due to partial neutralization
developing) and forward directed electrons which are more intense than the
lost ion beam. The expected normalized transverse emittances out of the
preaccelerator at 1.5 MeV are 0.03 cm-mrad.
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Low Beta Linac

The Tow beta Tinac consists of three independently-phased short resonators
followed by 12.5 MHz Wideroe linacs. The independently-phased cavities are
in essentially a m/5m configuration. These are expected to transport 25 mA
of Xe+1 to 2.3 MeV. The three Wideroe tanks which are w/3w, w/3w, and n/mw
will accelerate the beam to 22 MeV. A detailed description of this system is
available elsewhere®. The three independently-phased cavities and first
Wideroe tank are sketched in Fig. 3. The first independently-phased cavity
(C1) is installed and operational. The next two will be completed in a few
months. Construction of the first Wideroe tank has just begun; however, its
completion will require more funding than is available in our FY 1980 budget.

—CAP. LOADED CAVITY

STuB 1 sSTUS 2
DRUM LOADED cw::_/ /
- et

EL 1 \:EDL:R ;ET i Lm
g i T“H"ﬁl roe { ]
B 2 e i A
- 1M

Fig. 3 30 Gap m/3m Double Stub Wideroe (Tank No. 1) and
Independently-Phased Cavity Linac: 1.5 MeV to 8.84 MeV

The use of independently-phased cavities provides a great deal of
flexibility in attaining the injection requirements for the Wideroe linac.
They can make up varying deficiencies in the preaccelerator performance and
allow optimization of the accelerating gradient for minimal emittance growth.
With the w/5m configuration adequate focussing is available to transport the
25 mA beam.
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A Wideroe linac is the only low-velocity structure with operational
experience with heavy ions (albeit at lTow currents). After considering
Wideroe's with electreostatic focussing and RFQ's, it is evident that the
structure with the highest confidence of performing reliably at present is
a Wideroe with magnetic focussing. Our experience has been that the relia-
bility of electrostatic quadrupoles has been too variable. RFQ's are not
yet operational; they represent a more uncertain alternative.

In Phase 0 the beam properties will be measured through the various
sections of the Tinac. By comparison with realistic computer simulations,
the optimal operating conditions for maximum current and minimum emittance
growth (within reasonable economic constraints) can hopefully be defined.
Preliminary results of simulations through the first Wideroe tank indicate a
transverse emittance growth by a factor of three®. Further studies are now
in progress to determine if this can be reduced by lower accelerating gradients
or higher injection energies by using more independently-phased cavities®
Also, to achieve 25 mA of Xe™*

with some beam loss. The above mentioned studies will also attempt to minimize

through the first tank may require "overstuffing
these losses.
Conclusions

The rf Tinac ADF is getting underway with a high brightness beam of
50 mA of Xe+1 at 1.3 MeV already available. The short independently-phased
linac cavities are nearing completion and construction of the first Wideroe
tank has begun. Because of the stringent current and emittance requirements,
realistic computer simulations are needed for initial designs of the ADF as
well as for understanding the performance of each section. The experimental
measurements will require a new generation of diagnostics which will accurately
characterize the beam without altering it or being destroyed by it. The low
beta section of the ADF is a challenge, but now appears solvable with the

proper mix of simulation and experimental measurements.
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APPLICATION OF THE RF QUADRUPOLE IN
LINEAR ACCELERATORS FOR HEAVY ION FUSION*

T. P. Wangler and R. H. Stokes

Accelerator Technology Division

Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

The rf quadrupole (RFQ) linac structure is pro-
posed as an alternative to a system composed of a
buncher and independently phased cavities in the
low-velocity acceleration section. Beam dynamics
simulation studies have demonstrated that with the
RFQ (1) high transmission and low beam loss are
possible, (2) it is possible to use a low voltage
0.25 MV dc injector and still obtain high output
beam currents, (3) the current required from the
injector is reduced because of the high transmis-
sion of the RFQ, and (4) the output emittance ap-
pears to be at least comparable to that expected
from a buncher and independently phased cavities.

INTRODUCTION

The low-velocity accelerator is an important element in heavy ion drivers
for inertial confinement fusion. It is widely recognized that beam intensity
limitations and radial emittance growth tend to occur predominantly at low vel-
ocities in linear accelerator systems. The characteristics of the RFQ make it
an attractive alternative approach to other designs that have been proposed.
One proposall’Z’3 is to use a high voltage dc injector to accelerate a heavy-
ion beam, for example Xe+l, from the ion source to about 1.5 MeV. This is fol-
lowed by an rf buncher and several independently phased cavities with magnetic
quadrupoles between the cavities. At about 2.3 MeV, the Xenon beam is injected
into a sequence of three Wideroe linacs and accelerated to an energy of about
20 MeV. This arrangement provides for acceleration of about 20 to 25 mA of Xe
under current-saturated conditions. It is argued3 that the high voltage of the
dc injector is desired in order to obtain a high current limit and a higher
starting frequency (12.5 MHz) as compared with other possible schemes which use

a lower voltage injector. 1In this paper we suggest an alternative approach,

*Work performed under the auspices of the U. S. Department of Energy.



22

which would use the RFQ to accept the injector beam, bunch it and accelerate it
to a few MeV. A major advantage of the RFQ is that a much lower voltage injec-
tor (250 kV) can be used without lowering the space charge limit. In addition,
the RFQ has the potential for adiabatic bunching, which can result in capture
efficiencies in excess of 90% and minimal brightness reduction. Furthermore,
as pointed out by Swenson,4 the RFQ lends itself to array-like configurations
that can be used to increase the total beam intensity. The bunches from the
different beam channels in the array can easily be combined so as to interlace
longitudinally, as is desirable when funneling prior to a frequency transition.
The RFQ can operate at lower beta than conventional drift tube linacs
because the focusing is obtained from the rf electric fields so there is no
requirement to include magnetic quadrupoles within the small cells. This oppor-
tunity to use a linear accelerator at low beta values permits adiabatic bunching
of the dc beam, resulting in high capture and transmission efficiencies (>90%).
Adiabatic bunching is not restricted to low energies in principle, but its ap-
plication at higher energies can become very costly in length. Good transmis-
sion efficiency implies small beam loss. Reducing the amount of lost beam, and
keeping the energy of lost particles low, may be important in order to minimize
potential problems associated with localized heating of components by an intense

beam.

RFQ Design
The LASL RFQ design approach has been reported previously.

i In the most

general case, it consists of combining four sections called the radial matching
section, the shaper, the gentle buncher and the accelerator section. The adia-
batic bunching is done in the shaper and gentle buncher sections. The synchron-
ous phase angle is ramped from -90° to its final value at the end of the gentle
buncher, so the beam reaches its minimum phase extent at this point. For this
and other reasons the space charge limit typically does not occur for the dc
beam at the input, but instead occurs at the end of the gentle buncher.7 In the
case where the focusing force is restricted by the maximum obtainable electric
field, for a given aperture size the current limit is found to scale approxi-

mately as

E "BXA )
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where q and A are the charge state and mass number of the ion, ES is the maximum
surface electric field, Bc is the ion velocity at the end of the gentle buncher,
and A is the rf wavelength. One can also show that the length of the gentle

buncher section, for a fixed energy gain ratio within the section, scales as

L <«

Nali =

)
Es (2)
The length formulas for the shaper and accelerator sections are similar to Eq.
(2). These formulas show that the current limit increases in proportion to B
but the length increases in proportion to 83. Thus the advantage of high energy,

which raises the current limit, is soon offset by a rapidly increased structure

length.

RFQ Linacs for Heavy Ions

We now present two examples of RFQ linac designs for singly charged Xenon.
The first demonstrates acceleration under a current-saturated condition, which
is always accompanied by high beam losses and an output emittance characterized
by the geometric acceptance of the channel. The output emittance in this case
is kept small by using a small bore. The second example illustrates accelera-
tion under more lightly-loaded conditions where a smaller fraction of the input
current is lost.

Both examples contain the three sections mentioned earlier, the shaper,
the gentle buncher and an accelerator section. The gentle-buncher initial and
final energies were chosen to be 0.25 MeV and 2.5 MeV respectively. These
choices represent a compromise between good performance for high beam currents
and overall length. Then the initial energy, where the shaper section begins,
was chosen to be 0.242 MeV in accordance with our standard design approach.

A final energy of 5 MeV is arbitrary and could be increased without adding
greatly to the length. A maximum surface field was assumed to be Es = 15 MV/m,
which we regard as a conservative operating point. '

The computer program that we use to study the RFQ beam dynamics is called
PARMTEQ6 (a modified version of PARMILA). For the input we used a zero energy
spread dc beam, whose initial transverse phase space distribution was generated
by uniformly £filling the volume of a 4-dimensional hyper-ellipsoid. The normal--

ized input emittances in both x,x' and y,y' phase space, which contain 100% of
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the beam, were taken to be 0.01m cm-mr. This results in 90% of the input beam
within 0.0077 cm-mr, and an rms input emittance of 0.00177 cm-mr.

Table T is a summary of the parameters for the two cases. The frequency is
12.5 MHz and the synchronous phase begins at -90° and ends at -32° in both cases.
The initial and final vane modulation parameters m, and m. are listed.S’6 V is
the intervane voltage and r, is the average radius parameter, which is equal to
the initial radial aperture. The length L for both cases includes a radial
matching section at the input. An important difference between linacs 1 and 2
is the aperture difference as is indicated by r.. Notice also that although
linac 2 has a larger voltage than linac 1, it is longer because of its smaller
vane modulation parameter m.

Table IT shows the results for linac 1 at four input beam currents. The
entries include average input current, Ii’ average output current IO, and trans-
mission efficiency T. The normalized output transverse emittance at the 90%

contour is € and the rms normalized output emittance is erms' Linac 1 is

90°
operated essentially at its saturated current limit of slightly more than 20 mA
for input current values larger than 30 mA. The aperture limits the final nor-
malized emittance to a relatively small value. The transmission at Ii = 30 mA
of 74.77% is still higher than most conventional single gap buncher configura-
tions.

Table III shows some results obtained for linac 2 for four input beam cur-
rents. The aperture of linac 2 is larger than linac 1 and consequently its
acceptance is greater. In contrast to linac 1 there is almost no restriction
caused by the aperture at Ii = 30 mA. This results in a high transmission

(96.97%) and a larger output emittance (€ = 0.0317m cm-mr) than for linac 1. As

90
the input current increases we observe the expected decrease in transmission.
For input currents of 40 and 50 mA, the output current approaches its saturated
limit at a value greater than 30 mA.

We see from the linac 1 results that, as might be expected, it is possible
to obtain a high current beam with a small output.emittance at the cost of re-
duced transmission. However, linac 2 probably best illustrates the advantages
of the RFQ. For input currents less than 30 mA it captures and transmits nearly
all of the injected beam and thereby minimizes any problems associated with beam
losses. The output transverse emittance 690 at 5 MeV obtained from the simula-

tion code for Ii < 30 mA is consistent with the estimate assumed in design stud-

ies using the beam from the alternative buncher-independently phased cavity
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system.8 For linac 2 at I; = 30 mA we calculate a two-dimensional output
brightness of B = 6.1 A/cmz—mrz, where we have defined the brightness as

B = ZI/WZS In addition, we have calculated the longitudinal output emit-

2
90 -
tance at the 907 contour and we obtain a value of 0.85m MeV-deg.
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TABLE 1
RFQ PARAMETERS

Linac 1 2
q 1 1
Ion 132Xe 132Xe
f(MHz) 12.5 12.5
W. (MeV) 0.242 0.242
Wf(MeV) 5.0 5.0
¢{(deg) -90 -90
¢;(deg) -32 -32
m, 1.00 1.00
m 2.00 1.48
V(My) 0.134 0.200
ro(cm) 1.22 1.81
L(m) 23.3 27.1
TABLE II

LINAC 1 RESULTS

Ii(mA) IO(mA) T(%) 890(cm—mr)/ﬂ € s Lemmr)/p

20 18.8 93.9 0.015 0.0032
30 22.4 74.7 0.018 0.0038
40 22.4 56.1 0.021 0.0045

50 21.1 42,2 0.021 0.0045



26

TABLE III
LINAC 2 RESULTS

Ii(mA) Io(mA) (%) ego(cm—mr)hT erms(cm—mr)hT

20 19.9 99.7 0.027 0.0056
30 29.1 96.9 0.031 0.0068
40 33.8 84.4 0.037 0.0077
50 33.9 67.8 0.041 0.0085
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BEAM BRIGHTNESS IN LOW BETA LINACS: A SENSITIVITY STUDY
R. J. Burke
Argonne National Laboratory
and

R. A. Sacks
Science Applications, Inc.

Introduction

Heavy ion drivers for inertial confinement fusion reactors depend on
the ability to produce a high intensity, high quality beam with a minimum
of in-machine loss. Deterioration of the beam quality, which subsequently
leads also to beam loss, tends to occur in the early (low energy) stages of
the acceleration process, since all nonlinear effects decrease with velocity.
Accordingly, considerable effort has been invested’~? in studying the
various mechanisms of emittance growth in low energy accelerators.

The current work does not directly address the specific causes for beam
deterioration on a fundamental level. Rather, we present the results of a
numerical study aimed at gaining an engineering characterization of the
dependence of the accelerated beam quality and intensity on various parameters
in the linac design, the initial beam configuration, and the initial current.
A dramatic improvement is observed when injection energy is raised, and some

tentative suggestions are offered for techniques of achieving this increase.

Wideroe Linacs

Table (1) lists the structures we have investigated and describes their
pertinent features. All are single tank Wideroe accelerators, operating in
the m-37 mode and configured to accelerate Xet ioms. They were designed
using the WIDEROE linac code developed at Lawrence Berkeley Laboratory"”
in collaboration with GSI.®> The gap voltages and transit time factors are,
therefore, electrically consistent with the rf frequency and the drift tube
table. The only exception to this statement involves the gap asymmetry
introduced by the 7-37 structure. This effect decreases the transit time
factor in the gap upstream from a short drift tube and enhances it in the

downstream gap. In an effort both to assess the importance of this effect
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and to improve comparability with other reports6 we have deleted the asymmetry
from structures 3 and 4.

Focussing was achieved with a FOFODODO scheme. Quadrupole lenses were
a constant length for each linac, with the length chosen so that it would fit
easily within the shortest of the long drift tubes. A physical aperture with

a 5 cm diameter was included throughout.

Particle Dynamics Code

Beam behavior and emittance growth were treated using the PARMILA code’
with slight local modifiéations. PARMITA is a 6-D simulation code which
traces macroparticle orbits. Quadrupoles are treated as thick lenses, gaps
as impulse acceleration, and defocussing thin lenses including longitudinal/
transverse coupling and lowest order transverse nonlinearities. The effects
of momentum spread are treated naturally. Space charge effects are calculated
from a direct sum of Coulomb interactions with a linear cutoff to avoid close
approach singularities. These sums are computed at the midpoint of each drift
tube, the midpoint of each gap, and the beginning and end points of each
quadrupole. They are applied as an impulse to the particle momenta. A
cylindrical aperture is included, and particles whose radii exceed the aperture
are discarded.

The emittance to be reported below are computed from the normalized rms

formulae
— 2 1,
e, =4B[Gx-%2E -F)F - -3 &' -3 1°
b3
(1)
2 1
e, 4B IO - 2y -3 - -9 G -F) 1°

In Eq. (1), a bar refers to an average over the particles that are successfully
accelerated. Bi is the velocity of the i'th particle divided by the speed of
light, while X, and y; are its transverse coordinates. The transverse momenta
are measured by xi' = Bxi/az = (pX)i/(pz)i and yi'. The factor of 4 is
appropriate for a Kapchinskij-Vladimirskij (K.V.) particle distribution® in
which the particle coordinates uniformly cover the surface of a four dimension-
al hyperellipsoid in transverse phase space. For the runs using a waterbag
distribution - uniformly filling the interior of that ellipsoid - the computed
results have been multiplied by 3/2 to permit direct comparison of the results

with those using the K.V. distribution.
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Linac Tuning

The importance of properly matching the input beam and the linac is well
established.® Unfortunately, while this concept is well defined for transport
lines, the situation in accelerators, especially at low energy, is considerably
less clear. The presence of acceleration, which generates momentum spread and
phase dependent defocussing forces in the gaps, and results in inevitable
emittance growth, invalidates the simple ideas of envelope periodicity or
constant particle phase advances, except as qualitative guides. The topic of
optimal input beam parameters and quadrupole settings in the context of an
accelerator requires substantial effort on a fundamental level.?

Rather than become enmeshed at this time in an extensive investigation,
we have adopted an iterative, heuristic procedure, which we call tuning. The
basic concept is that at approximately the center of the short drift tube
separating a horizontally focussing region from a defocussing one, the beam
profile (in the x-y plane) should be circular. Furthermore, the rate of
divergence in one direction should match the rate of convergence in the other.
For a periodic transport line, the matched beam with €, = ey satisfies these
criteria exactly.

Our tuning procedure, then, consists of adjusting the quadrupole strengths

in equal polarity pairs so that

-7 = (y-97?
(2)

(x' - §V)z % (yv — §1)£

at the center of the short drift tube following that pair. The initial beam
parameters are chosen, within the constraint of yielding the given initial
emittance, to minimize both the early emittance growth and the disparity in
strength between the two lenses in the first few pairs.

This procedure, of course, is not exact in the presence of acceleration.
The results obtained by following it, however: (1) clearly form a lower bound
for the obtainable optimum, (2) are sufficiently good in terms of final beam
brightness to indicate that they are close to that optimum, and (3) are

sufficiently consistent to allow exploration of trends and sensitivity analysis.
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Results

The purpose of our investigation was to elucidate the variation in the
obtainable beam quality and intensity as a function of injection energy, rf
frequency, bunch length, energy spread, and initial transverse emittance. The
results are displayed in Table II.

The overall trends are quite clear. The most striking is the marked
improvement afforded by injecting at 5 MeV rather than 2.3. There are, of
course, significant difficulties connected with achieving this injection.
Iﬁcreasing the beam brightness by more than a factor of 2, however, can justify
some trouble. The approach that seems most promising is to extend the output
energy of the combination of high voltage pre-accelerator and independently-
phased rf cavities beyond the 2.3 MeV that is the present goal of the Argonne
HIF Accelerator Demonstration Program. The Dynamitron is a convenient power
supply for voltages of 5 MV, and oscillators with adequate power to drive the
beams under consideration pose no difficulty. The accelerating column for
total voltages above 1.5 MV probably should be divided into separate sections
to block the path of back-streaming secondary particles. By inserting focussing
lenses between the sections, it should be possible to control the growth of
emittance that otherwise occurs beyond the voltage where the Pierce condition
must be abandoned. Making up the difference between the pre-accelerator output
energy and the desired Wideroe input energy with independently-phased cavities
also seems to make electrostatic quadrupoles more practical. This is because
the smaller units are easier to design around the requirements of reliable
voltage holding that is the larger Wideroe structure. Further modeling of
both the electrical and the transport properties of such systems is under way.

The previously reported improvement associated with increasing the rf
frequency10 is verified. Two notes of caution, however, are pertinent to this
result. First, to obtain focussing in the 25 MHz schemes requires advanced
technology quadrupole lenses. All 12.5 MHz linacs are tuned with a maximum
magnetic field gradient of 5.5 kG/cm (13.75 kG pole tip field), corresponding
to more or less standard iron core magnet technology. For the 25 MHz results,
maximum gradients between 9 and 13 kG/cm are required - necessitating sﬁper—
conducting quadrupoles. The second point pertains to the credibility of rumn
Number 19, where the high frequency coupled with the low particle energy lead
to short drift tube lengths of 1.5 cm at the linac entrance. With the drift
tube length less than its aperture radius, many of the physical approximations

made in PARMILA break down. Examples of these suspect approximations are:
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(1) Assuming the electric fields vanish in the drift tube interior,
(2) Representing the transverse electric field in the gap by the
first two terms in the power series of a single Bessel functiom,

(3) Modeling the acceleration by an impulse at the gap center.
The importance of this breakdown to the overall emittance growth has not been
investigated.

Dependence on the other parameters investigated is much less dramatic.
The theoretically predicted maximum bunch length for magnetic stability11 of
* 18° appears to be somewhat conservative and better final beam brightness
can be obtained by filling a * 25° bucket to the same average charge density.
The decrease in final intensity associated with filling a still longer bucket
to the same charge density (Run 6) is probably associated with a failure in
the tuning procedure as the losses become large. The small extend to which
decreasing the input emittance improved the final brightness in Run 7 over
that in Run 2 is consistent with Chasman's results' that there is a lower
bound to the output emittance from a given linac. The more sizable improvement
of Run 16 over Run 15 indicates that at the higher frequency and energy that
limit has not yet been reached. Finally, the penalty associated with increasing

the initial energy spread is of about the size that might be expected.
Conclusion

The numerical simulation code PARMILA has been used to describe and
quantify the parametric variation of low energy Wideroe accelerators. All
studies were performed on achievable engineering linac designs. The beam
tuning procedure, applied consistently throughout, is a faithful operatiomnal
analogue of actual hardware tuning. The striking increase in beam brightness
achieved by increasing the injection energy motivates further efforts at
developing advanced pre-injector techniques. One apparently achievable
approach to such a pre-injector is a combination of high voltage, multi-
section dc acceleration followed by independently-phased rf cavities. Another
which has received considerable attention recently, is the RFQ12 concept.
Further modeling work on both of these suggestions is necessary to explore

and compare their characteristics.
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Table I. Description of Linacs Studied?
Energy Energy Quad
Range Frequency Gradient Number TTF Length
Linac No. (MeV) {(MHZz) (MeV/m) of Gaps Description (cm)
1 2.3+8.8 12.5 1.0 30 Realistic 17.0
2 5.0+10.3 12.5 1.0 20 Realistic 24.0
3 5.0+11.4 12.5 1.0 24 Smooth 17.0
4 5.09.0 25,0 0.8 40 Smooth 13.0
5 5.0+10.3 25.0 1.0 40 Realistic 13.0
6 2.5+4.83 25.0 0.65 40 Realistic 8.5

4The energy gradient, the average rate of increase in particle emergy has been
held approximately constant.
transit time factor realistically accounts for cell assymetry or artificially

smooths the effect.

The TTF description refers to whether the
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DESCRIPTION OF THE M1 MEQALAC AND OPERATING RESULTS®

R. Adams, J. Boruch, A. Bertsche, J. Brodowski, G. Gammel, R. Glasmann,
J. Keane, A. Maschke, E. Meier, R. Mobley, K. Riker, and R. Sanders

Brookhaven National Laboratory

I. Introduction

MEQALAC stands for Multiple Electrostatic Quadrupole Array Linear
Accelerator. The first model, Ml, was designed, built, and tested in a three
month period from July to October, 1979. Within a week of operation a Xenon
output cﬁrrent of 85% of the calculated space-charge Timit was obtained.

" In the following sections we will describe the M1 components and oper-
ation. Some of the design choices were made to allow hand-fabrication with
available tools (principally a table-top lathe and a table-top drill press),
while others were influenced by the ion source development at hand. The major
goal was to demonstrate the MEQALAC principle of accelerating multiple beams
through arrays of strong focussing electrostatic quadrupoles. Xenon was used
since it demonstrates the principles of a low beta linac as needed for the
Heavy Ion Fusion program, without the complications of a heavy-metal ion

source.

II. Evolution of the MEQALAC Idea
Our original plan for a heavy ion linac was a single bore Widerde design
operating at 2 MHz with a 500 kV Cockroft-Walton injector. (Figure 1.) It
was realized early in the BNL program that magnetic focussing would be ex-

pensive due to the high momentum of heavy ions. Thus our initial design
featured electrostatic quadrupoles.

Theoretical analysis of the space-charge limits ("Space-Charge Limits for
Linear Acce1erators“1) revealed no dependence of the current Timit due to

bore size. Moreover it was realized that electrostatic quadrupoles are
amenable to small bore construction in matrix arrays, and that virtually no
power is consumed for focussing. The injection energy is low enough to
dispense with a Cockcroft-Walton entirely. These and other benefits of the
MEQALAC concept are discussed in "MEQALAC; A New Approach to Low Beta
Acceleration".2

*Research carried out under the auspices of the United States Department of
Energy under Contract No. EY-76-C-02-0016.
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Figure 1. 2 MHz push-pull ¥Wideroe showing four drift tubes with electrostatic
quadrupoles.
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a. Ml MEQALAC Assembly

M1 Components

Figure 2 shows the Ml. Table I Tists the major machine parameters. The

discussion in this subsection is intended to give an overview of the machine

before describing the components in detail.

TABLE I.
Ion Accelerated
No. of Beams
Machine Type
Injection Energy
OQutput Energy
Input 44/2
Output SA/2
Rf Frequency
Peak Rf Voltage
Accelerating Voltage
Stable Phase Angle
Nominal Quad Voltages
Repetition Rate
Pulse Length
Pre-Buncher
Nominal Vacuum
Gas Feed

Calculated Avg. Current
During Pulse - S.C.L.

Measured Current

M1 MEQALAC PARAMETERS

Xetl

9

Wideroe

15.5-17.3 keV

71.5-73.3 keV

1.89 cm

3.95 cm

4 MHz

5 kv

3.5 kV/gap

~sin~l 3.5/5.0  45°
+ 2 kv

10 pps (arc supply 1td)
500 usec (arc supply 1td)
BA/2, 4 MHz, 1-1.5 kV
10-3 torr

Continuous

3.3 mA

2.8 mA

The Wideroe assembly is suspended in the six inch Varian vacuum pipes

shown. The ijon source, operating at +15.5-17.3 kV dc, is shielded by the

screen enclosure and isolated from the metal pipe by a 6 inch diameter x 6

inch long Pyrex vacuum pipe. The vacuum pump is a Welsh Turbo-Torr 1500 1/sec

unit and it is mounted below the "cross" vacuum section. The upper port of

the "cross"
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1 MEQALAC.

4

Assembled M

Figure 2.
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is used for quadrupole high voltage feedthrus. The forepump sits behind the
lower left panel with the circular ventilation screen.

The rf voltage is fed through the bottom of the "tee" section. The 4 MHz
transmitter and tank circuit resonator are mounted in the far right rack. A
Faraday cup is held on a rod inserted through a vacuum fitting on a Lucite end
cover, and bias grid voltage and beam pickup connections are fed through the
same cover.

The tall rack enclosure to the left is exclusive to the ion source power
supplies, controls, and cooling system. The upper section contains the HV
deck, which holds the arc and filament supplies for the source. The lower
portion holds the HV supply, an isolation transformer for deck ac power, and a
freon circulation pump and radiator. The tilted panel has the high voltage
control knob and a small oscilloscope used to monitor arc current.

The accelerator has a pre-buncher "tube" or plate. The buncher tank
circuit resonator is mounted beneath the ion source screen enclosure. The
buncher rf is fed to the buncher tube through'a Covar seal in the Pyrex pipe

which isolates the ion source.

b.  The Quadrupole - Drift Tube Configuration

Figure 3 shows the quadrupole array. The poles are made of 5/16 inch
diameter aluminum, and arranged for nine beams with 5/16 bore diameter. It
was estimated that a 1% (~.003 inch) tolerance was needed on the position of
any pole tip. To accomplish this, the arrays were made on precision fixtures
(see Figure 4). 1/8 inch precision-ground steel rods are pinned to the frame
and pole tips in the fixtures, thus avoiding thermal expansion problems had
they been soldered. The insulators at the corners were made of Rexolite.

Figure 4 shows the cover plates used to make a complete drift tube. The
M1 has 8 drift tubes operating at rf potential, 7 drift tubes at ground
potential, and 5 LEBT (Low Energy Beam Transport) gquadrupole arrays, making 20
quad arrays in all. The LEBT and ground drift tubes are screwed to the steel
alignment plate shown in the fiqure. This plate is hung from the top of the
vacuum pipe. The rf drift tubes are suspended from 1/4" Rexolite rods which
run through the side plates attached to the quad arrays as seen in Figure 3.

Rf connections are made to a copper bus bar which runs at the bottom of
the vacuum pipe. Near the rf bus are two busses for the + dc quad voltages
for the rf quads. The feed i1ines for these are run through the resonator
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Figure 3. Nine beam quadrupole array.
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Figure 4. Quad arrays, drift tube cover plates, and precision fixtures.
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ground drift tubes.

supply.
LEBT quads must compensate for any emittance mismatch between the ion source
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There are two busses above the Wideroe for the + quad voltages for

The complete assembly is shown in Fiqure 5.
The LEBT quads have separate busses and are run from a separate power

In operation, they run at a Tower potential for two reasons: 1) the

and the accelerating section and 2) a small rf defocussing effect in the

accelerating section is expected.

accelerator quadrupoles.

The accelerating section has 16 accelerating gaps.
(Table II) is calculated for 3.5 keV energy gain at each gap.
lengths are proportional to the velocity of the particle.
same phase advance/cell is maintained by having the same voltage on all of the
Thus the Ml has a power supply which provides + quad
voltage for the accelerating section (with extra output connectors to feed the

The drift tube table
The quadrupole
It follows that the

rf quads), and another which supplies + voltage for the LEBT quadrupoles.

TABLE II. DRIFT TUBE TABLE
DRIFT ENERGY TRANSIT PARTICLE DRIFT ELECTRODE
TUBE TIME VELOCITY LENGTH
FACTOR LENGTH

NO EV M/S CM IN CM IN
G 0 15500. 151262. - - - -
RF 1 19000. 0.913 166126. 1.702 0.670 0.990 0.390
G 2 22500. 0.926 181192.  1.890 0.744 1.080 0.425
RF 3 26000. 0.935 195054. 2.063 0.812 1.163 0.458
G 4 29500. 0.943 207968. 2,225 0.876 1.240 0.488
RF 5 33000. 0.949 220108.  2.376 0.936 1.312 0.517
G 6 36500. 0.953 231600.  2.520 0.992 1.381 0.544
RF 7 40000. 0.957 242539.  2.657 1.046 1.446 0.569
G 8 43500. 0.961 253000. 2.788 1.097 1.508 0.594
RF 9 47000. 0.964 263040.  2.913 1.147 1.568 0.617
G 10 50500. 0.966 272708.  3.034 1.194 1.626 0.640
RF 11 54000. 0.968 282041.  3.151 1.240 1.681 0.662
G 12 57500. 0.970 291073.  3.263 1.285 1.735 0.683
RF 13 61000. 0.972 299831.  3.373 1.328 1.787 0.704
G 14 64500. 0.973 308339.  3.479 1.370 1.838 0.724
RF 15 68000. 0.975 316617.  3.583 1.411 1.888 0.743
G 71500. 324683.

Linac Tength = 41.017 + 16 x 0.375 = 47.017 cm
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C. Ion Source, Match to LEBT, and Pre-Buncher

The jon source is a version of the LBL-CTR ion sources (Figures 6 and 7).
This type of source, with multiple distributed filaments in a chamber,
produces a very quiet and uniform plasma. The electron efficiency is low, but
when operated with xenon the filaments are long-Tived even with cw filament
operation for the modest current densities needed.

Figure 8 shows a spectrum indicating ~ 70% xetl purity.

Typical operating parameters are:

TABLE III. ION SOURCE PARAMETERS

Fil voltage 7.5 Vac

Fil current 150 amps ac
Arc current 25A

Arc voltage 50V

Ion current density 25 mA/cm2

In operation, the filaments and gas run cw, and the arc voltage is
pulsed. The current density is adjusted from 1-50 mA/ cm? by varying the
filament power.

Model studies were made with single channel transport systems (see Figure
9) for obtaining a good match between the source and the acceptance of the
channel. The calculated acceptance area of the channel is 40 7rcm-mrad
(unnormalized), and the calculated space-charge 1imit is 3.3 mA of xenon. One
must fill the acceptance of the channel uniformly in both emittance planes to
approach the space-charge limit.

Previous emittance measurements with this source yielded 25 mA of
Xetl into 10 7rcm-mrad at 15.5 keV. Although these measurements were
performed under space-charge neutral conditions after the extraction gap, it
is clear that a considerable degree of emittance "spoiling" is necessary to
fill the transport channel.

We have found one special solution to this highly non-linear problem
experimentally. The slits shown in Figure 5 are cut in concave "dimples" of
1-1/4 inch radius in both the arc cover plate and grounded extraction plate.
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Figure 6. Ion source and Pyrex insulator.



46

'\_ PYREX VACUUM
PIPE w/ CovAR
FEEDTHRU
ZGAS INLET
<:f/’//’J’ ToN SOURCE STEATITE
ILAMENT a v / TANDOFF
FIATE /_ BARREL ,/// 277 s
C ':ff.\\\\.\\\\\\\c.-\ AN N SC Y \\:.
€————— 4 INCHES ————

+HY DEeX

Figure 7. Schematic of ion source. The 4" dia. Pyrex pipe shown was replaced
with a 6" dia. pipe.
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that the neutral peak is not deflected or badly distorted by the
B field indicates that neutralization occurs only near the source.
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Figure 9. Transport channel for preliminary tests. This version has a 5/8"
bore. Later versions were made with 5/16" bore for Ml modeling.
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The area of the extraction hole is 0.35 cm2, with an aspect ratio of 3:1.

This gives us a converging beam in the dimension parallel to the slit, and a
diverging beam in the direction perpendicular to the slit. We adjusted the
quad channel position for maximum transported current, and obtained 2.4-2.6 mA
of Xet when the first quad end was 7/8 inch from the extractor plate. For

the highest current levels, it was found that the arc voltage should be raised
to 70-80 volts.

In this case, the total current emerging from the extractor is~8 mA, and
we transport ~2.5 mA. We assume that the acceptance of the channel is well
filled, but this has not been measured todate.

With a 7/8" gap between the extractor plate and the first LEBT quad, we
are able to insert a pre-buncher plate of 1/2 inch thick aluminum. This has
nine 1/2 inch diameter holes and is suspended on the same Rexolite rods. The
BA/2 Tength between the centers of the buncher gaps is 0.75 inch.

The drift length from the buncher to the first rf gap is 4 inches
(through five LEBT quad arrays). This drift length is sufficient to give a
45° phase shift with 1.5 kV buncher voltage.

The instantaneous bunch current has the same transverse space-charge
1imit as the dc transport Timit. Therefore we have competing "bottlenecks" in
the transport at each end of the LEBT. This was verified in operation of M1,
by observing that the ion source could be run from 10-25 mA/cm? current

density without changing the output current.

d. Rf System

The rf system consists of two major parts; an amplifier and a resonator.

The amplifier is a 4 MHz, 2 stage, 700 watt linear amplifier with
broadband interstage coupling. The input rf amplitude range is 0 to 1 volt
peak, for an output power level from 0 to maximum. The amplifier is
single-ended throughout with the two output tubes driven in parallel. The
input stage is operated in a class A mode with control grid modulation to
compensate for beam loading. The interstage coupling is performed by a
Tchebycheff filter so that tuning is unnecessary. The final stage tubes
operate in a class ABy mode. This stage operates in a stable fashion with
grid and screen parasitic suppressors but no neutralization. Figure 10 shows
the rf amplifier with covers removed. In the foreground at the Teft is the
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oSS

Figure 10. 4 MHz rf amplifier.
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final stage showing the two 4CX350A tubes, plate choke and dc blocking
capacitors. The rf plate connection is directed vertically and passes through
a small duct (not shown) into the resonator compartment normally mounted
above. The portions of the chassis in the background and those parts not
visible in Figure 10 are the filament transformer, low voltage plate and bias
power supplies, and first stage grid modulator PC board.

The resonator is a three turn coil of 3/4 inch copper tubing with a nine
inch mean diameter. The amplifier plate connection is made at the first turn
to give a step-up turns ratio of 1:3, thus providing 5 kV peak rf at the
accelerating gaps. The unloaded Q of the resonator with the accelerating
structure connected was measured at 680. The noload or tank and accelerating
structure losses amount to 300 watts. The remainder of the output power is
beam loading. Figure 11 shows the resonator assembly with the side panel
‘removed. The plate tap is clearly visible, passing through the bottom panel
from the first turn. The 3rd turn, or top of the coil has a flange to mate
with a flanged bus from the accelerating structure just below a vacuum window.
Two RG 58 coaxial cables for + DC voltage for the rf quads can be seen
entering the bottom coil mounting flange. They leave through the top mounting
flange and thus have rf isolation. From the top of the resonator to ground is
a 300 pF vacuum capacitor for final stage tuning. Below the tuning capacitor
is a 1:1000 capacitive divider for monitoring the gap voltage.

The rf is switched at the oscillator and modulated at the first stage of
the rf amplifier from timing pulses generated at a master timing panel.

The buncher is driven by a helical resonator and, in turn, driven by a
commercially built wideband amplifier. The 4 MHz oscillator also provides the
Tow level rf signal that drives the buncher amplifier. A separate rf
amplitude control is provided, and a phase shifter is included so that the
relative rf phase between the accelerating gaps and buncher may be tuned.
Figure 12 is a block diagram of the complete rf system.

I[V. M1 Operating Results
After running the M1 for several days, all systems were working together
to produce the results shown in Figures 13-16, under the conditions of Table

Iv.
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Figure 11. Rf resonator.
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Figure 13. Full current (nine beams) at Ml output, 0.5 mA/div. vertical and
50 usec/div. horizontal. Bunch structure is integrated.

Figure 14. Single beamlet current showing 4 MHz bunches. 1 mA/div. vertical
and 50 nsec/div. horizontal.
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Figure 15. Rf envelope from voltage pickup on resonator. The rf amplitude is
boosted ~50 usec before beam-on time, and the subsequent dip is
due to beam loading.

Nine Beam Witﬁess Plate, 1
after end of MEQALAC.

Figure 16. Aluminum plate showing beam marks.
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TABLE IV. OPERATING CONDITIONS

Source MEQALAC
Fil Current: 133A LEBT Quads: +1.8 kV
Arc Current: 29A Linac Quads: +2.25 kV

Source Voltage: +17.3 kV  Rf Voltage: 4.7 kV
Buncher Voltage: 1.5 kV
Vacuum: 2 x 10-5 torr

Figure 13 shows the output current of all nine beams collected in a
single Faraday cup with a -300 V biased grid. The signal was terminated in 1
kOu with an integrating capacitor. The peak current is 2.8 mA. There is
about a 10% rf signal passing the integrator.

Figure 14 shows the bunch structure in a single beamlet. This signal was
terminated with 50f1. The instantaneous peak current is 2.8 mA. We obtain an
experimental rf filling factor from these two results of 11 + 1%. This is
obtained by solving the relationship

(2.8 mA/beam) x (9 beams) x (fill factor) = 2.8 mA Total Avg Current

The error quoted is an estimate of several factors including different
peak currents obtained for individual beamlets, which was probably due to the
coarseness of the grid bias wires compared to the small beam sizes.

The theoretical estimate of this filling factor for an optimum MEQALAC is
13.3%.3 This estimate assumes an equality between the longitudinal and
transverse space-charge limits, and so the 11% result is a measure of the
validity of that assumption for the Ml. We suspect that we could improve the
filling factor with the addition of a 2nd harmonic buncher.

The theoretical estimate of the space charge limit is 3.3 mA total
average current. We obtained 2.8 mA, or 85% of that estimate.

Figure 15 shows the rf envelope and exhibits beam loading. At beam time
a square wave pulse is added to the grid modulator. The additional rf
amplitude needed to compensate for beam loading is seen to be ~15%. This
model 1is operating at greater than 30% beam loaded power.

The operation of the quadrupoles was straightforward and trouble-free.

We measured 0.2 mA of current drain from the quad supplies during beam time.
The optimum quad setting for a broad range of MEQALAC design is VQ = 0.115
anput,S where Vippyt 1s the input accelerating voltage of the

ion.
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At Vipput = 17.3 kV, Vg is + 2.0 kV. Our best results were
obtained with Vg = + 2.25 kV. The theoretical estimate does not take into
account the effect of rf defocussing.

An important consequence of the above quad voltage relationship is that
the focussing channel can be arbitrarily close to the ion source extraction
gap. That is to say, if the ion source operates without sparking at the
extractor, then the channel shouldn't spark either. This is very favorable
for future MEQALAC development since improvement calls for smaller beams and

higher ion source current densities.

REFERENCES

1. A.W. Maschke, Space-Charge Limits for Linear Accelerator, BNL 51022,
May 1, 1979.

2. A.W. Maschke, MEQALAC: A New Approach to Low Beta Acceleration, BNL
51029, 1 June 1979.

3. Reference 1, p. 3.
4., PReference 1, p. 6.

5. A.W. Maschke, Formulary for MEQALAC Design, BNL 51119, November 27, 1979.
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SPACE CHARGE NUMERICAL SIMULATION EXPERIMENTS
P. M. Lapostolle
GANIL

(a)

Comments are presented here on the work contained in a CERN report.
These comments are mainly oriented toward to comparison with the work of
I Haber.(b)

The CERN work was performed about 10 years ago, at the same time as
both numerical computations and experimental measurements of emittance growth
in a linac were being carried out, in the hope of contributing to the under-

standing of the phenomena or of being the start of some theory.

1. Focusing System Considered

FD Focusing: F F F N

D D D

pu—

is defined by the betatron phase shift per focusing period at zero beam

intensity (represented by and expressed in radians in the report;
u(radians) = I, (degrees).

The intensity of space charge is expressed by the dimensionless
parameter:

AT

=49 o
8 2

mv EBY
where q is the charge, m is the mass, v is the velocity of the particle,
Ay is the betatron wavelength and I is the current (in coulombs per unit

time).

a) Etude numerique d'effets de charge d'espace en focalisation periodique,
by P. M. Lapostolle, CERN report ISR/78-13.

b) Presented at HIF Workshop, Oct. 29-Nov. 9, 1979, Claremont Hotel, Oakland,
CA (See present proceedings).
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There is a direct connection between § and o/oo:
for s =1.5 g_/go =-0.5,
for 8§ = 2.0 g‘/qo = 0.4
(The latter value is the threshold of the first Gluckstern mode for a round

beam, K-V distribution.)

2. Particle Filling at the Input

In most of the runs, 2,500 macroparticles were used with a random uniform
distribution inside a fixed boundary.

Such a fixed boundary only exists for continuous focusing and is then
defined through a Bessel function. The boundary was approximated in actual
cases by a properly sized (final adjustment empirical):

hyperellipsoid for ¢ <2,

uniform distribution in x,y and x'y' for & > 2.

In the case, § > 2, the potential well in which particles move is no

longer paraboloidal, but tends to present a flat bottom where no restoring

3> 2
\ 7
AN /
R o/

N S

\\\ Tl L P -

force exists, except on the edges where the force extends over a thickness

equal to the Debye Tength.
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For § = 2, the Debye length is about equal to the beam radius.

For large &, individual particles do not perform sinusoidal oscillations
and their frequency spectrum may become wide. (This was one reason not to
take, during this work, g/go as a parameter but, rather, s, along with the
fact that it was intended to keep the possibility of considering unequal
sizes in x and y).

Sorme other distributions have been tested: a) KV, to check the stability
1imit (when stable, the 4-D surface immediately become slightly wrinkled due
to statistical fluctuations, but with a constant thickness). b) Gaussian

and uniform-gaussian have also been tested to represent the output of a source.

3. Methods of Computation

Space charge is computed in free space, but assuming a 4-fold symmetry

(2-fold only in certain cases).

|
direct 10 x 10 box-to- 1>
nodes computation + interpolation
or
Y FFT (16 x 16 or 32 x 11)
|

The rectangular mesh is variable (sized to 1.1 outer particles) in order
to keep maximum accuracy. (The potential on the boundary is computed from a
series expansion of the outer potential: with a rectangular mesh of aspect
ratio Targer than 1.1, a 2-step computation is performed, the first is on a
square mesh to compute the potential on a close boundary which would enter
the circle of convergence of the expansion. For example, consider the 2-fold

symmetry case illustrated here:
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A lst step
e

~ 2nd step

4. Results

Detailed results appear in the report quoted (a). Only a summary and
some remarks are given here:

e For 9 > 900, even for 0.4 < o/oo < 0.6, large emittance increases
appear (as for KV). (The emittance level reached indicates an overshoot
effect in this case).

e For o < 90° and large enough tune depression (o/c, <0.4) slower
increases are seen: the smaller the tune depression, the slower the increase,
the smaller the %> the slower the increase {(at least in the cases computed
and with 4-fold symmetry assumed in the computations; on the CERN linac,
there was some experimental evidence of this effect).

e For continuous focusing, even with tune depressions as large as 95%, no
deviation from the original distribution was observed (apart from the
immediate statistical effect). However, no way was found to specify the
absence of oscillations.

¢ It is mainly the outer part of the beam which is affected by higher
order space charge effects; the central core almost keeps its 2-D phase space
density. (The 4-D is obviously conserved.)

e It is not obvious how to determine from the simulation experiments
whether or not a more stable distribution exists.

A few additional tests were performed with the simulation program:

1. Filamentation due to mismatch in a continuous focusing system, even
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for cases with very large space charge,

2 2
.+ =ct
X min % max

2 2
+
Y min Y max

ct

The above leads, after damping has taken place, to an emittance increase.
(Similar behavior was observed with a non-linear third-order field and no
space charge.)

2. Some early simulation work with non-circular beams which was not
followed up:

it was found that £  and

Starting with Tox - ooy and unequal €ox? EOy’ «

ey become equal with their sum remaining constant (constant energy). Starting
with o . 7 Soy (by a factor of Z 2) nothing was seen, neither with equal
initial energies in x and y, nor with equal emittances. (These runs were

made when the program was not optimized, interpolations were crude and the

accuracy was such that small variations were considered irrelevant.
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LINAC SUMMARY
S. Penner and M. Wilson
National Bureau of Standards
Goals
To defire the problem areas for both the rf and induction linac scenarios,
We are not addressing engineering or cost considerations. We also did not

consider the test beds.

Scenarios

Since new target parameters were presented at the beginning of the Work-
shop, detailed designs to match these parameters were not availlable, Thus,
we did not do a detailed analysis of any specific design. The specific de-

signs presented are not optimized.

R¥ Linacs

The problem is to take the beams available from the ion source and low-8
systems (analyzed separately) with realistic current and emittance and ac~
celerate them to the final energy, meeting the current and emittance require-
ments of the storage rings. An example of how this might be done is illus-

trated below

—

16 Wideroe
linacs 8 Wideroe's
2 Alvarez '
Llow-8 12.5 MHz. 25 Miz. 100 Mz [ to SR's
150 '
systems 40 ma 50 ma 1 Alvarez
20 ma 200 MHz,

300 ma

\,—

v

2,5 Mey 30 MeV 150 MeV 600 MeV 10 GeV
~ 8 km : -

4
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Remarks
1) Since the beams are merged by frequency multiplying, the normalized
transverse emittance and the longitudinal emittance per bucket could both, in
principle, be conserved. In practice, some emittance growth at injection and
at each merge is anticipated.
2) The design is based on limiting the space-charge tune depression
to a conservative 257 (u = 0.75 uo) in both transverse and longitudinal space.
3) The basic design can be varied to meet parameter changes of the

low-B section, the storage rings, or target requirements.

Questions that remain to be answered

1) Calculate the emittance growth all along the system especially at
the low-B end and at each merging. Numerical tools for doing this almost
exist [PARMILA can correctly predict performance of existing proton linacs
"for 95% of the beam" and can be applied to heavy ions as welll]. Other work
reported in these proceedings, by Jorna and Randa treats the problem of
heavy ion emittance growth and beam envelope behavior with space charge at
the low energy end of the linac, but without merging.

2) Study the impedance coupling of the beam with the structure. The
concensus is that transverse beam blowup is not expected at these currents,

and longitudinal blowup is rather unlikely, but must be calculated.

Induction Linac

Here one takes a single high-current beam from the injector and low-f
sections (12A @ 2 MV) accelerates it to final energy (~ 10 GeV) in a single
accelerator (6 ~ 10 km long). The beam current is kept fairly close to the

transverse space charge limit (u > 24°, My = 60°) throughout the accelerator.
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This implies a gradual compression (shortening) of the beam pulse which is

accomplished by shaping the acceleratiang voltage pulses so that the back end
of the pulse has slightly higher velccity than the front end. Conceptually,
the difference from an rf linac is that a very large accelerating bucket is
formed instead of many (2 x 105) small ones. But in the dinduction case, the
shape of the bucket is adjusted to optimize longitudinal motion, which isn't

done in the rf case.

Remarks

1) In a sense, this system is '"simpler' than the rf case because thefe
is no need to merge beams from parallel linacs, and there are no storage rings.

2) High current electron induction linacs provide some technology base,
but the applications to ions is new so there are new problems. Thus, there
are more questions that remain to be answered than in the rf case.

3) The number of synchrotron oscillations in the full length of the
machine is of order one. The number of transverse oscillations is of order

100; very different from the rf case.

Questions that remain to be answered

1) Longtudinal dynamics - Optimization of bunch and acceleration profiles

(A start on this problem is reported by S. Chattoopadhay, et al., in these
proceedings. Also in these proceedings, M. Foss presents a computer design
for bunching and acceleration in a high current proton induction linac,
which might be applied to a heavy ion linac.).

-~ Study of tolerances (preliminary work is reported in these proceedings
in papers by S. Chattoopadhay et al. and by A. Faltens).

- Effect of wall impedance and feedback control of beam (discussed also

in the paper by A. Faltens, these proceedings).
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- How do the ends of the bunch behave (erode)? (See the paper by
D. Neuffer, these proceedings for more on this question.)

2) Transverse dynamics - the understanding of this in the absence of

coupling to the longitudinal motion is in relatively good shape.

3) Longitudinal-transverse coupling - some of the longitudinal dynamics

questions can't be adequately addressed without considering the couplings.
Unlike rf linacs, the large aspect ratio of the beam bunch in an induction
linac makes the full 3-dimensional particle simulation very difficult. Some
proposed approaches include: two dimensional (x-z) simulation, "2-%"
dimension (R-Z), full 3-D simulation of the beam ends with a simplified

model for the relatively uniform central 80-90% of the beam.

Recommendations

1) Develop numerical simulation techniques which can describe the full
3-D behavior of the beams in both rf and induction linac cases. This would
not be a single program for all problems.

2) Study the interaction of the structure with the beam, i.e., beam
instabilities driven by the beam-structure coupling impedances. The trans-
verse effects appear to be negligible, but the longitudinal ones need to be
calculated.

3) Experimental verfications of the results of theory and numerical
simulation are needed. The proposed test beds should provide the data for
at least some of the effects of interest. Since the numerical work is
already quite sophisticated, "crude' comparisons with experiment won't help.
Very good diagnostic tools will have to be developed.

4) Alternate methods of high current tramsport, such as charge-neutral
transport employed in the Pulselac experiments at Sandia Labs, should continue

to be investigated.



67

Conclusions
No fatal flaws in either rf or induction linacs have been found. The
concensus from preliminary simulation and analytic studies is that there

probably aren't any, but more work in the areas discussed is needed.

References

1. R. Jameson, D. Swenson, LASL Private Communication.



68

COMPUTER DESIGN OF A HIGH CURRENT,
HIGH ENERGY PROTON LINAC

M. H. Foss
ARGONNE NATIONAL LABORATORY

The accelerator produces enough beam to make the same number of
neutrons on the average as 0.5 mA of 800 MeV protons. The beam is delivered
to the target in 200 ns pulses at 50 Hz. The results are presented here
because some of the problems are similar to HIF problems.

In the Linac discussed here, the current at each point is constant
throughout the pulse. Figure 1 demonstrates this scheme: A constant current
is extracted from the ion source for a time dT = 2. This beam passes an
accelerating gap at D = 0. The velocity profile is adjusted so that the beam
is bunched. The time required for the beam to pass a point decreases linearly
from dT = 2 to dT = 0 as the distance goes from D = 0 to D = 4.

In the accelerator, all of the acceleration is done by induction
cavities. The machine is divided into three sections: a buncher, a debuncher,
and a main accelerator. A 7.5A, 2 ms. pulse from a 750 kV preaccelerator is
compressed by a factor of 10 in the buncher and debuncher. These 200 ns pulses
are then accelerated to 565 MeV.

BUNCHER

In the buncher, the speed of the leading edge of the beam is kept
high enough so that the beam current never exceeds 0.2 of the space charge
limit. When the beam enters a cavity, it is at 0.2 of the space charge limit.
After acceleration, the beam current is the same, but the space charge limit
is higher. As the beam drifts to the mext cavity, the current increases
again to 0.2 of the space charge limit. This process is illustrated in Fig. 2.

The trailing edge of the beam pulse is transported by the same focus-
ing structure as the leading edge. This problem has not been studied, but it

seems reasonable to allow the ions in the trailing edge to have twice the



69

momentum of those in the leading edge. This is illustrated in Fig. 3. The
factor of two momentum spread is established in the first few accelerating gaps.
A nonrelativistic calculation gives for the length of the buncher

after the space charge limit and velocity profile are established.

S < g-T v E¥I
where:
T = the time for the ion source beam to pass a point at the
space charge limit (or fraction of the limit to be used),
V = the initial velocity of the leading edge, and
M = the ratio of the trailing edge momentum to the leading
edge momentum.
The right-hand side, in the .case considered here, is 120 m.
DEBUNCHER

The function of the debuncher is to reduce the momentum spread.
This is illustrated in Fig. 3. 3Bunching continues, but at a reducing rate.
The bunch length is shown in Fig. 4. The lower curve is the difference between
the arrival time of the leading edge and the center of the beam pulse. The
upper curve is the difference between the arrival time of the trailing edge
and the center. Note that bunching is almost stopped in the debuncher.

The buncher and debuncher might require hard tube drivers to achieve
the desired wave form.

Gap voltage, as a function of distance, is shown in Fig. 5. The
voltage vs. time in the buncher and main accelerator is largely determined
by the accelerator requirements., However, the debuncher is short and its
function can be achieved with a variety of voltage vs. time curves. Keeping
this voltage pattern simple is probably an important objective,

Finally, Fig. 6 shows energy vs. distance. Note that the energies in
the buncher and debuncher are multiplied by 10. Also, in the first few

cavities, where the velocity profile is established, the maximum mVs/m is 435.



70

CONCLUSION

The induction Linac presents an attractive source of protons for a
pulsed neutron target. The performance could be extended by using some of the
space charge safety factor in the buncher or by extending the Linac to higher

energy, thus getting more neutrons per proton.
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ELECTRON BEAM EXPERIMENTS AT MARYLAND UNIVERSITY*

M. A. Brennan, P. Loschialpo, W. Namkung, M. Reiser
University of Maryland

J. D. LawsonT
Rutherford Laboratory

1. Introduction

Plans for an experimental study of the stability of intense electron
beams in long periodic focusing systems were described at the San Francisco
Accelerator Conference in February 1979.l At that time, extensive analytical
theory on beams with a K-V distribution had been developed,2 and good agree-
ment with computation had been found.3 The objective of the experiments is
to extend our understanding of what happens with more realistic distribution
functions and to make comparisons with numerical simulations. Even in the
absence of instability, it is of interest to study the emittance growth
associated with aberrations arising from the non-uniform transverse density
distribution in the beam, and to compare measurements with the result of
computer simulations.

In planning a program of this type, two factors should be emphasized.
First, the experiment is not intended to be an exact '"scale model" of any
proposed ion beam system. It is to map in a flexible way the general properties
of high space-charge beams as the system parameters are varied. Second,
reliable, accurate diagnostics on beams are notoriously difficult to make.
The first stage of the program will concentrate on simple (though not neces-
sarily well-understood) configurations so that the familiarity with the
operational aspects of the apparatus can be obtained and reliable diagnostics

developed.

*Work supported by Department of Energy and Computer Science Center, U. of Maryland.

tBased on presentation by J. D. Lawson at Berkeley workshop.
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Components of the apparatus and the proposed experimental program will

now be described.

2. Beam Source.

The first experiments will be performed using a planar cylindrical Pierce
gun with cathode diameter 1 cm. The perveance k can be varied by adjusting
the cathode to anode spacing.within the range % to 1 u—amps/(volt)B/z; this
corresponds to K = 2Nro/82Y3 in the range 7-15 X 10_3. Later, the convergent
gun described in ref. 1 will be used.

These guns will be operated in the voltage range 5~10 kV, corresponding
to currents of a few hundred milliamps. Pulses with length of a few us will
be used, firstly, to avoid space-charge neutralization effects, and secondly, to
limit the power dissipation to a reasonable value. This will allow the use

of grids; the first gun has a gridded anode to reduce aberrations, and it is

hoped that grids can be used for emittance control.

3. Characteristics of Beam from Gun.

The reference beam in all calculations to date has been the unrealizable
K-V distribution. This preserves linearity in the presence of self-fields
so that paraxial theory can be used. At the exit of a well-designed practical
gun or ion source, the beam density is uniform in space, but the transverse
velocity distribution is gaussian, with temperature corresponding to the
cathode or plasma temperature kT. Such a beam cannot be matched, even in a
uniform focusing system. The velocity spread produces a non-uniform density
as the beam travels, and this gives rise to a non-linear defocusing force;
the beam cross section varies in a non-periodic way with z, the distance along
the axis. For the operating conditions quoted above, the transverse thermal
velocities are small, and their effects may be masked by aberrations. The

parameter range of interest includes much higher values of emittance; it is
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therefore planned to increase this by the use of grids, as explained later.

4. First Experiments.

In the initial experiments, the gun is being mounted in a cylindrical
vacuum vessel as shown in Fig. 1. Several ports are available for the
insertion of diagnostic equipment, viewing windows, etc. In the first experiment,
the space-charge spreading from the gun will be measured and compared
with theory. The beam profile will be established by inserting a movable
paddle into the beam until a small fraction (about 1%) is intercepted. The
paddle is mounted on a shaft, which can be rotated and moved in the z-direction
so that the beam radius can be found as a function of z.

The paddle also has a small hole at its center. By moving this across
the beam and measuring the current intercepted by a Faraday cup, the trans-
verse current density in the beam can be determined. By moving a straight
edge across the beam emerging through the small hole, an estimate of its
angular spread, and hence the beam emittance, can be made.

When the transverse temperature is negligible, the form of the "space-
charge spreading" curve for a uniform beam is well known. If the spreading
associated with finite temperature is appreciable, on the other hand, the way
that the beam radius and density distribution vary with z must be found
numerically. Calculations by I. Haber are already underway.

No lenses are required in the measurement of the beam spreading curve.
The apparatus is simple, and many instrumental effects, such as secondary
emission, the effects of the wall geometry, partial neutralization from

residual gas, can be assessed.

5. Emittance Control.

’

As indicated above, it is desirable to increase the beam emittance for

some experiments. This can be done with the aid of grids. Consider first
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a grid of horizontal parallel wires followed by a hypothetical transparent
conducting plane, as shown in Fig. 2. The grids consist essentially of an

' which deflect the electrons upwards or downwards

array of "aperture lenses,'
depending on their vertical position. The emittance diagram corresponding

to an initially parallel beam is shown in the figure. If now the transparent
conducting plane is replaced by a grid of vertical wires, it will act as a
transparent conducting plane for vertical deflections but as a deflecting
grid for horizontal deflections; in this case, the grid of horizontal wires
will act as the transparent screen. The properties of such a grid will be
measured by placing it in the beam and measuring the additional spreading

produced. It is not clear whether deviations from axial symmetry will occur;

this must be checked.

6. Second Stage of Experiments.

Assuming all goes well into the first series of experiments, described
above, the beam will be fed through a pair of magnetic lenses. By adjusting
the two lens strengths, it is possible to produce, at a given place, a waist
whose size can be varied. A preliminary design, using the K-V approximation,
but including the emittance changing grids, has been established. For a real
beam, however, the current distribution will be non-uniform. This will be
measured and compared with numerical simulations. Tt will be interesting both to
see how good the K-V theory is in predicting the location and rms radius of
the waist, and also to assess the relative effects of the departure from a
K-V distribution and of conventional lens aberrations on the form of the waist.

Once this stage of the experiment has been completed, and experience
with guns, diagnostics, and the various quirks of the apparatus established,
the way will be clear for the study of long beams in long solenoids, inter-

rupted solenoids, or quadrupole arrays. In Ref. 1, the emphasis was on
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interrupted solenoids. It will be interesting, however, to measure the beam
behavior in a continuous solenoid, which was discussed above in section 3.
This work will be essentially a continuation of earlier work, for example, by
Lawson4 and Brewer.5

By this time also, the convergent Pierce gun should be available.
Indications are that this may have a density distribution that is higher at
the outer radii than at the center, whereas the focused system will probably
have higher density in the center. Comparisons between these two different

distributions should prove interesting.

7. Status.
The first gun, together with paddle and Faraday cup, has now been
assembled for the first tests. A good vacuum (<10_7 torr) hHas been obtained,

and the gun is being activated.

8. Concluding Remarks.

It is not possible to foresee in detail how this program will develop.
The basic approach has been to maintain flexibility and to break down the
problem into a series of easily manageable steps. The initial problems to
be examined are of a general nature, and the work is in the same tradition as
a great deal of experimentation in the late 1950's on microwave tube beams.
We hope that the techniques can later be developed to help answer more specific

questions pertaining to heavy ion fusion schemes.

9. Acknowledgement.

We look forward to the future participation of I. Haber of NRL in this
program. The first calculations on the structure of a spreading beam are

underway.
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EMITTANCE GROWTH IN RF LINACS™

R. A. Jameson
Accelerator Technology Division
Los Alamos Scientific Laboratory

Los Alamos, NM 87545

ABSTRACT

As the space-charge limit is approached,
the current that can be accelerated in an rf
linac and the output emittance that can be ex-
pected are discussed. The role of the envelope
equations to estimate limits is outlined. The
results of numerical experiments to explore
general properties of emittance growth are given.

In the study of beam motions through accelerator structures, the useful
analytical expressions obtained from the transverse and longitudinal envelope
equations give information on the effects of parameter changes over wide ranges.
The effect of current is included using a linearized treatment of the space-
charge forces from an ellipsoidal uniformly charged beam bunch. Steady-state
emittance is included, allowing matched parameters to be calculated which pro-
vide quite good results in numerical simulations. The current limits found
from the envelope equations have been found to agree well with the saturated
output current obtained in computer runs, which also show that a great deal of
the input current is lost before saturation is reached. As the current satu-
rates, the output emittance also grows to a level defined by the machine
acceptance. This emittance limit, found from the computer code at the onset
of saturation, is found to agree well with the emittance calculated using the
envelope equation at a tune shift of O/GO = 0.4.

The envelope equations will not, however, account for the emittance growth
due to nonlinear forces seen in all real machines, and there is no theory at
present for these effects. Emittance growth occurs from nonlinearities in the
rf gaps, space-charge forces, and coupling effects, and would have to be ana-
lyzed as a transient problem. A detailed theory is probably impossible, and

one in convenient form even less probable, but it would be very useful to have

*Work performed under the auspices of the U. S. Department of Energy.
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a crude theory which would allow prediction of the size and rate of emittance
growth under different parameter conditiomns.

Lacking any theoretical base for calculating emittance growth, except at
the saturated limit, our understanding at this point comes from numerical exper-
iments, and to a much smaller extent, from actual machines. Emittance growth is
observed in all operating linacs, but production demands generally preclude
machine development. It is clear that future high-performance accelerator de-
velopment, such as for HIF, will require an understanding of these effects and
therefore will also require accelerator experiments to be conducted--an exciting
prospect.

Computer codes for linear accelerator beam dynamics have been extensively
developed for over twenty years. The PARMILA code, used at LASL, LBL, and nu-
merous other places, is the most complete and versatile code in the U. S. It can
treat any type of particle in several kinds of accelerator structure, including
the Alvarez, Wideroe, and RFQ. Input and output beam transport lines, including
bunchers, can be handled. The code is fully six-dimensional, including non-
linear effects. Space charge can also be handled in 3-D, but present techniques
are expensive, and most computations are done using a ring model on an r-z area-
weighted mesh. Over the years, comparison of the code models to actual machine
performance has been made whenever possible, including detailed analyses of
measurement techniques. Several examples of exacting modeling studies have
resulted in agreement with experimental results to a few percent. This work
lends confidence to the use of the codes for detailed design work and for
exploration of the causes and effects of beam characteristics such as emittance
growth. The disadvantage of the numerical approach to basic studies is that
the parameter space is large, making it difficult to infer general results.

Simulations (or numerical experiments) exploring the nature of emittance
growth in rf linacs have been in progress at LASL for a number of years; results
of some of the latest efforts were reported at the 1979 Linac Conferencel and
will be outlined below. The list of references from that paper is ::1ppended.2_21

The envelope equations can be expressed very compactly in terms of the

phase advance per focusing period of the structure:

2 (ZnBK)Et ) (ZnBA)eQ
=—— ,and b = ———=

t 2

¢] g

a
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where a is the average beam radius over the focusing period, b is the beam bunch

half-length, (2nB)A) is the transverse focusing period length, €.  and €, are un-

t
normalized transverse and longitudinal emittances, and Ot, 0 are the transverse
and longitudinal phase advances per transverse focusing period. We therefore
decided to study emittance growth as a function of phase advance. We wanted to
be able to measure the average phase advance of the particles in arbitrarily
shaped bunches, as well as individual particle phase advances in the frame of
the average. We also wanted to generate linacs having prescribed phase advances
in both transverse and longitudinal, for arbitrary bunches. This is done using
iterative, nonlinear least-squares techniques.

We have made two major sets of runs so far—-both with n = 1 and Et ~ EQ/S,
and differing in that one set kept the accelerating gradient and synchronous
phase constant at the value required to give the desired OOQ at the first cell
of each case, while the other set required the accelerating gradient to rise
along the machine so that Og was constant. The results were very similar in
all qualitative aspects, the only real difference being more longitudinal emit-
tance growth for the constant Og case. We generated 7 linacs with zero-current
. = 42°, and © t - 50,70,90,100,110,120, and 130°. The tune

0 0
of each linac was depressed by adding current, maintaining matched conditions,

phase advances of ©

and the emittance growth* observed, with the results shown in Fig. 1. For each
initial condition (points on the abscissa in Figs. la and 1b), current was added
until the longitudinal stability limit was approached. The resulting traces in
Fig. 1 show the emittance growth as the tune was depressed For the Oot = 50°
case, we then raised the electric field to keep some longitudinal focusing,
and raised the current further (open circles, Fig. 1). The longitudinal emit-
tance growth is shown in Figs. lc and 1d for all the transverse cases. These
studies were done with short 20-cell FDFD Alvarez linacs. No particles were
lost on any of the runs. Future work will address asymptotic behavior and other
aspects.

We found a violent effect on the transverse (but not longitudinal) emit-
tance in the linacs with Oot > 90°, which appears to be analogous to the envel-
ope instabilities studied in detail by Smith, Laslett and others for K-V beams

. 47 . s . .
in transport systems. This is discussed further in the Conference paper—-

zero-current tunes above 90° should clearly be avoided.

#Total effective emittance is found by fitting ellipses with the rms emittance
parameters through each particle and taking the largest.
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Below Oot = 90°, the transverse emittance growth behavior indicates a pref-
erence for smaller beam radius, as would be expected to minimize the longitudi
nal-transverse coupling effect in the rf gaps. The other main feature is that
the growth begins to increase rapidly, in both transverse and longitudinal di-
mensions, as the tune is depressed to about O/OO = 0.4 and below. This is also

evidenced in the numerical runs by increasing difficulty in finding the best
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input matching conditions to keep the beam matched in the machine. The effect

of mismatching is discussed further below.

As the space-charge limit is approached, (Ot + 0°), we would start losing
beam, as well as have the output emittance grow to the geometrically defined
output limit. The growing sensitivity to matching will compound the problem.
This evidence causes us to be suspicious of designs which claim operation "near
the space-charge limit." This may be a matter of clarifying the definitions be-
ing used in each case - some are apparently unconcerned with beam loss and may
be able to tolerate the resulting saturated output emittance. Others may use
O/OO = 0.4 as their '"space-charge limit." It does appear that by backing off
on the current per channel, and/or by control of the frequency transition points
in a funneled design for HIF, emittance can be kept in bounds. We need, however,
to explore asymptotic behavior and the effects of frequency transitions in de-
tail.

Since practical parameter choices for applications commonly result in
OR < Ot, we made a preliminary search for resonances of the 20t = nOQ type.
Keeping Ot = 50°, EO/B was adjusted for constant OR with n from 2 to 8. No
differences in emittance growth were seen out to 60 cells, which is beyond the

point to which the E., ramp could practically be sustained.

0
In considering other preliminary slices of the parameter space, we looked

t
0
another factor of 6 (et ~ €£/30)' Somewhat more transverse and less longitudinal

at some Ot/O = 0.75 cases in which the transverse emittance was reduced by
growth was observed. Such transfers are commonly observed. 1In this case, far
from the space-charge limit, the added growth was not large. The ratio of emit-
tances is undoubtedly an important parameter, and may suggest multidimensional
matching with equal emittances, especially if the parameters change along the
machine.

We changed the frequency by a factor of five in each direction, keeping

a/BAr, b/BX, ¢S and injection energy constant, changing the accelerating gradient
L

to keep Oo at 42° and changing Ot to keep a/B\ constant. This scaling repro-
duced Fig. 1 very closely.
We reran the Oot = 100° cases (which exhibited the instability in Fig. la)

for input distributions uniform in 6-D, and Gaussian in 6-D (truncated at 30),
keeping the rms emittances constant. The quadrupole strengths were those used
to achieve a constant phase advance for the original distribution, approximately

uniform in real space. The 6-D distributions grew more rapidly in the first two



89

to three cells. From Cells 3-20 the growth in total emittance was very similar,
but the rms growth for the 6-D cases was about double that of the 3-D case. The
6-D cases became somewhat mismatched as the beam progressed through the cells.
We could reset the quads for each particular distribution; we expect that this
would smooth but not necessarily reduce the growth--it may in fact increase (see
below). The unstable mode evidenced in Fig. 1 is thus not the result of a par-
ticular particle distribution. Similar general influences of the distribution
have also been observed for other choices of parameters. Figure 2 shows a typi-
cal redistribution of emittance. We conclude that the shape of the distribution
does influence emittance growth, with greater effect as the beam brightness is
increased, and with greater growth as the central density is increased.
Mismatched beams will be smeared by the action of nonlinear space-charge
forces and eventually will assume an emittance congruent with the machine accep-
tance. Figure 3 demonstrates how emittance growth is affected by mismatching
the input beam size up to a factor of Y2 at injection, for the range of linac
parameters we have been discussing. (Note that these cases have constant accel-
erating voltage gradient, EO, rather than constant 002 as in Figs. 1 and 5.) At

. t . .
a given 0. , the sensitivity to matching becomes more pronounced as the tune is

0

depressed. As g increases, the sensitivity for a given tune depression in-

creases, an effegt of the alternating gradient. The smaller absolute size of

the beam (in one dimension) also becomes more important in terms of the required
measurement resolution. For K-V beams, a "mismatching" instability mode has been
identified5 for Oot > 90°; its analog for these distributions may be a factor
here.

In the vicinity of the unstable mode, the behavior becomes somewhat unpre-
dictable. For the parameters in Fig. 3, the betatron oscillations generally
subjected the beam to a lower average ut(higher Ot) over the 20 cells, sometimes
resulting in less growth. The Ot/OOt = 70°/110° case is particularly dramatic
in this respect. The changes in transverse emittance growth from mismatching
are generally rather uniform with respect to the shape of the distribution func-
tion, as shown in Fig. 4, or sometimes show more growth for higher percentages.

We then considered off-axis beams. For a single gap without space charge,
Crandall11 showed that the increase in total emittance is proportional to
(a® + a%) if |d| < a, and 2da if |d| > a, where a is the half-width of the beam

and d is the displacement of the beam center from the axis. The increase in rms

. . . 2,2 2
emittance is proportional to (1 + d"/a"), where a” denotes the mean square
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half-width of the beam. It is seen that the rms emittance grows relatively
faster than the total emittance. The growth over n gaps will depend on what
happens to the relative sizes of a and d. Figure 5 shows the emittance growths
for (x-off-set/average input-beam radius) = 1.0 for five of the cases of Fig. 1.

. A . . . t
Again the sensitivity increases for larger tune depressions and for higher 00 .
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Sensitivity of transverse emittance growth, after 20 cells for 1007 of beam, to’
horizontal offsets equal to the average input beam radius. Solid - no offset:
Dashed - offset.
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The interaction of off-axis beams with the envelope mode is complicated. The
longitudinal emittance growth also is increased by the transverse oscillation.
Figure 6 shows the typical redistribution that occurs in the transverse-phase
space. This feature, and the contrasting signature of the mismatched beam,
Fig. 4, can be valuable aids in machine tuning for detecting the presence of a

centroid oscillation or mismatch.

@ —
o —
c —
2 2 " Injected off-axis Fig. 6.
'g§ Typical redistribution of transverse emittance
®o . . growth for missteered beams.

= Injected on-axis

rms

I -
100 80 60 40
% of beam

There are clearly many more things to be done. This initial work is encour-
aging in the sense that at least some scalings over wide ranges appear to pro-
duce the same emittance growth behavior. The effect of constraints on parameters

as scaling is done must be investigated.
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1. Summary

Our three-dimensional linear accelerator code has been applied to
calculate transverse and Tongitudinal phase space dilution for beams of Xe'
ions carrying average currents in the 15 to 25 mA range. The calculations
have been confined to a FOFODODO Wideroe structure operating in the 737 mode |

generally with a gap voltage gradient of 5 MV/m; but we have also considered

the effect on emittance growth of lowering the gap fields. The r.f. wavelength
is 2400 cm, the synchronous phase is -320, and the quadrupole fill factor

ranges from 50-60 percent. The quadrupole lengths are B and the magnetic
field gradient is varied with the synchronous particle momentum to keep f B'dz
essentially constant. The magnitude of the field gradient is fixed by stability
requirements. These then also set the maximum phase spread. Typical beam
parameters are: normalized transQerse emittance yBset = 0.3mm mrad, longitudinal

emittance 10~% cm, B = 0.0061.

initial
The code has usually been run for 160 particles distributed in the

transverse phase-space as a K-V distribution. Provided the mesh for

the space charge caiculations is chosen carefully, this number appears to be
entirely adequate for parametric studies. Once matched beam parameters have
been found, a 1000-particle case is run, and one typically finds that the
emittances are 20-25 percent below those for the 160-particle case. Our ex-
perience has been that very little further change results when more than 1000
particles are used. Collective modes which might render the beam unstable
cannot be studied with such small particle numbers but they are probably not
important here aue tc the phase mixing in the gaps.

With the focusing gradient and phase spread of the beam set by the
stability conditions, the equilibrium beam radius, R, say, is then also
determined (by the matching requirement). The calculations show that as a

general rule the emittance increases rapidly in the first cell. The pekveance
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10

K=4,9 x10 I(A)/B3 for Xe' jons; I(A) is the current in amperes. Thus

the beam is space charge dominated for the emittance considered here at

I =25 mA, 8 = 0.0061. The matched radius for a quadrupole gradient

g = 0.031/8 KG/cm turns out to be about 2.4 cm and the transverse emittance
grows rapidly by a factor of 3.7. Thereafter, the emittance continues to
increase slowly due to a combination of the space charge forces, nonlinear
transverse-longitudinal coupling in the gaps, and mismatch due to the finite
bunch Tength. Scatterplots of the particle distribution in the phase spaces
indicate that dilution takes place due to the latter effect, but it does not
appear to be the dominant contribution.2 This has been substantiated by code
calculations in which the beam was given zero spread. For the 25 mA beam the
normalized emittance for a final particle energy of 8.4 MeV increases by a
factor of 8 for 100 percent of the particles and by about 6 for 80 percent of
the particles. For 15 mA the initial matching radius is about 1.8 cm, and
the emittance for a final energy of 8.4 MeV increases for 100 percent of the
particles by a factor 5; for 90 percent of the particles the envelope radius
is held to a 1ittle over 2 cm and the emittance increases by about 4.5. The
gain in longitudinal emittance ranges from 3 for 15 mA to 4 for 25 mA.

We have also studied the extent to which emittance increase can be
curtailed by lowering the gap fields. For a 25 mA beam, lowering the gap
field from 5 to 4 MV/m results in a 20 percent reduction in transverse emittance
growth for 80 percent of the particle number when the results are compared
at a final particle energy of 7 MeV; from 5 to 2.5 MV/m the reduction is al-
most 50 percent. For 15 mA the corresponding reduction is about 15 percent
in going from 5 to 4 MV/m. Also, 90 percent of the particles are contained

with a 2 cm radius, and about 10 percent of the particles are lost from the
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"bucket" because of the increased influence of the space charge. The 2 cm
1imit on the radial excursion does not mean that these results are rescovered
when particles reaching beyond 2 cm along the accelerator are discarded.
This is because particles which are beyond 2 cm at one point will be within
this radius further along. The case with a physical stop of a given radius
will be considered separately.

The gap defocusing forces will also be reduced by operating with a
smaller phase angle, although the space charge forces will then be increased
for a given current due to the reduced phase spread, and the accelerator
efficiency will suffer if the separatrix length is less than the spread
allowed by the stability limits.

In the remainder of this report we discuss these matters in greater
detail. Section 2 contains a description of the phenomena which 1imit the
allowable parameter range for beam and accelerator. In Section 3 we present
the emittance calculations for some typical beam parameters and the kideroe

Structure mentioned above.
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2. Constraints
There are two constraints on the length of the bunch. One is set by

the separatrix length and is given approximately by the inegualities
(1 - 5)¢s < (¢ - ¢S) < -2(1 - 5)¢S ,

where S is the ratio of the defocusing space charge to the accelerating

force:

S = MZQBSA/E sin ¢S R

where p is the space charge density in the bunch, E the r.f. amplitude of
the accelerating field, A its wavelength. The proportionality constant M,
whose magnitude ranges from 0 to 1, is determined by the shape of the bunch.
The other is governed by the magnetic focusing stability Timits deter-
mined by the condition that "u" be real. For Egap = 5 MV/m and a magnetic
fill factor of 50 percent, these 1imits are for the Wideroe under discussion

given by Figure 1 (in the absence of space charge). Here,

-A = -0.001294 Egap(MV/m) sin ¢ ,

2 is the

is the strength of the thin lens representing the gap field and g
square of the quadrupole gradient in kG/cm. The magnetic field gradient is
chosen such that for ¢ = g the operating point Ties at y = w/2. The maxi-
mum phase spread then follows from the range in ¢ which keeps -A between the
cos u = *1 Tlines. Because instability is due to overfocusing and space
charge corresponds to reduced focusing, this should also be the stable regime
for non-zero currents. For Eg = 5 MV/m, we find that a focusing gradient of
5.1 kG/cm is reguired, while for EG = 4 MV/m this is reduced to 4.9 kG/cm.
For the former case, the maximum range in ¢ is ¢ < g 2 18° as ¢ ranges from

-50° tc -13%.  The maximum phase spread (¢ - o )m = (3/2)(1 —‘S)!¢S§ imposes
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the following relation between S and the current (x = 2400 cm)

H

£

I(mA)M
Xy

where the geometric factor is a function of S and set by the ratio of the

VW22 =

mean transverse bunch dimension to its half-length. For (axay sl

1.8, the maximum value of S(1 - S)/M = 0.4 for S = 0.4. Thus, the maximum

) = 0.7 cm

transportable current Im s’m

ax(mA) z 8.1axayE(MV/m) or with (z - 2

Imax = 13 mA for E = 1 MV/m. The maximum bunch length is set by ¢S and S.

If the transverse beam dimensions are greater than the bunch length,
the optimum value of S is relatively constant at 0.4. Thus, the maximum
theoretical bunch length set by these considerations is about 2.3 cm corres-
ponding to ¢ ranging from -51.2° to0 6.4°. The vhase range permitted by the
magnetic stability limits is within these 1imits, corresponding to a bunch
Tength of about 1.5 cm. Thus, adopting (z - Zs) = 0.7 cm would appear to be
conservative.

To determine how stringent the current Timit of 13, mA is requires a more
precise determination of the space charge forces and the effect of applying
acceleration only in the gaps. The actual transverse beam dimension will,
of course, be determined by the matching conditions.

Rather than adopting the envelope equations to obtain the matched beam
parameters, we have found it expeditious to start from the matched parameters
for zero current (obtained from a separate matrix code) and then to increase
the current while keeping the beam matched. One only needs to use a few
particles and run the code out to a few periods, paying particular attention
to the symmetry points. This has the advantage over the envelope equation

approach that a K-V distribution need not be assumed and the emittance is not

assumed constant. Convergence to the desired optimum parameters is fast so
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that automating this search is a practical possibility. In the occasional
event that this process becomes tedious, a matrix code is used with space
charge and gap defocusing forces represented by delta functions in the gaps.

The changing values for B are predetermined in this case.
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3. Results

To reiterate, most of our calculations have been run for the following
parameters: particle number: 160; initial 8: 0.0061; input normalized
emittance: 0.32 mm mrad; bunch length: 1.4 cm; initial velocity dispersion:
1 percent; magnetic fill factor: 50 percent; synchronous phase: -329;
magnet arrangement: ++--; accelerating mode: n-3m; gap length: 0.2 Bix.

The injection point has for simplicity been chosen halfway between the
Xx-focusing magnets: the phase-space ellipses are upright here and x and y
have extremal values.

To ensure that no spurious emittance growth is generated, a matched beam
was passed through the accelerator at zero current. The matching parameters
were obtained from a separate matrix code in which the gap acceleration was
Simulated by thin lenses in the middle of the gaps. The results show that
the equations and the difference scheme clearly preserve the normalized
emittance.

Unless otherwise stated, the emittances referred to in this paper

are normalized r.m.s. values calculated from the relations

=5  __,1/2 -5 5 1/2
g, = B{XL x! "XX'Z} s ey=8{y2y'2 _nyZ} s

1/2

™
I

{(:z - 2% (8 - 8)2 - (z = 7,) (B - 8P

f

These quantities are exactly preserved in linear systems. They have the further

advantage of allowing in an r.m.s. sense for non-uniform distribution. The
normalizing factor of 1/4 for the K-V distribution assumed here should be

kept in mind when comparing absolute values for the emittance with *hose

obtained from uncorrelated distributions. Also, although for 100 percent
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transmission our calculated emittances are just those usually referred to

as r.m.s. emittance, the emittances for smaller fractions of thes beam are
determined with reference to a circular hole transmitting a particular
percentage of the total number of particles in the beam. To avoid confusion
in comparing our results with other calculations these quantities might be

more appropriately referred to as transmitted emittances.

Results for I =15mA and 25 mA are given in Figures 2 and 3.
The curves represent 60, 70, 80 and 100% of total particle numbers, a fifth
curve represents 90%. In the legend on each figure, I represents the current

(in Amp); X, xp, y and yp represent the input values for the transverse beam
dimensions and the envelope gradients (in cgs units). The quantity ALl is

a measure of the magnet fill factor, g is the initial guadrupoie gradient

in kG/cm, and

_ 2
CCS = 2eEgap cos ¢S/Am1c

-7 \ +
1.38 x 10 Egap(IV/m) for Xe

Since €, and Ey remain about equal, we give only plots of their geometric

mean. The scales are compatible with the accuracy of these calculations.

It will be noted that if the beam envelope radius is to be kept below
2 cm, 20 percent of the particles will be lost for I = 25 mA, while
almost 90 percent will pass for 15 mA. A physical stop will be imposed
Tater; we examine first the idealized case. The emittance increase is also
substantially less for the lower current (cf., Figure 5). As we have already
noted, much of the emittance adjustment occurs in the first period (~120 cm)
with a continually decreasing rate of increase thereafter. There should
therefore be little emittance increase in the second and third tanks if the

matching can be preserved.
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Emittance is only a crude indication of beam quality and & better
representation can be obtained from a scatter plot giving the distributions
of the macro-particles in phase space and real space. An example is Figure
4 for 1 = 25 mA and 320 particles. This case corresponds closely to that of
Figure 3, except that a slightly smaller value of Y was used. The quantity
z on these graphs is the distance along the accelerator. It is particularly
interesting to note the progressive deterioration of the beam in the x - x'
and y - y' phase-spaces, and the emittance dilution at z = 6395.3 cm represented
by the appearance of four wings is apparent. It is also clear that beam match
cannot be maintained.2

Since the defocusing effect of the gaps is reduced by lowering the gap
fields, and since the beam is then also handled more gently, one might expect
reduced beam quality deterioration as a result. Another benefit is the
reduced quadrupole gradients, which we have again determined from Figure 1.
In Figure 5 we have plotted the variation of the ratio of final emittance to
input emittance at a particlar final particle energy (7 MeV) with beam current.
The curves for 80 percent of the particles are most representative as they
discount the disproportionate contribution from a few particles. Results
are given for gap fields of 5, 4 MV/m, and 2.5 MV/m. In the current range
15-25 mA, the relative emittance varies linearly with current. The propor-
tionality constant ranges from 0.17 for a gap field of 5 MV/m to 0.023 for
a gap field of 2.5 MV/m. In the latter case, therefore, the emittance gain
is relatively independent of current.

In practice, the transverse excursions of the particles are limited by
the bore size and the beam must be matched to the LINAC acceptance. To

simulate this constraint,we have imposed an upper limit on the rzdius of
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the beam, dropping particles if they exceed this value. An example is

Figure 6 for which the initial current is 25 mA and the gap fields = 2.5

MV/m. The radial cutoff is 2.5 cm and the curves indicate the axial positions
at which particles are dropped. About 15 percent of the particles are lost.

These include the losses from the "bucket." The increase in bunch length

due to straggling particles is evident in Figure 6b. Thus, the transmitted
current is about 20 mA for this case of gentle acceleration.
As the current is increased beyond 25 mA, there will come a point where

a larger percentage is lost because the increase in the "bucket" size along
the accelerator does not keep up with the spread due to Tongitudinal forces.
The advantage of a Targer separatrix fill factor would then be lost. Where
this occurs depends on theinitial distribution and to some extent on the
details of the accelerating structure. These results indicate that it may

be worthwhile to run at currents higher than the theoretical maximum and to

use gradually increasing voltages in the first few gaps.
REFERENCES
1. T. Khoe, private communication.

2. J. W. Staples and R. A. Jameson, 1979 Particle Accelerator Conferen
NS26 No. 3 (San Francisco, March 1979) renee
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Figure 5. Emittance Variation with Current and Gap Field
for Final Energy of 7 MeV.
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EXCITATION OF HIGHER ORDER MODES IN ALVEREZ LINAC STRUCTURES*

John T. Keane

Brookhaven National Laboratory

I. INTRODUCTION
For overall system efficiency it is desirable to run the high beta linac
as heavily beam loaded as practical. One limitation is the effect of higher
order rf mode excitation on beam stability.
The excitation of these modes is reviewed. A possible excitation

mechanism with synchronous particles is introduced.

IT. RESONANCE POSSIBLE IN HOLLOW CYLINDRICAL GUIDES
Table 1 Tists the modes that can propogate in a hollow cylindrical guide.
The cutoff frequency, f., below which no field can propogate, is dictated by
the transverse dimension namely radius, a. When the guide is closed a
resonance cavity is formed whose frequency is determined by the longitudinal

dimension, z.

TABLE 1
Mode ig Frea (MHz Field Components
T™p1 2.6la 200 Ez, H¢
M2 1.14a 457 Ez, Hé
TM{; 1.64a 318 Ez, Hr, Ho
TEpy 1.64a 318 Hz, Hr, Er
TEq] 3.41a 153

An Alverez cavity is a cylindrical guide operated in the TMgig mode
(at cutoff). The drift tube causes a frequency perturbation. A guide operat-
ing in the TMp; mode can support numerous longitudinal resonances corres-
ponding to guide wavelengths in the longitudinal direction (x/2, », 3x/2,
etc.). If the length is much greater than the diameter, then their frequency
will be close to the TMp1o mode. Similarly the other cylindrical guides
have resonances corresponding to "n" longitudinal wavelengths. (See Figure 1).

*Research carried out under the auspices of the United States Department of
Energy under Contract No. EY-76-C-02-0016.
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Due to the large frequency separation between the operating mode and the
other cylindrical guide modes, only TMg1, modes appear to be worrisome.
This assumes that the higher mass of heavy ions will exclude the deflection
mode (TMj1) blowup observed in electron lTinacs. This should be verified
however.1,2,3

The field distribution of the TMg;, modes are shown in Figure 2.

ITI. TRANSIENT MODAL EXCITATION BY RF POWER AMPLIFIER

Due to the Fourier components existing during the rf turn on, the
TMp11 and TMg12 modes have been observed in Alverez accelerators
during the rf buildup pem’od.4 These fields exponentially decay before the
beam is turned on.

From Figure 2 it can be seen that by placing the rf drive points at the
1/4 and 3/4 L points these modes cannot be driven. The moding effect has been
further reduced by the use of dummy stems which push the frequency of the
higher order TMgj, modes further away from the TMyjg operating fre-
quency.5 The motivation for suppressing these higher order modes is the
desire to minimize the transient effect when the rf is increased for beam
compensation. The excitation of these modes has been from the generator and
not the synchronous beam.

IV. BEAM EXCITATION OF TMgp1 and TMg12 MODES

The beam which is in synchronism to the TMpjg operating frequency
has not been observed to cause higher order mode excitation. This is to be
expected because of the distribution of the H field. Excitation from the
synchronous beam in one section of the tank tend to be canceled out by the
field induced (180° out of phase) in other sections of the structure (see
Figure 2). One means of coupling can be envisioned, however.

Since the frequency of a TMO1l mode is slightly higher than that of the
TMp10 mode, a synchronous particle traveling the length of the tank will
see a phase advance of any TMgy] electric field that exists. Figure 3A
assumes that the synchronous beam enters the first drift tube gap during the
maximum accelerating phase of the longitudinal electric field. If there is a
total of 180° phase advance this particle will receive kinetic energy. 1In
Figure 3B the synchronous beam particle enters the first gap during the
de-accelerating part of the TMpyj; mode. With a 180° phase advance this
particle gives up kinetic energy. Under the condition cited the beam would
act as a modulating system, alternately acting as an rf generator and rf load.
The modulating rate would be equal to the difference frequency between the

TMp10 and TMg11 natural excitation frequencies.
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IV.A DETERMINING DIFFERENCE FREQUENCY

The required beta and accelerator lenath to .produce 180° phase
shift can be found.

Af = fo11 - fo1o0

where

fp11 = frequency of TMg1; mode

fo10 = frequency of TMgjp mode

(%£>(360°) = degree advance/drift tube
0

Assuming that the relative beam velocity, B, is constant through the

accelerating structure.

Af/£(360°)

B = degree advance/cell Tength

The difference frequency required to produce 180° phase shift in an
accelerator tank of length, Z, is found to be

Af = %% ¢ = velocity light (1)

The cavity dimension required to set up a particular Af can be
approximated by assuming an unperturbed cylindrical guide.

1
_ (2.405) /c nma :
Fo1n ( a ) <2n) [1*'Q.405 ]

where

a radius
7
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By equating 1 and 2 the appropriate B and » to set up a 180° phase shift are

found.
af = BC = c?
27 2
L™ (8 fop0)
- A
5 = 2 (3)
where » = free space wavelength of TMp1p mode
2
_ A
BA = 77

Practical values of BX are between .1 and 1 meter and Z between 10 and 20
meters which would suggest a frequency range of between 30 to 150 MHz. This
corresponds to a range of betas from .025 to .1. The most Tikely range 1is the
Tower beta, higher frequency range. Picking values of Z = 15 meter, fg10
= 100 MHz, from equation 3 we obtain:

=3 .
8—60 -05
For this case the frequency difference would be as follows:

8
of = B¢ = (08) L3 % 107) - 505 kitoherts

The bandwidth of an Alverez structure is approximately 5 kilohertz
however. Since energy is alternately being supplied to and delivered by the
beam at a 500 kilohertz rate it is most unlikely that the higher mode would
build up. If for some reason the loading effect on the beam is not equal to
the generating effect of the beam the mode could build up.

V. CASE OF CHANGING BETA
The above analysis was not rigorous since it assumed constant beta
through the accelerating tank and did not consider the effect of dummy stems

in the structure. It did indicate areas where problems could occur.
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To see the effect of changing beta in an acccelerating section let the

following specifications apply:

Input Energy = 2 MeV
Qutput Energy = 20 MeV

fo1o = 80 MHz
Z = 18 meters
Bin = .046
Bout = -146

# of Cells = 55
Beam Current = 100 milliamps
Rf Power = 3.5 megawatts

The approximate separation of the TMy;; mode from the operating mode
is found by using Eq. (2).

2
Af = ‘?“E““' = 434 kilohertz
2°(8 f410)

The phase advance per cell is given as follows:
AT

— o _ 0
fOlO 3607 = 1.957/cell

55 cells x 1.950/cell = 107° total advance

If the actual Af is higher because of dummy stems the phase advance per
cell will be larger. Since the beam kinetic energy is low any moding will
effect the particle velocity.

Figure 4 suggests a mechanism for initiating the TMgip buildup. It
is noted that there can be unsymmetrical excitation from the beam at 90° phase
advance. Figure 5 indicates the excitation versus entrance angle at the first
gap. The phase advance is reduced by the particles gaining kinetic energy
thus tending to approach synchronism with the TMy;1 wave. If synchronism
is reached, these particles no longer act as an absorber since energy gain
will equal energy lost. Particles losing energy in the first gap, however,
will tend to increase their phase advance toward the 180° required for strong
coupling. For this case symmetry between the driving function (decreasing
beam K.E.) and the absorption function does not exist. Particles entering the
1st gap at 270° could loose as much as 2 MeV kinetic energy (200 kilowatt
instantaneous) while particles entering at 360° could loose 10 MeV kinetic

energy (1 megawatt instantaneous).



122

VI. CONCLUSIONS
The excitation of higher order TMy; modes produced during the rf

build-up period has been observed and compensated for over the years.

Synchronous beam excitation of these modes has not been observed. A

possible, though unlikely, mechanism for beam excitation has been presented.

This would occur only in a very specific section of the machine (low beta).

There is no strong reason to expect poor beam quality for currents near

160 milliamperes but further studies into the effect of heavy beam loading

should be persued.

1‘.
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IMPEDANCES FOR ELECTRON LINACS AND STORAGE RINGS

Perry B. Wilson

Stanford Linear Accelerator Center

In this note some basic concepts and results are presented concerning
the impedances of electron linacs and storage rings. The impedance of an
accelerator or ring completely characterizes the interaction of the beam
with its environment. Not only does the impedance (or its Fourier
transform, the wake potential) determine the energy loss by a bunched
beam to its environment, but it is also the chief ingredient required
for any calculation of beam stability.

As the title implies, we will be concerned mainly with particles
moving close to the velocity of light. The assumption v = c makes
possible certain important simplifications in the impedance-wake potential
formalism but, unfortunately, it is clearly violated in the case of
heavy ion accelerators. In several instances we will point out where
it might be possible to extend the results to the more general case.

Another limitation in the present note is that it is concerned
almost entirely with the longitudinal impedance. A parallel development
is often possible for the case of the transverse impedance, but the
analysis, measurement methods and computer programs tend to be more
complicated. At SLAC, the effort being directed to the measurement and
computation of transverse impedances is just now reaching the level that
was earlier devoted to the longitudinal impedance problem. For example,
a computer program is just being completed for calculating the trans-

verse deflection modes in the SLAC linac structure.
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Some Definitions

A loss parameter k(o), defined by

A
k(o) = =5
q
gives the total energy 1oss AU given up to a component by a bunch with
charge g and bunch length o. For a periodic train of bunches spaced in

time by Tb, the Toss parameter determines the average power loss to a

component by
z (1)

where Z2 = ka is the Toss impedance and Io the average current. The
impedance function for a component is defined by (see Fig. 1),

Z(w) = %%%% .

The wake function, or wake potential w(t), is the potential seen by a
non-perturbing test charge following at time T behind a unit charge
passing through a component. The net potential at time t in a charge
distribution I(t) is then obtained as

t
V(t) = -EW(t—T)I(T)dT, (2)

-0

The following transform relations between the frequency and time domain
can be shown to hold (a tilda indicates the Fourier transform):

I{w) = I(t)
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Some Consequences

The impedance function Z(w) is in general a complex function,
Z(w) = ZR(w) + jZI(w).

If we take w(t) to be a real function of time, then it follows that
ZR(w) = ZR(-w) (an even function of w)

ZI(w) =-ZI(-w) (an odd function of w).

If the velocity of a particle passing through a component is close to
the velocity of 1ight, then the wake potential is causal, or nearly
so. That is, w(t) = 0 for T < 0. Then we can show that ZR(w) and

ZI(w) are related by the Hilbert transform,

Thus a knowledge of ZR(w) js sufficient to determine ZI(w). However,

the wake induced in a component by a charge will not vanish ahead of the

charge. The assumption of a causal wake potential also implies that

00

SZR(w) coSwT dw. (4)
0

_ 2
WA(T) = E
Under the assumption that I(t) is a real function of time, the loss

parameter k(o) can also be related to the real part of the impedance

function by
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For a Gaussian bunch this reduces to

Application to Resonant Modes

For a high-Q parallel resonant circuit, we have

_ R
() = 733208
Zplw) = : 7
1+(2Q8)
where § = (w - wo)/wo. From this relation and Eq. (4) in the preceding
section we derive for the nth mode,

w(T)
“n ;n.(%)n ) Z

where Vn is voltage gain for a‘non—perturbing test charge when wn is

2kn cos w, T

N

£ls

n

the stored energy. The total wake potential for a resonator is the sum

over all modes,

w(it) = 2% k_ cosw.T .
" n n (6)

The total Toss parameter for a bunch with bunch length Oy is
~w2o?
n't
= X k, € . (7)
n
Two computer programs exist for computing Wy, and kn for the funda-

mental and higher-order longitudinal modes in cavities and structures.

The program KN7C1 computes modes for a periodic structure characterized
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by the four parameters a, b, g and d shown in Fig. 2. A single resonant
cell can be modeled by setting d - g >> a. Similarly, the program
SUPERFISH2 computes modes for a single axi-symmetric cavity having any
boundary in the r-z plane. That is, the function r(z) representing the
surface can be arbitrary, even multiply connected. However, any cross-
section in the r-¢ plane must be a circle. 1In addition to values for W
kn and Qn’ the E and H fields at any point in the cavity can also be ob-
tained from the output. By putting a taper in the beam tube as shown at
the right in Fig. 1, the Toss to small discontinuities such as a gap or
iris can be obtained from SUPERFISH, even though there are no standing-
wave modes in the gap or iris region.

An example of the power of SUPERFISH is its application to the com-
putation3 of modes in the RF cavities for PEP and the proposed LEP stor-
age ring (which uses PETRA-type cavities scaled to 353 MHz). Fig. 3
shows the cavity dimensions, and Fig. 4 gives sketches of the electric
field patterns for the first 9 higher-order modes in the PETRA-type ca-
vity. Table I gives numerical values for the properties of the 19
standing-wave modes below cutoff of the beam tube. These results define,
in fact, the impedance function for this RF cavity. For large rings
such as PEP or PETRA the impedance of the RF system is the major part
of the total ring impedance. Thus for these rings there is little un-
certainty as to the ring impedance, since the largest contribution can
be computed with good accuracy. Finally, Fig. 5 shows how the loss
parameter for loss to higher order modes (khom) and the total loss

parameter (k, ,) for these cavities depend strongly on bunch Tength.

tot
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Table T

PETRA CAVITY MODES

Mode Number Frequency R/Q Qo_3 k

and Type (MHz) (ohms) (x 10 7) (V/pc)

1 Even 11,00 359.2 250.4 47.2 0.1413
2 0dd 11,11 525.0 55.6 40.5 0.0458
3 Even 21,20 886.5 9.4 71.5 0.0130
4 0dd 22,11 974.0 44,2 26.1 0.0677
5 Even 22,22 1221.1 17.0 39.8 0.0327
6 0dd 21,31 1237.4 4.1 26.5 0.0080
7 Even 33,00 1396.0 7.7 99.5 0.0168
8 0dd 32,31 1466.1 2.3 24.6 0.0054
9 0dd 22,33 1564.8 5.5 20.9 0.0134
10 Even 21,42 (31,22) 1588.0 6.6 38.2 (68.5) 0.0165
11 Even 32,42 1700.6 4.6 71.4 (66.7) 0.0123
12 Even 33,40 (43,20) 1854.7 1.9 -— (59.9) 0.0054
13 0dd 43,31 1888.3 4.3 71.4 ? 0.0129
14 Even 24,40 1931.5 0.2 108.5 0.0007
15 0dd 44,11 1990.3 6.6 23.4 0.0206
16 o0dd 12,53 2035.5 1.4 18.1 (70.4) | 0.0045
17 Even 43,42 2107.3 0.3 72.8 0.0011
18 0dd 32,31 2220.0 0.4 70.2 0.0016
19 Even 34,42 (44,22) 2261.2 6.2 . 78.2 0.0219

Cutoff Frequency (2295)

20 0dd 43,53 2355.4 0.0030
21 Even 2372.3 0.0002
22  Even 2416.9 0.0005
23 0dd 2429.2 0.0012
24 Even 2492.2 0.0036
25 Even 2558.8 0.0001
26 0dd 2587.6 0.0002
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A transverse version of KN7C has just been comp1eted4 This code will
calculate the deflection modes for the periodic structure shown in Fig. 2.
The first use of the program will be to compute the transverse deflection
mode for the SLAC two-mile 1inac in order to predict the emittance growth
for single bunches. This computation is important for predicting the

lTuminosity that can be achieved by the proposed linac collider project.

Measurement Techniques

Figure 6 shows the measurement method, originally proposed by
Sands and Reess, that has been used to measure the loss parameter k(o)
for the PEP ring components. ETlaborations of this method were also
used at PETRA and CESR6. In this method, an approximately Gaussian
pulse is sent along a wire on the axis of the component to be tested.
The pulse will interact with any mode having (in the absence of the
wire) an EZ field on the axis. The excited fields or modes will induce
a secondary pulse, Is(t), on the wire. As shown in Fig. 7, the net pulse
I,(t) observed at the output of the component is a superposition of
Is(t) and the incident pulse Io(t): Il(t) = Io(t) + Is(t). The
incident pulse is obtained by substituting a smooth reference pipe for
the component. If the incident pulse could be made arbitrarily short
(a delta-function), then for t > 0, Is(t) = Il(t) would be proportional

to the wake potential w(t).

The total loss parameter is g1’ven5 by

ZZO
k g SIO(t) I (t) dt
q = on(t) dt

where Z0 is the characteristic impedance of the reference pipe with

the wire in place. By using incident pulses of different length, the
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Again, only the R/Q's of resonant modes can be measured in the frequency

domain, losses, corresponding to the short-range wake in the time domain.

Wake Potential for the SLAC Linac

The structure shown in Fig. 2a is a reasonable approximation to
the disk-loaded structure of the two-mile SLAC Tinac. Using output
from KN7C in Eq. (6) for 416 modes, the wake function for SLAC was com-
putedg. The result is shown in Fig. 10. In addition to the wake
computed from the modes, the result also includes the contribution of
an "analytic extension", which takes into account the effect of modes
beyond the highest frequency reached by the computer calculation. The

analytic extension uses the Sessler-Vainshtein optical resonator model

described in Ref. 1. It covers the frequency range from w = 6.1 X 1011
(for the 416th mode) to w = 8 X 1013. (The fundamental mode is at
w=1.8x 1010.) The contribution of the analytic extension is important

only for the first picosecond or so.

Using Eq. (7) the average energy loss per particle can be com-
puted. The computed loss is 40 MeV per electron, while the measurements
give 50 MeV. Considering the possible experimental errors in the
measurement, this is reasonable agreement. The average energy 10ss

is related to the intercept of the wake potential at t = 0. From Eqgs. (6)

and (7), w(0) = 2k for a point bunch. The time dependence of the wake af-
fects the detailed shape of the energy spectra. In Ref. 9 it is shown

that detailed agreement between measured energy spectra and spectra comput-
ed from the wake in Fig. 10 is very good, if the amplitude of the computed

wake is multiplied by a factor of 1.3.
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The SPEAR Impedance Function

The impedance function for SPEAR is shown in Fig. 11. The form

of this function was obtained as follows. From da’ca]O on bunch Tengthening
in SPEAR, it can be shown]] that at high frequencies the real part of

w0 % However, at Tow frequencies

the impedance must vary as ZR(w) ~
the impedance must fall to zero. Quite arbitrarily the Tow frequency
portion is represented by a linear dependence on frequency. Thus,
ZR(w) has a maximum value ZO at some frequency wy = ano where the two
curves intersect. Using Eq. (5), ZO and fO can be adjusted to fit

measured energy loss data for SPEAR. This loss is represented quite

accurately for SPEAR by

k(o) =[50 oz(cm)]'l'21 V/pC. (8)

The result of the fitting procedure (described in Ref. 12) is Z0 = 8000 ohms
and fo = 1.2 GHz.

The imaginary part of the impedance can be computed, if the real
part is given, using the Hilbert transform in Eq. (3). The resu1t13 is
shown in normalized form in Fig. 11. The ratio Z/n is also of interest
in predicting the threshold for various beam instabilities, where n is
the harmonic number of the revolution frequency (1.28 MHz for SPEAR).

From Fig. 11 we readily compute ZR/n = 8.5 ohms. The total impedance

|Z|/n is on the order of 20 ohms.

Comparison of SPEAR and PEP Impedances

Some impedances for SPEAR and PEP are compared in Table II below.

Using Eq. (7) and the definition of the loss impedance, ZQ = Tbk(c),
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the total SPEAR impedance at a bunch length of 2.0 cm is computed to

be Z2 = 17 M2. Computer calculations using SUPERFISH and KN7C give a
loss impedance of 3 M2 for higher-order modes in the RF cavities. This
leaves 14 MQ for the vacuum chamber loss. Thus, losses in the vacuum
chamber external to the RF cavities are dominant for SPEAR. PEP has

six times more RF cavities than SPEAR, but the beam hole size is some-
what smaller on the average and the Toss per cavity is about 24% greater.
Remember also that the loss impedance for a given component scales in
proportion to the time between bunches: Tb(PEP)/Tb(SPEAR) = 3.13.
Applying these factors gives a loss impedance for the PEP cavities of

69 M2. The loss for the PEP vacuum chamber, on the other hand, has been
measured to be about 8% of the loss per unit length for SPEAR. The
total circumference of PEP is greater by a factor of 9.4.

Multiplying the SPEAR vacuum chamber impedance by 3.13 x 9.4 x .08

gives 33 MR for PEP. We see that for PEP the cavity impedance is about
twice the vacuum chamber impedance. Estimated values for ZR/n and

|Z|/n are also given in Table II for SPEAR and PEP.

TABLE I1
Impedances for SPEAR and PEP

at o, = 2.0 cm

SPEAR PEP
Zg(rf) MR 3 (18%) 69 (68%)
Zg(vac) MO 14 (82%) 33 (32%)
Zg(tot) M 17 102
Zp/n ohms 8.5 1.8

|Z|/n ohms ~ 20 ~ 4
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Impedances, Wakes and Stability

Analytic stability criteria have been developed so far mainly in
the frequency domain. A solution in the form of an expansion in modes
is first obtained, with mode frequencies that may be complex. As some
parameter (such as charge per bunch) is increased, the imaginary part
of the frequency for a particular mode may change sign, indicating a
~transition from damping to exponential growth. However, in order to
carry the procedure past the stage of a very general expression,
simplifying assumptions are usually introduced which 1imit the predictive
power of the model.

In the time domain, non-Tinear problems are usually attacked by
computer simulations using a limited number of superparticles. The
coupling between particles is characterized by the wake potential,
rather than the impedance. It is difficult, however, to develop analytic
criteria for stability. A recipe for obtaining stability criteria
similar to that outlined above for the frequency domain, does not appear
to exist. The situation may be changing with the recent interdisciplinary
surge of interest in non-linear dynamicsl4. For the case of turbulent
bunch lengthening an unusual time-domain stability criteria has been
deve]oped15, which may have an application to other aspects of the

problem of the interaction of a charged beam with its environment.
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Fig. 8 -- Loss parameters for some

There is symmetry about the interaction
point (IP), so the total losé is twice
that given above.

representative PEP components.
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INVESTIGATION OF TOLERANCES FOR THE
PARAMETERS OF THE PROPOSED LBL TEST-BED LINEAR INDUCTION ACCELERATOR

S. Chattopadhyay, A. Falitens, L. J. Laslett, and L. Smith
University of California Lawrence Berkeley Laboratory

I. INTRODUCTION

The Lawrence Berkeley Laboratory has pro-
posed the construction of a Test-Bed linear in-
duction acceleratorl) to test the technique of
accelerating heavy ions by use of induction
modules and to investigate the transverse focus-
ing of the ion beam by a FODO sequence of
magnetic quadrupole lenses. The induction
accelerator is intended to accept a 6-usec bunch
of Cs*l ions with 3-MeV kinetic energy
(Bo= 0.007) from a sequence of a few pulsed
drift tubes and to accelerate these ions to a
kinetic energy of approximately 25 MeV
(8 = 0.020) in a distance = 10¢ meter. The
approximately 3-fold increase of velocity,
combined with bunching of the beam by a factor
of two, would result in a six-fold increase of
current. A favorable value of transverse
emittance -- e.g., mey = (2.5x10-9)q meter
radian, normalized —— then could be expected to
permit a beam current that increases from
Ig =2.5A (=15 uC) to I =15 A to be
accommodated within an acceptable aperture.z)

To facilitate the investigation of tolerance
1imits that would be desirable to impose on the
acceleration wave-forms —-- and, more generally,
to permit study of the expected dynamical
behavior of beams of different quality and
intensity —— we have constructed an illustrative
schedule for the acceleration wave-forms and
have prepared programs for the numerical
examination of the consequences that could
result from errors in wave-form magnitude,
timing, or etc. and from variations in the
initial characteristics of the beam. The design
of appropriate wave-forms was initially
undertaken by treating the longitudinal field
E(z,t) as a continuous function of z, but, with
such work as a guide, impulsive wave-forms were
then adopted for application at intervals (e.g.,
at l-meter intervals) along the accelerator. A
check of the uniformity of the linear charge
density at various fixed times indicated that
this transition to impulsive fields could be
made successfully if the acceleration and
bunching begin gradually. Considerations that
entered irto the wave-form design are summarized
in Sect. II and some tolerance questions that
warrant attention are discussed in Sect. III.
The investigation of tolerance limits was begun
only very shortly prior to the start of the
Workshop (and continued to a Timited degree
during the Workshop); accordingly, although
initial results appeared favorable, it clearly
would be premature to report tolerance results
at this time.

Following the acquisition of sufficient
information concerning the tolerance
restrictions for longitudinal acceleration, for

a satisfactory representative set of wave-forms,
we are prepared to extend the computational work
to a similar investigation of beam-envelope
behavior in the FODO transport system of the
accelerator. It is planned, for convenience,
initially to consider this transport system to
be strictly periodic spatially (occupancy
factor, n = 1/2; half-period, L = 1 meter),
although a final design of quadrupole lenses
meriting subsequent examination well might
divide the Test-Bed into two or three sections
characterized by successively increasing values
of L and certainly will require space for
occasional pumping ports, etc. The -work in pro-
gress does not take collective effects into
account explicitly, but parameters controlling
potential collective instabilities have been the
subject of other theoretical and computational
investigations.

II. THE LONGITUDINAL ACCELERATING FIELD

1. Specifications

Cs*l to be accelerated from

Bo = 0.007 to g8 = 0.020;

Little initial spread of Bg;
Inject for an interval = 6 psec;

Accelerate with spatial bunching by &
factor = 2;

Maintain the Tinear ion density
substantially constant, vs. z, at every
fixed t;

Assume that one will subsequently
design and provide "ears" to the
applied wave-forms, to compensate for
longitudinal space-charge forces at the
ends of the bunch;

Conform to technological restrictions
concerning the magnitude, shape, and
volt-sec of the applied wave-forms
(e.g., E less than circa 0.30 or 0.35
MV/m and ® < 0.8 volt-sec).

The specification that the Tinear charge density
along the bunch shall be constant at any fixed
time is favorable with respect to avoidance of
excessive transverse space-charge defocusing
forces, and the avoidance of a significant da/dz -
in the interior implies that the wave-forms
require only the addition of modest corrective
fields ("ears") at the ends in order to
compensate for longitudinal space-charge forces.



2. Continuous Longitudinal Fields

In the work that follows we make frequent
use of “scaled" variables t and F, wheret= ct

Al ¢
and E = ——&E— F. If the requirement that the

iongitudinal density remain constant along the
beam (at fixed t) is to be maintained, it is
clear that no particle should experience a
longitudinal electric field until the entire
beam is within the accelerator. Accordingly, if
injection occurs within the interval 0 < t < 1800,
one may arrange that £ £ 0 only for T > 1q
where, for example, tg = 1850. Subject to

this restriction, one can prescribe the
functional form of the field F(z(t)) acting on a
reference particle (e.g., on a particle

injected at the mid-point of the bunch) and also
a function w(T- 1g) that describes the factor
by which the bunch ?ength is shortened. The
requisite wave-forms, F {z,T), then may be
derived (in practice, numerically) so that the
desired constancy of a(z) is achieved —— Note 1.

An example of a selected bunching function,
w(T-1g), is shown in Fig. 1. Figure 2
shows, also as an example, the form of the
function E{z(T1)) chosen in this initial work to
represent the field acting on the reference
particle, together with the corresponding fields
acting on particles at the head and tail of the
beam. In anticipation of the use of localized
fields it has appeared desirable that the
acceleration and bunching begin gradually —-
most particularly if the constancy of Tinear
density vs. z is to be maintained throughout the
acceleration — and the functions illustrated in
Figs. 1 and 2 were designed with this intent.
Subsequent to this gradual onset, the fields are
permitted to grow comparatively rapidly to

Z
~ =
= Wf— . I
z l
0.4 |
[ .
|
|
|
[
o2} I
1
I
!
Time Following Onset of Field — :
1 — 1 ]
% 9 10 20 30
B osec
XBL 801-7802
Fig. 1. An example of the bunching function,

w(r—rGL
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0.10 (
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108
1 1 ] 4 p—|
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XBL 801-7798
Fig. 2. An example of the field on a reference

particle, and of the associated fields on the
nose and tail particles when the bunching
function is that shown in Fig. 1.

attain values limited chiefly by technological
considerations. There has been no attempt, in
the work described here, however, to construct a
fully optimized design, since the object of this
work is an investigation of tolerances.

3. Discrete Impulsive Fields

Prior to the investigation of tolerances,
the continuous longitudinal field (Sub-section
2) was discretized into a sequence of impulsive
fields (nominally at l-meter intervals). Values
of F at each of the discrete z values were
obtained at seven values of ¢ (within the
interval during which the beam would be present)
and the corresponding wave-forms were obtained
as a least-squares fit to a polynominal of the
form

- 2 3 4
F(t) Ec + A]D + AZD + A3D + A4D R
where
D=1-A,
0
Ap =T - ARef.,
and
E. = Flrpes.)-

The parameters E. and Aj (i=0,...4) are

dimensioned variables, with each index value
corresponding to a discrete z value, and are
stored for subsequent use in other programs.

A few representative wave-forms, as given by
such polynominals, are shown on Fig. 3 for the
field sketched (prior to discretization) in



Fig. 2. The corresponding flux-changes per
meter, [Edt, are shown as a function of z on
Fig. 4.
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The longitudinal dynamics of particles
moving under the action of a sequence of
jmpulsive fields can be supplemented by
evaluations of the local bunching (specifically
of Ng/N), as indicated in Note 2, and the
bunching appears to remain substantially
constant with respect to z at fixed time. For
the specific longitudinal field mentioned here,
the resulting increase of g8 is as shown on
Fig. 5 and the bunching is such that
Nog/N = 0.?, implying an increase of current by
a factor4) approximately 3/0.5 = 6.

Although the incident beam is presumed to be
composed of particles with substantially
identical values of 8g, phase plots (e.q., of
g vs. z, at fixed time) can be constructed by
performing computations for particies with
somewhat different values of gg. The
evolution of such phase plots, for an overall
spread of gy much greater than would be
expected in practice, is illustrated in Fig. 6.
Corresponding plots of kinetic energy vs. t (at
fixed z) are shown on Fig. 7.

III. THE STUDY OF TOLERANCES

We have begun to investigate the sensitivity
of the acceleration process to the complete or
partial failure of one or more acceleration
cavities —— with initial results that appear to
be favorable. One effect that can result from
failures of this type is illustrated in Fig. 8,
from which one sees that the failure of a cavity
may result in a particle quite near the tail of
the beam drifting (as indicated by the broken
dashed 1ine) outside the region covered by the

.
0.020] =3.6%
Tail
0.0157
Center
QQ
0.010
0.005
0 20 40 60 80 100 120
Z(meter) ‘
XBL 801-7804
Fig. 5. The growth of g, from an intial value

8o = 0.007, for the fields of Figs. 1 and 2.
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Fig. 6. Evolution of phase diagrams, 8 vs. z at

constant t, with the initial spread of 8
markedly greater than would be expected in
practice.
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Fig. 7. Plots of kinetic energy vs. t, at

constant z, for the case illustrated in Fig. 6.
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XBL 801-7799

Fig. 8. An illustration of a possible effect,
on a particle near the tail of the beam, of a
cavity failure.

applied wave-forms (region bounded by the solid
Jines). A more detailed investigation of this
and related effects (such as the response to
timing errors, variations of gg, etc.)
ultimately may require the extension of the
wave—forms into regions where a field is not
required under ideal conditions, in addition to
the provision of some supplemental fields near
the ends in order to compensate for longitudinal
space-charge forces.

NOTES
Note 1. The Bunching Factor in the Case of
Continuous Fields

Denoting the z and 1 values for a reference
jon by z and T, we specify F(Z) for the ref-
erence particle and have
d(z-z)/dT = g8 and d(s-g)/dT = F(z,7)-F(Z(7)).
With w(t-1g) [=Ng/N] also specified, we wish
(for notation, see Fig. 9)

Onset of

/Field

T, T, T

G

T —
XBL 801-7803

Fig. 9. Illustration of notation employed in
Note_l, leading to the relation
z2-7Z=(z-Z)gw=28p(To-Tg) W.
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z-2={(2z-2Z)gw Note 2. The Bunching Factor in the Case of
~ impulsive Fields.
= BO(TO —_ TO)'W’
A(i). Between cavities:
so that
AT = %—Az, i.e., Tn+]=‘Tn4'£— (Zn+1_ Zn),
8—§‘=Bo(’-fo—‘fo)g"‘_’ n
dt while B remains unchanged.
or  B=B+B,(T5 - To) %%‘ (NT) (ii). Traversing a cavity:
T 18 unchanged,
and
and 2 oF
- - 2 e e
F(z,T)=F(Z(T))=8o(Tp-To) 4 or n
a_?
; B. For infinitesimally neighboring
F(z,7)=F(2(1))*80(To-To) g_g__ (N2) trajectories (DT and Dg):
' dt ) (i). In passing from one cavity to the
Equation (N2) thus provides the desired values next:
of F for particles crossing the location z at
time T = ct. The corresponding 8 is given by From Fig. 10,
Egn. (N1), or may be obtained by integration of
dg/dT = F, while z is obtained from dz/dt = 8.
If, in practice, one integrates with respect to 8z [(g.+8 )-(DB -DB .)IDt
. : n _ n "n-1 n n-1 n
z (in order to obtain results at regularly &7 =
spaced z values), one must interlace ntl  [(B.,,+B )- (D8 _.,-DB )IDt
> . > . n+1 n T ntl n n+]
integrations with respect to T in order to
obtain the reference field [F(Z(t)), required by
Eqn. (N2)] at values of T common to the is a factor that may be applied to convert the
reference and trial particles. old density ratio (initially unity, at z = 0 )

to the new density ratio, where
If the function F(z,t) is not specified

through use of the bunching function g
w(T - 1), the local value of Ng/N may be Dt = Dt - N Az
evaluated for any explicit specification of F n+l n 8 2

through introduction of auxiliary variables n

u = [57/9Tp)z=const. and
vV = 8[38/3'['0]2:(:0”51;_ (W'lth Ug = ], and
vo = 0). One then employs the coupled total

differential equations BnDBn + (aFn+]/ar)Drn+]

DB =

dr 1) (dz _ g o+ Bt
dz B dt
@ . F a8 - (ii). In moving between two cavities:
dz B dt

¢ or J To update linear ion density (N)
du _ _ v du _ _ v between cavities {8z < az), one recalls that,
dz 33 dt 32 from B(i) above (with n+l replaced by n), one

employs a denominator sz, = [(8, * Bn-1)

dv _  oF dv _ 5F - (D8, - DBp-1 ] Dty in evaluating
z " Y T - BY AT 6zn_1/62q. From Fig. 11 it is evident that

to obtain the density ratio at a point between
zn and zp+1 one should replace sz, by

and computes the local density ratio as sy * s -~ i.e., the density factor at
8uU z = zp should be corrected by the factor

No/N = 8o In the particular case that F(z,t)
is given by E?n. (N2), the ratio w/w (with dots 5Zn denominator
denoting d/dt) is independent of z and may be s, + ~ 2[8_ Dt_- (8z/8 JDR ]
identified with oF/2z. With g and w initially TR S n"n
zero, the auxiliary variables u and v then will
be to obtain the ratio at Z = Zy*sz.
U= (8o/8)w and v = oW — BBW, .

. 1 . . In practice the infinitesimal quantities DT and

with 1 dv_ g _ gw/w .= dF/dt D may be initialized to 1 and 0, respectively,
Bu dt . . .
since only their relative values are of

= dF/dt - B3F/3z = 3F/3t, as required. significance.
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82n+|=(Bn+|'DBn+|) D'n+|+("3n*":)"3n) Dty
=|:(/3n+| *Bn)“(DBnﬂ_DBn)] Drpy

n+t

8Z,=(B,-DB,) Dr,+ (B, ,+DB, ) D,
<[(Bn+By.,)-(DB,-0B,_ ) ]Dr,

XBL 801-7806

Fig. 10. Kinematics relevant to the change of
particle density in passing from one cavity to
the next.

REFERENCES AND NOTES

1. See presentation by A. Faltens —- this
Workshop. See also LBL Report PUB-5031
(September 1979) and earlier LBL Report HIFAN-67
(16 January 1979).

2. Experiments now in progress at the Lawrence
Berkeley Laboratory are directed to a study of
the optical characteristics of a
contact-ionization Cs*l source.

5;7 // 1 3. In a separate investigation, to which we
|

¢ have returned following the Workshop, further
41 consideration is being given to the
s specification of wave-forms and lattice
- structures that may prove to be significantly
more economical than those mentioned in the

o1, ot Vi present report.

////L_D 82 +5, = (8,- DB, HD+DTy) 4. The acceleration and bunching produced by
2| 52% 8,0 the fields described by Figs. 1-3, and by
similar field systems3) to which we have given
consideration, results in a current that
Sy+ S| =(By-DBHD+DT,)~ B+ DB, D=0 ) 1ncreasgs slightly ]ess‘rapidly than in direct
4Bf0&ugé+mm4ﬂﬁogmgf_mm proport1on to the kinetic energy. Such current
=2FMDWE§£%n] 1ncreases‘pgrm1t the t(anqurt of.a. N
" non-relativistic Kapchinskij-Viadimirskij beam
X8l 801-7805 through a periodic focusing system of constant K
and n without the space-charge tune depression
Fig. 11. Kinematics relevant to the change of during the course of acceleration becoming more
particle density in passing between induction pronounced than initially (for the reference
cavities. particle).

L
N

— 82-5 =(8,+08,)(D-0r,)
So:
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ION INDUCTION LINACS: REFERENCE DESIGN AND PROPOSED TEST-BED

Andy Faltens and Denis Keefe

Lawrence Berkeley Laboratory

I. INTRODUCTION

The LBL HIF program has concentrated on the induction linac approach
because this type of machine is able to accelerate the entire charge re-
quired for fusion in a single, high current bunch, and because of 6Lr ex—
perience ten years ago using the Astron induction linac at LLL and sub-
sequently building and operating our own machine at LBL. The operation of an
r.f. linac with storage rings, Fig. 1, is based on an operating line where,
excluding the tree of linacs at the lowest energies, acceleration is along a
constant current trajectory to peak energy, and then along a constant energy
trajectory as the current is compressed and multiplied to reach the required
of beam power (> 100 TW). The operation of the linear induction accelerator,
Fig. 2, is along a trajectory where the energy and current are increased
simultaneously; at the end of acceleration the beam is split transversely into

two groups of beams to provide for higher peak power and a left-right

symmetrical pellet bombardment.
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2. REFERENCE DESIGN FOR 1 MEGAJOULE DRIVER

The parameters of our 1 MJ reference design are as follows:

Beam charge = 210 uC (electrical) of T

Q=1M P = 160 TW

T =19 GeV R = 0.5 gm/cm?

ey = 3 X 107 radian-meters Pellet radius = 1.25 mm

The major cost, about 80% , of the LIA conceptual design is in the
induction accelerator itself, with the injector and source requiring about 10%
and the final transport and focusing another 10%. The earliest concept (three
years ago) for an induction linac driver was based on a large-aperture (radius
~ 50 cm) jon-emitter which could provide 5 amperes of beam current for
injection into a drift tube accelerating structure, followed by iron core
induction units at long pulse durations and ferrite core units at short
durations. The 1979 version of the system looks very similar, although most
components of the system have been examined and cost optimized. The major
differences are: that the source current may be increased as required by using
multiple beamlets with electrostatic focusing, as proposed by

1) thereby eliminating the need for unwieldy magnetic

Herrmannsfeldt,
quadrupoles at low energies; that the induction acceleration may begin
economically near the 10 MeV point instead of near 100 MeV; that the magnet
occupancy factor (fraction of length occupied by magnets) may be decreased
from 50% to about 10% as the energy is increased; that acceleration of bunches
Tess than 100 ns in duration is not necessary; and that final focusing may be
greatly improved by splitting the beam into many beamlets near the target

chamber. A computer program, LIACEP, has been used for cost optimization of

the accelerator portion of the system and has generated the desired operating
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parameters shown in Fig. 3. As the pulse duration is decreased with
increasing beam voltage, the appearance of the accelerating modules changes
gradually, from being similar to the modules designed and built at NBS for a

2 usec., 400 kV pulse, Fig. 4, to being similar to the LLL Astron Injector 300
ns, 300 kV modules shown in Fig. 5, to finally being similar to the LBL ERA
250 kV 45 ns modules, Fig. 6. The applied voltage waveforms used in the
electron induction machines shown were flat; for ion acceleration they need
shaping as shown in fig. 7, the details of which are being refined at this
time as reported at this workshop by L. Jackson Laslett. Interspersed between
the accelerating modules are superconducting quadrupoles whose pole tip field

has been assumed to be 4 Teslas for design purposes.

There is still room for invention and improvement at both ends of the

machine. At the front, the source parameters as used in the Reference Design

were as follows:

2 1

Area = 0.5 m Current = 7.5 amps of U+

Voltage = 1 MV Beam Charge = 150 uC of U+l

Pulse Duration = 20 usec Current Density = 2 mA/cm2

There is a wide variety of other choices that could be explored for future
applications. At present, we are routinely using a large-aperture
contact-ionization source for Cs+1 ions - this type of source can be used to
produce U+1 ions. We have successfully tested a smalier alumina~-silicate

1

. +] . g
source for producing Cs ions - such sources offer significant advantages
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Fig. 5 - LLL Astron Injector accelerator modules for 300 kV,
300 ns pulses.
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Fig. 6 - LBL ERA Injector Accelerator modules for 250 kV, 45 ns pulses.
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for the production of thallium ions (mass number: 204). Finally,
large-aperture sources, approaching the sizes needed, have been developed at
LBL for plasma heating in Tokamaks and would allow production of a wide choice
of ion species. One such Ehlers-type source has already produced amperes of

xenon ions.

The total source current for some jons such as Cs+] is 1imited by the
downstream transport system rather than by the source itself; likewise, the
Targe diameter sources and beams are dictated by the desire to decrease the
transverse space charge fields, rather than by the current density emission
1imit. No major effort at LBL has been devoted to obtaining ions with masses
higher than Xe and Cs, both of which have been generated in sufficient
amounts, even though there has been a small advantage shown for heavier ions
in some of the conceptual designs. The LBL contact ionization Cs source is
shown in Fig. 8. 1Its emission density is adequate for a 1 MJ driver and would

require scaling only in dimensions and voltage.

The injector for the reference design has three pulsed drift tubes. The
first two are used to accelerate 150 uC of U+1 to an energy of 5 MeV, at
which point a helium gas-jet stripper is introduced and an emergent beam with
210 uC (electrical) of U+4 ions is created and separatedz). This beam 1is

accelerated by a further 8 MeV by passage through the third drift tube, and

then enters the induction linac.

Other injector options need careful evaluation in the future. Solenoid
focussing has been examined in some detail and while workable, is too

cumbersome an approach. The Timits of applicability of grid focussing needs
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Fig. 8 - 1 Amp Cs+1 Contact Ionization Source.
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more study and also the use of electrostatic quadrupoles within the
drift-tubes (either large-aperture or stacked small-aperture arrays as
suggested by Maschke at this meeting) remain to be evaluated. The multiple
beam electrostatic focusing system designed by Herrmannsfeldt has been
simulated computationally, including space charge, and Figures 2-7 of
Reference 1, show the rectangular and annular ribbon configurations as well as
particle trajectories through enough of the system to show that it is

extendable indefinitely.

Another injector possiblity, the recirculator shown in Fig. 9, allows the
acceleration structure to be used several times in one pulse. The magnetic
focussing lenses are held at fixed field. The recirculator is limited to long
intervals between bunch passage times by the recovery time limitations of
existing switches. With any of the alternative concepts shown, and future
ones yet to be discovered, the decision on their suitability for use is on the
basis of economic comparison. In general the magnetic quadrupoles have proven
to be preferable as the energy is increased and the optimum energy for
changing from electrostatic to magnetic lenses remains to be determined. At
the present stage of conceptual designs, it is significant that at least one
source and one injector concept exist, and that their costs are not dominant

for the entire system.

A similar mix of technical and economic considerations applies to the

final focusing problem. It is clear that the peak power delivered to the

pellet may be greatly increased by proliferating the number of incident beams
and final focusing elements. An apparently more stringent requirement for the

subdivision into several beams is set by the need to keep the emittance of
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each beamlet small enough to avoid third-order aberrations in the final

3’4). To accomplish such splitting the beam has to be

focussing lenses
enlarged greatly in transverse dimensions before passage\through vertical and

horizontal splitting magnets (see Fig. 5 of Reference 4); a necessary

condition is that the energy density deposited in the septum edge be less than
about 1 kd/gm to avoid spalling. The gases liberated from the surfaces move
too slowly to affect the beam during the passage time of the bunch. Just
before the septum splitters that create the major subdivision into two pairs
of beams an energy tilt is introduced into the bunch by strongly ramping the
voltages in the final 280 meters of induction cores. This will cause the
bunch length to collapse from 175 nsec, at the end of acceleration, to 10 nsec
at the target, after it has traversed the full length of the transport line.

A drawing of part of the final transport system is shown in Fig. 10. All of
the estimates for the conceptual design are based on final focusing in a
vacuum environment, with perhaps charge neutralization near the pellet. A
completely different alternative is for a charge and current neutralized final
transport in a low pressure gas, or a co-streaming electron beam. If such a
scheme were viable, it would greatly reduce the complexity of the final
focusing array of magnets and reduce some of the stringent requirements during

the acceleration process.

3. CURRENT AND PROPOSED LBL PROGRAM

The ongoing experimental program at LBL and the proposed one for the
accelerator development facility (ADF) are aimed at verifying the design
criteria experimentally and developing machine specifications. Basic to all

HIF drivers is the question of the transverse stability limit in a focusing
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channel, which has been investigated analytically and computationally, but not
yet experimentally. The 1 Amp 2 MeV Cs+] beam propagation experiment, Fig.
11, is a first step towards an experimental verification of the transport
theory. It would investigate matching into a quadrupole Tattice with intense
space charge and a finite bunch, and could roughly check regions of stability
and instability. A substantially longer transport system is required for

investigating the region near the threshold of instability.

Contact lonization Source — Pulsed Drift Tubes
e

— L

i L N

Quadrupole Transport System:

10 Periods Fodo Lattice

/ )
Marx Generator
= 4 sec 500 kV

Cesium Vapor Injection Marx Generators

Phase 1: 500 kV Unipolar—|__[—

Phase 2: 500 kV Bipolar —‘J_I—

Phase 3: 1 MV Bipolar ‘Ll_L

1 AMP, 2 MeV, Cs*' BEAM PROPAGATION EXPERIMENT

Fig. 11.
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Figure 12 shows where the present and proposed experiments are in relation
to the end goals, and where the research machines for heavy ion collisions are
on the same scale; Table I tabulates some of the desirable values. These
figures do not include the latest desire of the target designers to move

toward lower particie energies.

TABLE 1

BEAM VOLTAGE AND CHARGE FOR SINGLY-CHARGED CESIUM*

Exampie Charge Kinetic Energy
(uC) (Mev)
1. 47 2 2

(Current experiment)

2. 5004 20 25
3. 100 kd > 45 < 2,200
4, 1 MJ > 80 < 12,000

* For Uranium the beam charge needed is, typically, one-half that for

Cesium,
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The logical next step in increasing knowledge and experience in the
acceleration of a large charge of heavy ions is the building of an ADF to

answer some of the following physics questions:

-Beam Quality:

e Prepare and launch beam of significant current and charge into an

induction linac structure.

Show bunching by pulse compression (x1/5) in this structure.

e External bunching by further factor (x1/3).

® Demonstrate satisfactory 6-D phase volume.

e FExplore instability limits.

e Realistically evaluate effects of imperfect operation of multi-element

system.

~Beam Experiments:

e focus (<1 cm)

® Bunch.

e Gains from neutralization

® ‘“Damage" in slab geometry

Py Beam Splitting
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-Accelerate other ions (e.g. Potassium 39)

In parallel it is vital to develop engineering experience that will be needed

for the design of HIDE and subsequent machines. Among the engineering goals

are:
—-Component Development:
e Induction Modules
¢ Superconducting Quadrupoles
® Periodic Internal Focusing Structure
o Beam Splitter

® Gas Stripper and Analyzer

-A Working Induction Linac to provide a Viable Framework for Higher Energy

Designs
-Operating Experience with Emphasis on:
Component Performance

Sensitivity of Timing, Synchronization, Wave Form Errors
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Some of the desiderata for ADF are listed in Table III

TABLE II.
One Would Like: LBL Proposal:
Energy ~ 1 kd 500 J
LAcce]erator >> LBunch 100 m
(20 m)
No. of Betatron Periods > 1 2

\/No. of Modules »>> 1 1/81 modules

\/No. of Switches >> 1 4\/1000 switches
Particle Interchange Between some

Front and Back of Bunch

While there are no firm values for the minimum number of elements required and
for the other parameters, the values shown are about an order of magnitude

above existing capabilities for most parameters, and furthermore, they occur
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in the most sensitive and interesting part of an jon induction linac. At the
low energy end the beam is subjected to the most violent manipulations
transversely and longitudinally, excluding its encounter with a pellet, in the
entire system. Subsequent acceleration approaches a steady state condition,
with a small fractional energy change per accelerating gap and only a modest

bunching field required.

The appearance of the ADF is sketched in Fig. 13, and its operating
parameters are shown in Fig. 14. The focusing quadrupoles are placed within
the accelerating modules because of the low energy transport 1imits. Within
the short length of the ADF, the bunch experiences many of the same maneuvers
required in HIDE - specifically, a several-fold increase in the beam current,
a physical shortening of the bunch length, and acceleration by a Tlarge number
of independent pulsed devices which will have practical imperfections.
Specifications for desirable waveforms are being developed, as described in
the talk at the workshop by Jackson Laslett, and have the trend shown in Fig.

7. Further details are given in Reference 5.
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LIA LONGITUDINAL COUPLING IMPEDANCE

Andris Faltens
Lawrence Berkeley Laboratory

The beam generated fields enter into the
problems of waveform generation and longitudinal
stability. In the former, provision must be
made for the longitudinally defocusing forces
due to the space charge and the beam loading
effects on the accelerating voltage due to the
current of a presumably known bunch. In the
latter, the concern is for the growth of
unintentional perturbations to unacceptably
large values through the interaction of the
charge and current fluctuations with the rest of
the beam and the surrounding structures. These
beam generated electric fields may be related to
the b%am current through a coupling impedance,
' = Bz |

I

The problem of longitudinal stability and
its dependence on the coupling impedance is well
known in the design of proton storage rings and
other circular machines, where it often limits
attainable intensities; some of the theory and
formalism may be applied to Tinear machines,
with suitable modifications. For circular
machines the usual definition has been

v 2mRE
Z = ,—n= n R
n In Il'l

where E,, is the peak azimuthal electric field
generated by a sinusoidally modulated current,
Iy, of the spatial harmonic number n in a
machine of radius R. The theory of space charge
waves as developed for microwave tubes is
analogous, though less known in the accelerator
community, and uses an interaction or Pierce
impedance which relates the longitudinal
electric field in the region of the beam to the
average power flow through an external circuit,

E_2)?
z, =4,
p
8n Pav
for a beam wavelength, A, and a wall impedance
Ez
Z ==
W He wall

which is useful for matching fields at a wall
boundary. Both of the microwave tube impedances
emphasize the surrounding structure, while the
accelerator coupling impedance combines the
effects of space charge and external structure.

For the purposes of a high current linear
accelerator it appears useful to maintain some
distinction between the space charge fields and
the fields due to the interaction of the beam
current with structure, and to define

= Elw)
H(w)

where the subscript g refers to the space charge

* Zext(w) ’

Z'(w) = Zé(m)

contribution, and the subscript ext refers to
the external structure. Z'(w) is the ratio of
the electric field to the beam current
amplitudes for a sinusoidally modulated current
at angular frequency w, has the dimensions of
ohms per meter, and in general is complex
because the electric field is usually phase
shifted with respect to the current. No special
emphasis is given to any particular set of
harmonics in the LIA because a single bunch is
accelerated in a non-steady-state manner.

Eﬂ

The self-fields are within a factor of
1-82 the electrostatic fields of the modulated
charge, and may be calculated by transforming
the electrostatic fields of a stationary charge
distribution to a moving coordinate frame. For
the HIF applications 82 << 1 because of the
Tow particle speed, gc. For modulation
wavelengths long compared to the chamber radius,
b, a beam of radius a has

Juwu 1

VEY - s n . - O _b____
Zq(w) = Jw ('L) = —;Ez~(2n a + 2)9

where the factor, Qng +% , often called g for a
geometry factor, applies to the particles at the
center of the yacuum chamber and a

factor &n % + is more appropriate if the
average electric field over all particles is
required. Insofar as this g factor is of order
unity and changes slowly with the beam-chamber
geometry, Z'q(w), the self-field contribution,
is of the same order of magnitude at low
frequencies for the induction linac, the rf
linac, or the storage ring, depending mainly on
the velocity of the particles. The sign of

Z'q is capacitive, that is, in the sense that
the bunch would be caused to expand
longitudinally, but the freguency dependence is
1ike that of an inductor, therefore, it acts as
a negative inductance, "-L". In principle, the
self-impedance could be partly compensated by a
positive inductive wall impedance, with
inductances comparable to those in the induction
acceleration cores. The compensation could only
be partial because of the field variation across
the beam and because of freguency dependent
transit time effects.

The frequency range where the long
wavelength approximation fails depends on the
chamber dimensions. Physically, for short
wavelengths the electric field preferentially
goes from regions of greater charge density to
regions of lower density within the beam, rather
than to the wall as in the low frequency limit.
The boundary between the long and short
wavelength approximations is in the region where

wb _ 2mb

ka =~ kb = y N

1, or w = %f



In the short wavelength limit,

1 1

CRINTY o TR s
Ju"C jwsonaz

Zé(w) =

and it behaves as a capacitor, "C".

the region w = BC

in the
(&n

The maximum value of Zy' therefore is in
and hasl;he values
je0 (B0 3+ 3) op ~3120
Bb Ba

7' max
q

ﬁwo limits. The lower of these, for

b- Ay .
2+5) =1, gives
_ 3600

!
max =
B

Zq Q/m for b =~ 10 cm »

as would be typical in the induction 1inac or

storage ring, and Z,' max

b

3x10% and 3x1010

- je000 o/m for
=1 cm as in a typical rf linac® with wmax =

g8 respectively. Since g

has a maximum value of about 1/3 for HIF, the
space charge impedance peaks in the neighborhood
of 100 MHz and 1000 MHz for the large and small
chamber machines, respectively. '

A sketch of the self-field impedance is

shown in Figure 1 for a range of g's and chamber
radii that span the HIF range.

Zext

The external or wall impedance, Zgxt,

includes the effects of the accelerating gaps
and other discontinuities in the beam 1ine as
well as a relatively unimportant contribution
from the skin or surface impedance of the

chamber wall itself.

Zoxt is easier to

estimate and manipulate in an induction linac
than in other accelerator structures because the
LIA “cavity" is filled with rf absorbing
material and is tightly coupled to a Tow

impedance generator.

By contrast, an rf cavity

is a high-Q structure designed to attain an
impedance of several Meg {/m on resonance, and
usually is loosely coupled to a generator.

2'q. /m

10.000

1000

100
0.1

1000

100
Frequency, MHz
The Self-field Contribution, Zq, to the Coupling Impedance
for 3 0.03, 0.1, and 0.3 and Radius 10 ¢m (LIA) and 1 cm {rf Linac)
Figure 1
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While phase and amplitude feedback may regulate
the fundamental mode voltage and thereby lower
the impedance seen by the beam, little seems to
be known about the higher modes other than that
they shouldn't be harmonically related to the
fundamental of the rf. Because of these
differences in the structures and coupling,
Zoxt in an LIA cavity is to a Targe extent
determined by the generator which drives it,
while in an rf cavity it is mainly a property of
the structure itself.

The LIA Zext is well represented over the
most important freguency range by the circuit
shown in Fig. 2., which may be directly related
to the induction module and drive circuit shown
in Fig. 3. The generator impedance, Zg, is
the characteristic impedance of the pulse
forming network or 1line used to drive the
module, and is the dominant element for
frequencies of the order of the reciprocal of
the pulse duration. At higher frequencies, the
generator impedance is shunted by the gap
capacity, Cg, which is about two orders of
magnitude higher than the usual gap capacity of
an rf cavity. The induction core has a
relatively minor role compared to the first two
elements. Because of the non-ideal behavior of
the induction core, whether it is ferrite or
iron, eddy current and magnetization currents
have the appearance shown in Fig. 4, for a
constant applied voltage, rather than the
linearly increasing and smalier current which is
shown dashed in Fig. 4. The actual current
response suggests an equivalent circuit for the
core which consists of a parallel Re-L.
combination, with the resistive part, R,
dominant. At very low frequencies the core does
have inductive behavior. An optional
compensation network, shown as the
Lcomp—Rcomp —Ccomp series string may be
used for puise shaping purposes, such as
speeding up the rise time and modifying the
slope of the voltage, or the same function may

ZO
IC comp
+
C gap
L comp
R comp L core R core
— *
Generator Optional Gap Induction Beam
Internal Compensation Capacity Core Current
Impedance Network

Representative values: L core =~ 10-4 -10_3 Hy
R core =1-2 kQ2
C gap =100-200pF

Z,  =100-1000Q

Accelerator Equivalent Circuit

Figure 2
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) ~ Som Most of the effort has been expended on
decreasing the core losses, which allows 7, to
be raised.

l Insulator Core X .
| u// The choice of thg generator impedance, Z,,
is influenced by efficiency considerations. The
| |m L ' voltage appearing across the accelerating gap is
Accelerating | - ~ 1 meter the sum of the applied voltage and the beam
57 gap |  Beampipe ? generated voltage, with the approximations that
l// * the source is a generator matched to a
///i:/ii) transmission Tine with a characteristic
| ~20cm impedance, Z,, that the gap capacity is
. negligible, that the core impedance is infinite,
" k—{ and that all components are Tinear.
W Compensation network Vgap = Vincident * Vreflected ~ Ibeam Rpeam ,
ZO . . .
Coaxial Blumlein for short puises where Rpeam 1S the parallel combination of
Lumped element PFN for long pulses Zg and Regre

Rbeam = Rp = Zo || Reore ,

and is equal to the external coupling impedance,
Zext in this approximation.

For this model, the acceleration efficiency,
n, is

n=( Rcore )(Ibeam Z0 )(2 Ibeam Zo
Z +R V., . (2 - vV, . )
0 core incident incident

. ] ] with a maximum value
Induction Acceleration Cavity R

and Voltage Generator n._ = Zf% ,
max 0 core

Figure 3
which may approach 1. The efficiency in terms
of the external coupling impedance is

2 v

ext “gap

2
gap * Ib Zext)

41, 7

b

ZO(V

TMv/m

n is plotted versus Zgoyt in Fig. 5. Near the
maximum efficiency point the function is flat;
therefore, Zgxt may be reduced by a factor of
two or three without a comparable loss of
efficiency. Lowering the generator impedance is

EW@ 7

Applied voltege and core current

401 B
for | beam = 1000 amps

E = 1 MV/m

Approximate Form of Core Excitation Current R core = 20000 /m

Figure 4

Efficlency, »,%

o
]
T

be obtained by tailoring the generator
impedance. A desirable core has

{a. b used in Flg. 6)

R » R >>7Z .,

core comp 0 1 \ R 1 ' ST —

0 100 200 300 400 500 600 700 800 200 1000
d Z external =R core Il Z, source, ohms per meter
an
v Dependence of Efficiency on the External

7 gap Coupling Impedance at the Peak of the 2{) Curve

o I i Figure 5



advantageous in the short pulse region, where
transmission lines are acceptable voltage
sources, because it is difficult to build high
voltage, high impedance lines, and because a
lower impedance line allows the gap capacity to
be charged faster.

At frequencies comparable to the reciprocal
of the acceleration pulse rise time, the wall
impedance is dominated by the gap capacity. For
the gap capacity to be treated 1ike a lumped
element, the two way travel time for
electromagnetic waves from the inner radius to
its outer radius should be less than a quarter
cycle,

2Ar

— <
C

-

where ar is the difference between the outer
radius, A, and the bore radius, b. A typical ar
is 50 cm, therefore, the lumped element
approximation is satisfactory for f < 75 MHz.
The actual value of the gap capacity
£ ﬂAZ
[¢]
d t]

for a gap of width d, depends to a large extent
on d. Within bounds, d is a free parameter,
with the minimum set by voltage breakdown, and a
value near 5 cm satisfactory, for which
C = 140 pF. The inclusion of the gap capacity
leads to a lower value of the wall impedance;

7 N R _ R 5 - ijZC

! 1 + (wRC)

C =~

ext 1 + JwRC
with the dependences

1

t)“"g’
w

|Zext, * &-and Re(Zex

as the frequency is increased.

Transit time function, T,

In the frequency region where the gap
capacity becomes important and above, the
effects due to the change in the electric field
during the transit of the particles through it
becomes significant also, and tend_to lower the
external impedance by the factor Tg, where

Lo

< [ E(r,z)coswtdz >

-0

< [ E(r,z)ds >

-0

A
, Or equivalently Ar < —f£99§§2§99 .

1+ (wRC)2 i

for the previous example. At any 8, T will
also decrease when the frequency approaches the
waveguide cutoff frequency of the vacuum
chamber, which is ~ 1.1 GHz for this example.
The detailed geometry of the gap region may be
adjusted rather freely to change T, without
affecting the functioning of the cavity.

High Frequency Limit

At the highest frequencies, the accelerating
gap geometry may be approximated as a radial
transmission line. If the line were tapered to
achieve a constant impedance, its value would be

radial = égg- = 30 Q (resistive) ,
while in the parallel disc geometry it would be
less. At the cavity outer radius, the radially
outgoing radiation is well absorbed by the
magnetic core material, which may be facilitated
by making a gradual rather than abrupt
transition into the material (e.g., ferrite).
This is quite the opposite from the usual
situation in an rf cavity, where the reflection
of waves is essentially lossless, and results in
a series of resonant peaks in the impedance at
the frequencies where the reflections all add up
in phase. In an induction cavity, because of
the Toading with rf absorbing magnetic material,
only the vestiges of the usual resonant behavior
remain, and these are bounded in magnitude to
some tens of ohms. The impedance function is
modulated by the transit time factor squared,

and therefore the resonant peaks have a —%r

dependence at high frequencies, roughly i# the
range between 100 and 1000 mHz.

The various ingredients of Zgoyt and the
frequency ranges where they apply are shown in
Fig. 6. 1t should be noted that the peak of the
impedance function is well below the microwave
region, and that this peak is determined by the
external circuitry rather than being an
intrinsic property of the structure. The 5000
Tine shown is near the maximum attainable
impedance for a generator matched to the beam in
a cavity using available core materials; the
100 @ line is for a mismatched source. If

1000 T T T T

(Z, source Il R core)= 5001} case

(n=48%)
""va part (Z, source Il R core)=1001 cane|

e ‘\ (n =30%)

100

Weak gap reaonances

2 external, ohma per meter

Z ext of weak
resonances
multiplied by
transit time
factor 2

along the particle trajectories. In a gridded

gap with uniform fields, T, = §%§§%ﬁl, and

L L L h
0.1 1.0 10 100 1000
Frequency, MHz e

has a null at about 600 MHz for our example,
with g = 1 /.I 0. In an open geomEtr.y such as the The External or Wall Impedance Part of the Coupling Impedance
real accelerating gap, T,  will start decreasing for (Z source Source Il R core)=100Q/m and 500Q/m

at lower frequencies because of the extension of Figure 6

the field into the bore tube, say, at 300 MHz
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necessary, the impedance could be Towered below
the values shown by modifying the external
circuitry.

Applications

The coupling impedance enters into the
calculation of the applied voltages and into the
Tongitudinal stability problem. The voltage
seen by the bunch is the sum of the applied
voltage and the beam generated voltage: this
latter is composed of two parts, which may be
approximated as

dIbeam

E = -1 R' + "L 4t

beam beam

where R' is the resistive impedance seen by the
beam and “L" is a measure of the space charge
forces generated by charge density gradients
with the bunch. 1In a Tong bunch the charge
density gradient is expected to be localized
near the ends of the bunch. When the applied
and beam generated forces are added together,
the field seen by any particle is constant
anywhere within the bunch. A small additional
field is required at the tail of the bunch to
reflect off-momentum particles and create the
equivalent of a synchrotron bucket, with the
major difference that the applied voltages are
not constrained to be sinusoidal. These major
components are shown in Fig. 7. One of the
areas of active investigation at LBL is the
sensitivity of the bunch to errors in the
applied waveforms, and the growth of the
longitudinal emittance by "noise" in the

100-1000A

~
-\

20-50m

Beam current pulse, lb(z)

6
~10 v/m

E (z), Electric field saen by particles
total

Ec(z), Elactric field ramp for bunch length control i

...104 vim ’

5
Eq(z), Electric field due to space charge ~ +10 v/im

—~——
E
~ —105 vim

— T
q= Ibzqext

Ei(z). Electric field due to beam current loading

5
E =1 ~ =10 v/m

b

EA(z) , Applied accelerating field
in the absence of beam

Applied, Beam Generated, and Total
Electric Field and Bunch Current Waveforms

Figure 7

acceleration process. 0On a single particle
basis, as would apply to a particle in the
middle of the bunch, most of the voltage errors,
if random, are expected to average out, and the

energy spread should grow as %? ﬁ-l—-(%¥0 where n

is the number of acceleration gaps, about 104,
and aV/V is the fractional voltage error per gap.

The longitudinal stability of the beam
against small perturbations depends on the
detailed nature of the coupling impedance, the
form of the particle distribution function, and
the square of the velocity spread. In recent
years the complex stability criterion has been
approximated as depending on the magnitude of Z
divided by the frequency, and the coasting beam
stability criterion has been applied to bunched
beams. To improve on this less than
satisfactory state of affairs computational work
has been in progress for about a year to study a
bunched beam, as reported by David Neuffer at
this conference, and will continue, with the
coupling impedance as a necessary input.

In all of the preceding no emphasis has been
placed on the within bunch harmonics, either
spatially or temporally. Such a harmonic
analysis would be helpful if either the
particles or the space charge waves executed
many oscillations during the passage of the
bunch through the accelerator. 1In the LIA case,
a single particle on the average makes less than
one synchrotron oscillation, while the space
charge waves make at most two or three
oscillations. The physical situation is better
approximated by a middle portion, which is very
much 1ike a *coasting beam", and two bunch ends.

Feedback

The low speed of the ions and the long
acceleration pulse duration make it possible to
consider active feedback for longitudinal
stabilization and waveform correction purposes.
If the difference between an actual voltage and
a desired voltage is detected and fed back to
the beam, then the external impedance becomes
zero. For such a scheme to be at all practical,
as many known effects must be included in the
voltage waveform as possible, so that only a
small error signal has to be dealt with,

Because of the low speed of the ions and the
much lower intra-bunch velocities, the error
signal could be accumulated over, for example, a
100 meter interval, and the correction applied
further downstream. The most serious types of
error are probably excessive tilts in energy,
which could lead to premature bunching of the
beam, and gross deficiencies in accelerating
voltage such as might be caused by several
misfires, which would tend to make the bunch
s1lip out of its accelerating bucket. The
correction for these types of errors would be a
few cavities held in reserve, and triggered as
required, to either change the average energy of
the bunch or its variation along the bunch. The
use of linear amplifiers would certainly work,
but would be more expensive than the above method.
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LONGITUDINAL DYNAMICS OF BUNCHED BEAM IN A MODEL LINAC

Kwang Je Kim
Lawrence Berkeley Laboratory

In this note, I will report on some analytical efforts to understand
the longitudinal bunched beam dynamics in an induction Tinac as currently
stipulated for the HIF program. The analysis is carried out within the
framework of a simple model. It is found that a bunched beam tends to be
stable. Further work is necessary to extend the results to a more realistic

case.

I. THE MODEL

Since the subject is analytically quite involved, some mathematical
idealization is inevitable. The model linac to be considered here has the
following features:

a) The external force is described by a rectangular-well potential
shown in Fig. (1).

b) The self-force FS is given by

Z
F=-e2R pA(x) - e? Z, glx p2(x) (1)

Here, e = the proton charge, Py = the velocity of the bunch center, L = the
bunch Tength, A(x) = the Tine density, and ZR and Zo are the resistive and
the capacitive parts of the impedance, respectively. They are taken to be
real and positive.

The main motivation for introducing the model is the calculational
simplicity. However, it should be noted that the external potential in
induction Tinacs resembles more or less the rectangular well. Also, Eq. (1)
represents the simplest possible form of the force incorporating both the

space charge repulsion and the deceleration due to the cavity impedance.
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The relevant magnitudes for ZR and ZC are

3

7. ~ Z. ~ 10° ohms. (2)

R C

The motion in phase space under the influence of the rectangular-well
potential is shown in Fig. (1.b). Here and in the following, p is the velocity
of the particle relative to the bunch center. A particle is reflected instan-
taneously when it reaches the edge of the potential well. Therefore, one
Should identify the points B and C, and also the points A and D. In terms
of the distribution function wT(t,x,p) (T fof the total, unperturbed plus

perturbed), one obtains

IPT(t,OsP) = UJT(t,Os‘P), IPT(t,LsP) = IPT(taL,-P)~ (3)

Eq. (3) supplies the relevant boundary conditions for the longitudinal motion
of the bunched beam for our idealized linac.

The Tlinearized Vlasov's equation for the present problem is

Lo f() [eg + 8] A =0, (4)
where
o, (p)
f(p) = —55—» Altsx) = [ dp y(t.x.p), (5)
2 2
ep’Z ep’l
ry my ~L

In the above, by and y are the unperturbed and perturbed parts of wT’ mis
the rest mass of particle and y is the ratio relativistic mass/rest mass.

The boundary conditions (3) become the following statement:

wo(p), p(t,o,p) and y(t,L,p) are even functionsof p. (7).
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IT. METHOD OF ANALYSIS

The boundary value problem specified in the above can be solved in the

following steps: First, one seeks a solution in the following form:

iwt s e-1k.x
k

P(t,x,p) = e A(k,p) - (8)

From Eq. (4), one obtains

Alk,p) + 52238 £(p) [ A(k,p) dp = 0, (9)
1+ (ka+ig) [ dp F(p) g2z = 0. (10)

Next, one solves the dispersion relation (10) to obtain k as a function of w.
In general, there will be many branches kz(w)’ L=1,2, ... . Inview of

Egs. (8) and (9), the solution has the following structure:

Sk (w) - x Kp{w) -t 18

ot s e ) A (11)

L

P(t,x,p) = e

where {Az}is a set of constants. The requirement that the function ¢ must
satisfy the boundary condition (7) results in a discrete set of eigenvalues
W Going back to Eq. (11), one determines the eigenfunction corresponding

to wy, in the following form:

iwnt
¥ (t.x,p) = e U, (tsp). (12)
This completes the sketch of the general procedure to obtain the eigenvalues

and the eigenfunctions.
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It is instructive to compare the situation to the case of a coasting
beam circulating in a ring. In this case, Eq. (4) remains the same while

the boundary condition (7) is replaced by
p(t,x,p) = v(t,x + C,p), (13)

where C is the circumference of the ring. Eq. (13) determines immediately
that k = kn =2m/C, n =1, 2,. The eigenvalue W, is then obtained from
Eq. (11).

To compare the theory with numerical simulation, one has to consider the
initial value problem. This is easily solved if one could determine the

coefficients Cn in the expansion of the initial distribution y(o,x,p);
plosx,p) = 2 C ¥ (x,p)- (14)

For this purpose, it is necessary to consider the following adjoint equation
a la Van Kampen]):

2ap - (ao - 8) [ dp F(p) 6(t.x,p) = 0. (15)

The function ¢(t,x,p) is subject to the same boundary condition as y(t,x,p).
Following similar steps as in the above, one obtains the eigenvalues &n and
and the eigenfunctions Vn(x,p) for the adjoint system. The following
orthogonality theorem is easily derived:

L
(VypUy) = [ dxfdp Vy*(0R) U (x0p) = 09wy 75, (16)

The coefficients Cn can now be determined by making use of (16).
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ITI. A SIMPLE EXAMPLE

In this section, the general procedure described in the previous
section will be illustrated for a special case in which the unperturbed

distribution wo(p) is a simple step function as shown in Fig. (2). One has

o)y

f(p) = 5 = 724 [-8(p-2) +8 (p+a)l, (17)

where N is the total number of the particles in the bunch. From the structure

of Eq. (4), it is convenient to write

(t,x,p) =wﬂtggp)+<Np-A)A(Lx%+Mp+A)B(uxL (18)
The functions b A and B satisfy the following equations:

ot P X =0 (19)
A
1 0 1 A I
5 5 . N 5 N 5 )
[5g + 8 3% T2LA ( (o 55+ 8)] torg (o g5t B) -
0 -1 21 -1 B A

In the above, AI(t,x) is the charge density associated with Py

Ap(tax) = [ dp ¥ (t,x,p) (21)

The function wI satisfies the same boundary condition as ¢, Eq. (7), while the

boundary condition for A and B becomes

A(t,o) = B(t,o), A(t,L) = B(t,L). (22)
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The boundary value problem for by is easily solved. One gets

pr(t.x) =g (p) cos K (pt+x), or h (p) sin K (pt- x). (23)
In the above, gn(p) (hn(p)) is an arbitrary even (odd) function of p, and

Kn = mn/L (24)

Eq. (23) describes waves that move with phase velocity p.

Now consider the "edge wave" described by Egs. (20) and (22). If ¥y
does not vanish, it drives the edge wave through the last term in Eq. (20).
Let us first consider the case b = 0. The resulting system can be solved
following the general outline described in the previous section. The details

can be found in Reference (2), and the result is

+ -
A iw t -iK X [w, +k A iKx [-w, -k A
()=e"e'qxe”(” “)+e”(“ "_) (25)

B -0, + Kn+A w, - kn A
Here
= Bl - M_ Vo= ﬂg_
I R Er 20 B 2 (26)
2 . +
w,” = (1+a’) 2% (k 2+0%), k * = iQeK (27)

O in Eq. (25) means that the particles tend to pile up in

The factor e~
the rear part of the bunch (The bunch moves to the positive x-direction).

This is due to the fact that the resistive part Z, of the impedance causes

R
a decelerating force through the first term in Eq. (1). For a machine with

a peak current I = epoN/L ~ 104 Amp, velocity spread A/po ~ 1%, energy

mpo2 ~ 10 GeV and v ~ 1, the dimensionless constants a' and B' are numerically

equal to the impedances ZC and ZR expressed in chms. From Eqs. (2) and (26),
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the attenuation factor for such a machine is
el o5 g . (28)

It is perhaps surprising that the eigenfrequency given in Eq. (27) is
real so that no instabilities develop for the bunched beam case. This is in
sharp contrast to the coasting beam case where the beam is unstable as long
as Zp # 0. The usual interpretation is that, while the wave grows along
the 1ine C -~ D in Fig. (1.b), it damps on travelling along the line A -~ B,
the net result being stable. Notice that the growth along C - D (or damping
along A -~ B) is consistent with the explanation given in the previous paragraph.
To complete the solution, one has to consider the effect of the last
term in Eq. (20), which is analogous to the driving term in an oscillator
problem. It is then necessary to expand the last term in terms of the eigen-
functions (25). This is done easily with the help of the adjoint eigenfunctions
obtained below. The behavior of the complete solution can only be analyzed
numerically, and will not be discussed further in this paper.
The adjoint equation defined by Eq. (15) is, if written in the matrix

notation as in Eq. (20), as follows:

1 0 1 -1 C
[§-+A( )+2LLA( ) (o o - 8)] (D) =0, (29)

purk

0 -1 1 -1

The functions C and D satisfy the same boundary condition as in Eq. (22).
The solution of the adjoint system is quite analogous to the original system.
One finds that is has the same set of eigenvalues W and the corresponding

eigenfunctions are as follows:

+ * - *
C 1wnt x —1Kn- X wn/kn A iKn- n"n
( = e e e -e _ (30)

D wn/kn+-A wn/kn - A
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In the above, * denotes the complex conjugate. After a lengthy algebraic
computation, one confirms that the functions in Eq. (25) are orthogonal to

those in Eq. (30) for n # m.

IV. EXTENSION

For an arbitrary shaped unperturbed distribution wo(p), it is convenient

to introduce a new set of canonical variables (0,8) as follows:

or equivalently (31)
6 = x E(p) X

i}
D

Here E(z) is a step functiorn defined to be +1 (-1) when z > 0 (z < 0). The
variables (©,0) are analogous to the polar variables in phase plane.

The Vlasov's equation becomes

Bp(tae,0) + p EE0) 4 £(0) (0 2+ B E(6)) A(t,0) = O,

A(t,8) = [ dplw(t,8,0) + v(t,-6,0)]. (32)
(0]

The boundary condition (7) can be translated as follows:

v(t,6,0) is continuous at 8 = 0 and Y(t,L,p) = ¥(t,-L,p). (33)

It follows that y(t,6,p) can be regarded as a continuous periodic function
of period 2L in 6. Therefore, an eigenfunction with frequency w must have
the following expansion:

ikn -9

Y = emt 2 e An(p). (34)
n
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Inserting Eq. (34) into Eq. (32), one obtains a recursion relation (of

infinite order) to determine An(p). The eigenvalue condition involves

an infinite determinant as fo]]ows3):

] ]
)\-I(LL\), -3' ) 0 s ]_5 s 0 s s
1 1 1
- 3 ’ xz(w)’ T 0 > 'ZT >
=0 (35)
1 1
0 s - "5' s }\3(‘“)3 _7— s 0 s
1 1
_-_I—5 N 0 s - 7 s )\4((.0), g 3
Here
T1+ak D (w) o 1
_ R n n _ ~
xn(w) =m 4BnDn(w) > Dn(w) - Ioo dp f(p) Knp'w . (\76)

Eq. (35) could probably be analyzed numerica]]y.4)

For the case where the unperturbed distribution consists of two steps
as shown in Fig. (3), the procedure described in Section II is still tractable.
The dispersion relation (10) becomes a quartic equation in k, which could in
principle be solved to obtain kg(w), 2 =1, 2, 3, 4. The eigenvalue equation
is a complicated transcendental equation involving kg(w), which is presently

being studied numerically. In some 1imiting cases, the equation can even be

2

studied analytically. For example, suppose that the shaded area in Fig. (3)

is very small compared to the unshaded one. One can then set up a perturbation

. 1 2 o
series w_ = w ° *tw + + ... . Herew
n n n “n n

is the frequency for the simple
step function discussed in Section III. The lowest order frequency shift wn]

was computed. Although the formula is too lengthy to be recorded here, wn] was

found to be real for all values of ZR and ZC' Therefore, the motion is again

stable.
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With the examples treated so far, one may get the impression that a
bunched beam in our model Tinac is always stable. However, that is not
generally so. A simple example is the case in which B = 0 and wo(p) has a
dip as in Fig. (4). 1t is not hard to show that when B = 0, the wave vector

kn is real and given by

ko, = K (37)

Since kn is known, wo is determined from the dispersion relation (10). The
situation here is quite similar to the coasting beam case. Now, it is well-
known that a coasting beam can develop instability if wo(p) has a dip as

shown in Fig. (4) even when the resistive part g vanishes. Thus, one concludes
that the longitudinal motion of our model linac can be unstable. However, the
instabilities seem to be driven mainly by the geometrical parameters of wo(p),

and not by the resistive part of the impedance.

V. DISCUSSIONS AND CONCLUSIONS

In this paper, a linac specified by a) and b) in Sec. (I) is discussed
in detail, 1imiting ourselves to analytical methods. The results obtained
here are encouraging in the sense that a sensible theoretical approach to the
longitudinal dynamics of bunched beam could be formulated and solved. However,
a lot of further work is necessary both within the framework of the present
model and beyond. The paper will be concluded by Tisting some of the immediate
problems.

First, within the framework of the model, they are a) the probiem of

obtaining eigenfunctions and eigenvalues for a general distribution wo(p);
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this problem was briefly touched on in Section IV. One might try, for example,
to solve the determinant -equation (35) by numerical method. b) The initial
value problem; given an intitial disturbance at t = 0, how does it develop

in time? By analyzing this problem, one would 1like to understand how the wave
disperses and how it reflects at the walls of the potential. The results of
Section III should be useful for this analysis.

The model studied in this paper was shown to be stable in most cases
(except when wo(p) has a dip), and it does not explain the microwave instabilities
observed at CERN and FNAL. Therefore, it is important to consider a more
realistic model. In doing so, there are the following problems: c) Replacing
the rectangular well potential by a more realistic potential. A realistic
potential cannot be rectangular. Also, one would 1like to understand the
differences between the longitudinal dynamics in induction Tinacs and in
storage rings. d) Replacing the self force (Eq. (1)) by a more realistic
one. For this purpose, one has to start from a first principle, Maxwell's
equations, etc. A possible improvement of Eq. (1) is proposed by L. Smith,

who suggested that the factor poA(x) in Eq. (1) be replaced by

P A (X) > [(p, +p) w(t,x,p) ds . (38)

0

The above replacement is made plausible by arguing that the force should be
proportional to the current rather than charge density. With this modification,
the Vlasov's equation can again be solved exactly when wo(p) is given by Fig. (2).
FolTowing similar steps as in Section III, one finds that the eigenvalues for

the edge waves are given by

iy i‘\/ (18 (1+a') 25(k “+07) (39)

n 1+8
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where

_eB'(1+a') (A ; _ A
ey D s 8T ama. (40)

YT+ a') ETCET E‘g-

Notice that w, now has a positive imaginary part. Therefore, the perturbation
is damped, and again there is no instability. This is easy to understand
because the growth rate along C -~ D in the phase plane is less than the

damping along A >~ B due to the replacement Eq. (38).

Acknowledgement: I thank Dr. A. M. Sessler and Dr. L. Smith for many helpful

suggestions and discussions.
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I. INTRODUCTION

All induction linacs thus far constructed have accelerated
relativistic electrons. Because these move with almost the speed
of light, there were few longitudinal dynamics problems to solve.

In contrast, heavy-ion induction linacs for inertial-fusion power
plants will handle ions in the range 0.1 f B f 0.5 (B = v/c); the
controlled variation of bunch length during acceleration is not
only a very useful new property but also introduces a new set of
problems.

In this paper we first point out that the requirements for
pellet ignition in commercial-scale power plants, and the limitations
of final focusing lens systems, place stringent bounds on the allowable
random spread of longitudinal velocities, or equivalently on the
longitudinal "temperature". We evaluate these bounds; the result
is that the shapes of the applied voltage pulses must, on the average,
fit those required to compress the bunches and cancel their space-
charge repulsion like a glove fits a hand, within very tight tolerances.

Next we show that at any point within a bunch there is a
characteristic longitudinal velocity with which small "signals”
{departures from the desired number A of ions per unit length) are
Propagated. This velocity turns out to be of the same order of
magnitude as that of ions at bunch ends (relative to a bunch center)
due to bunch compression in accelerator designs currently being
studied. Both of these velocities are about an order of magnitude
greater than the maximum random velocity spread allowed by pellet and
final lens requirements. Therefore the longitudinal propagation of

small error signals (density waves) may with good approximation be
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studied as if the ions had a negligible longitudiral temperature,
in analogy with the propagation of waves in a cold plasma.

Next it is shown that the linearized wave equation for these
small disturbances may be dealt with by the method of separation of
variables for a wide class of bunches whose variation of A along
the bunch and variation of length during acceleration are characterized
by two independent arbitrary functions. The requirement for separation
is that the bunch behavior is scaling; that is, the bunch shape in
terms of A depends only on the ratio z/zo(t) with =z the distance
from the bunch center and zo(t) the varying bunch half-length.
[ Normalization to a fixed total number of ions in the bunch requires
that A be also inversely proportional to zo(t).] Although the
bunch behavior desired in current designs is not exactly of this
scaling form, solutions obtainable from the separated equations are
sufficiently general to give a good understanding of the dynamic
response of a variety of bunch shapes to small errors in initial
conditions and in applied voltage, and to provide a basis for
comparison with computer simulation results.

Such computer simulations of longitudinal bunch dynamics will
follow in time the variations of two-dimensional longitudinal phase

1 . .
'" has derived a particular form of non-

space density. Neuffer
stationary distribution function, in which A is a parabolic
function of 2z. 1In the concluding section of the present paper we
show how to generalize this type of distribution so as to provide
not only an arbitrarily varying rate of bunch compression but also

(in principle) an arbitrary scaling bunch shape. Examples illustrating

this wider class of non-stationary distributions are presented.



204

IT. IMPLICATIONS OF LONGITUDINAL PHASE SPACE CONSTRAINTS

1. Velocity Spread and Longitudinal Temperature

Present conceptual designs of induction linac systems for
commercial-scale power praduction by inertial-confinement fusion are
based on the assumption that after acceleration an individual ion
bunch will be split in transverse phase space into many beamlets but
will not be chopped longitudinally into segments. Therefore the
longitudinal phase area of a bunch may not exceed that acceptable
at a final lens system or at the traget.

This requirement may be written, for ions of mass m = Amp, as

3
_ "linac _ ‘ LsYs Amp(sz)s <1
% (Lop,) (BeeT ) By Am c(bp,/p))

(

) %(LApZ)

€ .
L’ linac

14

(e.)

EL final final

with bunch length L, velocity spread iAvZ, and Y varying along
the linac; the subscript s denotes evaluation at a distance s
along it. The final beam duration time Tf, relative momentum
spread i(ApZ/pZ)f, Bf, and Yf are evaluated at final lens or
target. Our purpose here is to obtain estimates, so we neglect

relativistic corrections and factors such as 4/T related to phase

space shapes (e.g., elliptical vs. rectangular). We use the relations

with Q the electric charge per bunch, I the mean electric current,

E the delivered energy, de the charge per ion, and T the kinetic
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energy per ion. Then
Av /v < ~ T2 T E A T
( z/ z)s ( f/ s ) Iz/Iz)f( f/e)(Is/l)'

It is convenient to express T TS in GeV, E in megajoules,

fl
and Tf in nanoseconds, and to define JE = Is/q as the

particle current in particle-Amperes. Then

_ Ti(GeV)Tf(nsec)(Ap /P )f ) (Part ~Amg
(Av /v )y <~ 10 z =z =
z’ 'z’s
E(MJ)

TS(GeV)
in which the first bracket's value is fixed by the system design,
and that of the second varies along the linac. We employ Neuffer's
estimate? modified by a hoped-for sextupole improvement factor

F ;’l, for allowable momentum spread at the final lens;

<~1
(Apz/pz)f i(rs/X)F

with spot radius r and quadrupole lens bore radius X. In the
s

. . -3
numerical estimates below we use the value 2 x 10 F (rS = lmm,
X = 25 cm).

Another measure of this constraint is the maximum allowed
disordered ion longitudinal kinetic energy as seen in the moving
frame, which may be expressed as a longitudinal “"temperature" Oz

in electron-Volts:

0 I uam (Av ) .
z P z
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This quantity must be limited, using the units above, by

2 2
5[ Tz (GeV) 1, (nsec) (Apz/pz)fr [gs (part--Amp)] oV

~ 10~
(@z)s < E(MJ) TS(GeV)
As an illustration we take Tf = 20 GeV, E =1 MJ, Tf = 6 nsec,
A = 200. Then Q = 50g yCoul so that JZ= 50/t (usec); the

A pA Z S S S ]

2 2
Cg,<:“‘ 58F /[Ts(usec)Ts(GeV)] ev.

., 4
To proceed with the illustration we take a specific design developed
at the Lawrence Berkeley Laboratory, for which g = 4. The
pulse duration and current shown there are moderately well

reproduced by

8

9-8  I(amp) ~ 145[ T(cev)]°-® ,

T(nsec) ~1380 [T(GeV)]

which lead to the following values:

_ A Av sec)
T (GeV) R sec) L(m) I(Amp) éﬁp,A) VZ/VZ Zm/ oew
0.2 0.045 5 ~4 3 2
. . 68 40 10 2.4Fx10 3.2Fx 10~ 11F
-4 3 2
1 0.1 1.4 41 144 36 1.7F x10 5.1F x 10~ 30F
-4 3 2
4 0.2 0.46 27 440 110 1.3F x10 7.9F x 10~ 70F
-4 3 2
10 0.32 0.22 21 920 230 1.1F X10 10F x 10~ 120F
-4 3 2
20 0.45 0.125 17 1600 400 1.0F x10 13F x 10~ 184F

These velocities and temperatures are very small indeed.
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2. Relative Distance of Travel

The distance of travel, relative to the bunch center, by an
ion having maximum velocity defect depends on the designed variations

of both mean bunch velocity and bunch length along the linac;

s
Az(s) = j (sz/vz)sds.
0

The integrand is proportional to (VZL)—l; thus
1 1
Azf = (sz/vz)i Sg IO[Li/L(O)] [vi/v(o)]dj = (sz)ftfjO [Li/L(U)J du

with 1 and f initial and final values and ¢ = s/sf, u = t/tf.
The product VZL varies by only a small factor; it is proportional

-

to Tt(T), which is proportional to T in the example design

approximated above. If the mean accelerating field is assumed

uniform along the linac, T - Ti is proportional to s so that

the first dimensionless integral above is an elementary one, closely
. O.% . .

approximated by [(Ti/Tf) /0.8, which equals 0.5 for this

design. Numerical experiments have shown that if (5 is linear

in s with space-average é? this integral is only larger by

< ~6g if (g> varies by a factor < 3. For (g> linear in s,

s = (Tf—Ti)/qe(g). For the example design

bz~ (sz/vz)i(Tf—Ti)/zqeg = 0.577/& (MV/m) meter.

For the reasonable assumptions F < 3, (S) =2 1 MV/m this travel

is less than 10% of the final bunch length of 17 m in this design.
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Estimates based on simple assumptions about the low-beta
section (from ~ 1 MeV to 0.2 GgV) and the final compression
system after acceleration in this example indicate that comparable
or lesser fractions of a bunch length may be traversed in these
sections by an ion having maximum velocity defect. Thus it appears
that for systems with parameters in this range it is not merely
desirable, but required, that individual ions shall not move
along a bunch by more than a fraction of its length during acceleration
and compression. This might tend to reduce concern about nonlinear
couplings between longitudinal and transverse motions of ions
during multiple reflections from steep longitudinal potential "walls™"
near the bunch ends during most of the acceleration; however, the
tolerances required to create and maintain such low longitudinal
temperatures are extremely stringent.

III. BEHAVIOR OF SMALL DISTURBANCES ON A
BUNCH VARYING IN SPACE AND TIME

We employ the commonly used assumption5 that the longitudinal

space-charge field of a beam of charged particles moving inside a

*
conducting pipe is given (non-relativistically) by

gz = - gge 3)\/32

sc
with A the number of ions per unit length, g a geometrical
factor of order unity, and z distance along the bunch measured

from its center, for ions of charge g¢ge and mass m. Just as a

plasma frequency is defined by ion charge, mass, and number per unit

* TIntroduction of a more general assumption would allow consideration
of resistive-wall and related effects which are not considered here.
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volume, so is a charateristic velocity V defined here by charge,

mass, and number per unit length. It is given by

2
\Y = g(qe)z/m (cgs).

To show this consider a uniform bunch (constant Ko) at rest. For
a small density perturbation &A(z,t) = A(z,t) - KO and correlated

small velocity perturbation d&u(z,t), the equation of continuity is

X, 9 ~ OA ou
2+ 5y O A5 0

and the equation of motion is

. 2 . .
Evaluating 3 A/3z9ot from each equation and equating, we have

2 2

— = 0,

- L
vZ at?

(o4
o

)

u
822

Q

. . 2 .
the wave equation, with V as given above.
For g ~ 2, 1ilons of mass Amp, and a uniform bunch of

length L meters containing a total charge @ microcoulomb, one

finds
. L 6
v ~ 1.3 (gp/AL) " x 10 m/sec
For example, if qg = 4, @Q = 200 Ucoul, A = 200

[t

V ~ 2.7L °x lO6 m/sec
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This velocity is to be compared with that of a bunch end toward
its center during bunch compression in an induction linac, which
we denote by umax' If a bunch is compressed from L ~ 75 m to

~

L 715 m during an acceleration time 60 Usec, the average

value of umax is ™~ 0.5 x lO6 m/sec, so that V and umax
are comparable, being equal in this example at L ™ 30 m.

As shown earlier, target requirements and final lens
parameters constrain the maximum allowable longitudinal thermal
(random) velocity. It is a general property of system designs
presently under consideration that this velocity is smaller by
more than an order of magnitude than the characteristic signal
velocity V and the bunch end velocity Uk Therefore it is
reasonable to neglect thermal spread and to regard the medium as
being at zero temperature when discussing the propagation of small
disturbances along a bunch in which density A and unperturbed
ion velocity u (relative to the bunch center) vary in both space
and time. We now derive the linearized wave equations for
disturbances on such bunches.

We assume that in the absence of perturbations the density
and velocity Ao = Xo(z,t) and u, = uo(z,t) satisfy the

equation of continuity

Vot + 3(xu)/3z = O

. *
and are consistent yith the unperturbed externally applied and

*
See Section IV below.
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space-charge fields. With perturbations present,
o t#z.t), u u (z,t)

with @, ¥ small of first order. Neglecting the second-order term,

the equation of continuity is
o0g/ot + 3(uO¢ + Aow)/BZ = 0. (1)

The equation of motion is

du/dt = [»aét— + u ;—ZJ u = E)(uo + /3t + (u_ +9 3(uo + V) /oz
= qeé%mn

again neglecting the second-order term and cancelling those present

in the absence of perturbations,
2
/ot + B(uow)/az = - [glge) /m]l 3¢8/3z + 5aext(z,t) (2)

in which Saext is the acceleration due to departures of the
external field from the form required for consistency in the absence
of perturbations.

The two coupled first-order partial differential equations
(1) and (2) for @ and VY contain the unspecified functions ug

and Ao which are constrained as indicated above. In order to

proceed analytically it has been found desirable to further
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constrain these functions so that they represent scaling bunch
shapes as described in the introduction. Such bunches have linear

densities of the form

A (x,t) = const. S(x)/z (t)
o o

in which x = z/zo(t) is distance from the bunch center measured
in units of the (arbitrarily) varying bunch half-length. The egquation

of continuity then requires that the form of ug be

uo(z,t) = z(dzo/dt)/zO = X dzo/dt.

Thus scaling bunches are characterized by two independent arbitrary
functions, the shape function S(x) and the half-length zo(t),
which we express in terms of its initial value z,, as a
dimensionless reciprocal compression factor R(t) = zo(t)/zOo
having initial value unity. Similarly we normalize S(x) so that

S(0) = 1, leading to

7\o(z,t) = AOOS(X)/R(t)

with Aoo the initial value of A at the bunch center. We change

variables from (z,t) to (x,t) wusing the relations

-1
‘ 0
3/3Z|t z_ () o/ X’t .

a/atlz B/Btlx + 2.3x/81:|Z 3/3x|t

/0t - (z/zi) (dz_/dt)3/dx|



213

After some manipulation egs. (1) and (2) become
[rie) 373 (mp) + 00 /2 )d(sp)/ax = o,

3 (RZ) /Ox + (AO P4 /Vooz){[Ra/at] (RY) - R26a} =0,

O OO

1
in which VOO = qe(gkoo/m)1 is the initial mid-bunch value of the
characteristic velocity. From this form it is evident that the

appropriate time variable is

t -1
T(t) =j R(t') ~dt’
0

In terms of T the equations are
R /AT+(\ 0o’ Zoo) (S ox = 0,
d(RY v 2 R - R
RWOT+(V_ /A z2.) SRA ox = §a

The dependent variable R@ may now be eliminated, yielding the

desired wave equation for Y ;
2 2 2 2 2
22@nAte = (v sz 1B () A 43 (RBa)/aT

We now confine our attention to the normal-mode (standing-wave)
solutions of the homogeneous equation in the absence of external
perturbations ¢§a. Separating the variables by setting

Y(x,T) = X(x)T(T), we have
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1

T_ld2(RT)/dT2 = W /z )% d2(SX)/dx2
[e]e) [o]e]

2
constant = - wo '

yielding th two ordinary differential equations

2 2
a’(rr)/at’ + (W2/R) (RT) = O,
2 2 2
d (sxX)/dx + (KO/S)(SX) = 0,
with K = Wz /v the radian wave-number at the bunch center
o o oo’ oo

(dimensionless, in units of x ~) corresponding to angular
frequency mo of a mode at t = O.

From the form of these equations we may gain a picture of the
scaling in space and time of small perturbations in the idealized
system to which these equations apply. Consider, for example, the
temporal behavior of modes with frequencies high enough that the
variation of R may be regarded as adiabatic. [ This reguires
3/2

YO

that |AR/R| < <1 in one period At = RAT ~ R A

Then from the WKB approximation RT 1is proportional to the real

part of

T
5 . RN
R* expliw R “(t')dat']

so that the real-time variation of the velocity perturbation in

such a mode is
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oL
) = r(t) /4 Rre exp[iwoj R'3/2(t-)dt']

Similarly, some wavelengths are short enough that the variation
of S may be regarded as adiabatic in space. [This requires that
|AS/S| << 1 over the spatial region Az = zoAx = ZOS%/KO.]
In the same way the spatial variation of the velocity perturbation

Z

X(x) S(x)—3/4 RL exp [qu[ S—%(x')dx'].

Thus the amplitude of such a mode's velocity perturbation is

WOO[R(t)S(x)]—3/4 3/2] and radian

, with local frequency wo/[R(t)

5 _ 5 . ,
wave-number Ko/[S (x)zo(t)] = Ko/[zoos (x)R(t)] in physical
units (length-l).

The density perturbation @ 1is found from

.
-1 o (sy)
R (1) (AOO/ZOO)J 159 g

g(x,T)

-1 g T
- R U(TY(A_ /2 ) — (sx)f T(T')Aat'.
o0 00  dx

In the spirit of the WKB approximation, the operations are

applied only to the rapidly varying phases in SX and T;
= K ok Y G
d(sx)/dx « S°RL [(1KOS ) exp(qu[ s ‘ax'] ,

T L - -y T
IT(T')dT' & R 3/4RSZ,[(inR &) lexp(iu)oJ‘ R at' ] .

is
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Thus the amplitude of the density perturbation is

W /RO /2 ) (< /w ) (87 /R4 (v/9)"

= §__r(t) /50 T
with goo, woo the amplitudes at z = 0, t = 0, satisfying
the relation

1200 Vool = PooVoo

For lower frequencies, longer waves, and in regions of the bunéh
where S(x) 1is changing rapidly the WKB ‘approximatiohs are
not valid. To illustrate what can be done with the equations we
give here exact solutions of the equation for T for a one-parameter
family of functions R(t) which has some génerality, and an exact
solution of the equation for X for the parabolic shape
S(x)=1- x2w We set R(t) = (1 + avt)—l/a , in which o is a
parameter determining the functional form of the bunch compression;
since dR/dt = - V for all o , V 1is the initial fractional
compression rate. The form of R(T) 1is found from

(1) o _

t
T(t) = f R Lenyar = [+ ovt) 1l/v@ + 1)
0

so that

1/8

R(T) = (1 + BvT) with B = 1+ «a.
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As examples we list

1. Steady compres.éion (@=-~1,B =0), R(t) =1 - vt,
R(t) = e VT

2. Exponentially increasing compression (o = 0,B = 1),
R(t) = ¢ %, R(p = @+ vpT

3. An intermediate case (0 = - %—, B = -]2'—), R(t) = (1 - %Vt)zr
R(D = (1+3vD7°

[In the first two examples one must use the limiting form

lim
n >0

SN

1
(1 + nx) = e
For this family R(T) the equation may be written as

dz(RT)/ng + (wo/Bv)zg l/B(RT) = 0

r

with E = 1+ But. Its solution is
; ]

RT = AJ () + BY ()

g [ p g p zC

where the order p of the Bessel functions is B/ (28 + 1)

= (o + 1)/(200 +3) and their argument §& is

(wo/\)) (B+%) -1 E~(B+%)/B: A and B are arbitrary constants. It
is more useful to express T in terms of R and o since the
latter gives the dependence of R on real time t directly;

R (@+3)/2

T = AJ + BY
[ p(?;> lo,<c)]
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with 7 = {(w /)@ + 3/2) g7 @*F3/2)

This form of solution fails for the first example above (steady
compression) because R 1is not a power of § for B = 0. For this
case it is simpler to express the equation in terms of t though

£ = 1 -vt ;
£ (a/aE) £ (aT/3E)] + (wo/\))2 T =o0.

The solution is T = A cos[(wo/v)ln(l.— vt) +¢8] with a, § constants.
The Bessel form of solution is also invalid for the special

case o = - 3/2, B = - =, for which the order p becomes infinite.

[

In this case the equation is
2 2 2-=-2
a"RT)/E” + (W _/V)TE T(RT) = 0.

The form of solution depends on the value of the parameter

- i 1 - (1 1
b= @ )’ . Foru<iitis TE) =g 7 ag M TR

- L
3/2 cos [(u- l)zﬁng + §], and for

1
for u> 1 TE) = 2¢ 2

In considering normal modes of small oscillations on a finite
bunch the equation for X(x) 1is to be solved subject to appropriate
boundary conditions at its ends, thereby defining spatial eigen-

functions Xn and associated eigenvalues Ko leading to eigen~
n

frequencies w ; _

through the relation wo/Ko = Voo/z'- The

n [elahy

simplest non-trivial example of a shape function appears Fo be the

2 . . .
parabolic one, S(x) = 1 - x , for which the equation 1is
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2 2 2 2
d 1 - x)X]/dx +x X = 0;
it may be written in the form
2 2
(x - 1)X" +4x X" + (2 -¢7) X = 0,

. . . 6 . .
which is Gegenbauer's equation with its parameters  and g (not
. 2
the  and B used above) given by g + 1) g +2) =, B = 1.

For this value of B, the general solution is
X = +
{x) <d/dX)[AP1«u(X) BQlﬁx(x”

in which P and Q are Legendre functions.

To proceed further one must establish boundary conditions.
Unfortunately, both the physical assumption éic « 9A/9z and
(therefore) the mathematics become inadequate near the bunch ends
where A > 0; the bunch ends are singular points of the differential
eqguation, at which only a single specific linear combination of the P
and Q terms is non-singular for any given value of 0. For such
solutions the ratio of slope to value at these points is
(X'/X)|X=il = i%a(a+3), leaving no freedom to impose a physical
condition on the ratio. The problem will not be pursued further here
because with our assumptions there is no clear justication for any
particular boundary condition. More work might be appropriate should
analytic solutions be desired for comparison with a computer simulation,

provided the latter embodies a well defined bunch-end condition.
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After establishing by some means a .set of normal modes,
examination of the inhomogeneous equations (8a # 0) could lead
to an evaluation of tolerances on allowable departures of the
applied electric field from that required for the equilibrium
distribution.

Among additional topics remaining for future study are
inclusion of the space periodicity of the surrounding structure and
its applied electric field, and of its finite resistivity.

IV. GENERALIZATIONS OF NEUFFER'S SELF-CONSISTENT
PHASE SPACE DISTRIBUTIONS

Neuffer has derived a "self—consis;ent" stationary distribution
for longitudinal transport of a beam bunch, and a similar nonstationary
distribution together with its envelope.equationl. In subsequent
wor.k2 he has analyzed the stability of these "standard longitudinal
distributions™ in continuous and periodic transport systems. His
distributions.are characterized by longitudinal self-fields and
external fields proportional to the distance 2z from the bunch
center [based on the usual approximation5 £ Z(sp.chg,) ® -gge dA/dz]
and therefore by parabolic dependence of the number of ions per unit
length X on 2z. Although these dependences provide analogies with
the K-V distribution8 (which has appeared to be uniquely tractable
for analytic stability studies), they are very different from those
for the nearly uniform A expected over most of the bunch length
(beginning at injection and continuing over a large part of the
acceleration) in an induction linac driver for a heavy-ion inertial-

fusion power plant. The generalizations described below were
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developed in an effort to arrive at forms more relevant tao the
physical situation in such a linac. Here, as in Neuffer's work,
relativistic corrections are ignored.

It is perhaps worth noting that the property of self-consistency
is in one sense a matter of definition. If a distribution function
is specified there will exist some external force field which,
together with the self-field, is reguired to produce it; the
total field can be calculated from conservation of phase space
density (Vlasov equation). However, in our application and many
others a velocity dependence of the force due to this field is
unacceptable; the general problem of finding distributions without
velocity dependence of the force is a difficult one. In Neuffer's
work the desired forms of A and the corresponding consistent
total field (parabolic and linear, respectively, in 2z) were
established in advance.

Here we explore in turn alternatives to the following assumptions
made by Neuffer:

1. M(z) 1is required to be parabolic.

2. The stationary distribution function £(z, z') = £(H)

is a specific function of the single-ion Hamiltonian H(z, z");
1/2
f = const.(H - H)
max
3. The nonstationary distribution function A(z, s) 1is required
to be parabolic in =z.
4, The bunch is coasting: its center has zero acceleratiom.
In what follows the shape function is denoted by F(x) rather than
S(x), and the meanings of the symbols p, g, r, S, R, T, u, v, &, ¢,

¢ and y are not related to those above.
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1. Stationary Distributions

First we explore alternatives to the first assumption,
retaining the others. Ccnsider the class of stationary distribution

functions for which
2 2%
f(z, z') = (3N/2me) (v/u) [F(x) - (vz_/€)7z" ]

within the area in 2z - 2z' space where the square root is real

and f = 0 outside it. Here F(x) is a dimensionless shape
function; x = z/zo, with 2 the bunch half-length, and
F(fl) = 0; N is the total number of particles; ¢ is the
un-normalized emittance = (occupied area in 2z - 2')/T; primes

are d/ds with s, the independent variable, equal to vt for a

coasting beam; W and V are constants defined by

1
o= (3/4)fF(,x) ax, Vv = (2/1T)fF7(x) ax,

and unstated limits of integration here and below are those at which
the integrand vanishes. The quantity within the square root is pro-
portional to Hmax - H(z, 2z') with the Hamiltonian H the sum of

kinetic and potential energies; the potential energy per particle is

and the space charge potential energy is

_ 2
VSc = g(ge) A(z)
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with A the number of particles per unit length;

A(z) = ff dz' = (3Waz W F(x)
For a coasting beam the total force on an ion is mvzz ' and from
the Vlasov equation z" = - z'@ffPz)/(@£fHz') = —]2'—(€/\)z )2dF/dz;
o

+ VSC)/dz. Combining the

the total force is also given by - d(Vext

expressions above, the self-consistent potential energy per ion of
the external force is found to be

T ! 2
Vext(z) = [l + 2(S/R) (pA ) Vsc(z)

in which
2S/R = (2mv2€2)/(39q2e1Nzo) ;

S and R are dimensionless parameters I introduced in an
earlier work9 on longitudinal dynamics [ in which F(x) = 1 - x2
as in Neuffer's distribution and p = v = 1] as measures of
the emittance and space charge terms. The external force must not
only cancel that due to space charge but in addition must contain
the thermal pressure of the bunch which is proportional to 52.

Thus we have constructed a family of stationary distribution
functions generalized from that of Neuffer which allow an arbitrary
linear density Az) and have determined the corresponding self-consistent

external field; for this family it has the same form of space

dependence as d)/dz.
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Next we explore alternatives to the second assumption, retaining
the first and last ones. Consider the class of stationary distribution

functions
2 2
flz,z') = (BN/TENVAL) £ [F(x) - vz ) 2 ]

with the same definitions and conditions as before; the function

f(Hmax - H) 1is assumed to be such that the integral .j; dz"'

can be performed analytically so as to obtain an analytic expression

for A(z). We define a function G(F(x));

1
G(F(x)) = F° f f[F(_l-;Z)]dc
—l N

The constants v and C are defined by
5
v = (2/mM) JF(x) dx, & = (3/2m) |G dx.
Then
-1
Alz) = (3N/4zO)E G
Following the same procedure as before, we find

2
vext(z) = - [Vsc(z) + 2m(v€/\)zo) F(x)
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Thus we have constructed a more general family of.stationary
distribution functions which allow an.arbitrary aenéity A(z), and
have determined the corresponding self—consistent_e%ﬁernal field;
for this wider class the part of the external-field.Which contains
the thermal pressure has in general a form of depenéence on 2z which
differs from that of dA/dz .

As examples of this class we display the resul£s for f(h) = hn
with n an arbitrary number, féstricted to avqid nén—integrable

singularities. Then

. A(=z) = (N/zo) Fn+%ﬁ/;n+%(x) dx.

e

N

For n =

I“.

we reproduce the results for the less ‘general family

N

above. For n < % the space charge field become; singular at the
bunch ends where F(x) -+ O, uniess dr/dx ; 0 there. For
n = 0 the distribution function is constant within the boundary in
z - z' space for any F(x); to avoid a‘singularity in the space
charge field at the bunch ends one must require F—%dF/dx - 0
there. As 1 > - %, A(z) =~ N/(2zo) = constant within the bunch
for any F(x), and the distribution function becomes increasingly
singular toward the boundary in =z ; z' space,
approaching a square root singuiarity. For Neuffer's choice
F(x) = 1 - x2, the external field required will always be
proportional to z while A wvaries as [1 - (z/zo)z]n for any
value of n .

These examples serve to indicate a special feature of Neuffer's

2 1

distribution Fix) = 1-x, Nn= Sl all forces (space charge,
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external, and thermal) are linear in 2z. This feature no doubt
contributes to the tractability of analytic stability analyses.

More importantly, the examples show that the 2z dependence of the
external field required to maintain a bunch inequilibrium will depend
on the form of its distribution function's dependence on z', even
for a fixed A{z). Should actual distributions have thermal
pressures requiring applied containing-field components of magnitude
greater that the smallest allowable error fields it will be

necessary to determine their 2z dependences.

2. Nonstationary Distribution Functions

Here we explore alternatives to the third assumption, considering
not only the specific functional dependence of the second assumption
but also more general ones. The requirement that the forces be

velocity-independent (9z"/dz' = 0) is
(3/9z9)l (3£/9s + 2z* £/92)/(3£/3z") ] = 0

which imposes a constraint on the form of the distribution function

f(z, z', s) and leads to the expected conservation equation
9A/3s + 3 (Au)/P=z = O,

in which A(z, s) =ff dz' and u(z, s) = <z'> = fz' f dz'/A ,

obtained by integrating the Vlasov equation over =z and noting that
f = 0 at the limits of integration.

The severity of this constraint on the form of f may be seen

by considering f to be any appropriate function of Hmax_ H(z,z',s)
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and assuming the somewhat general form

H o~ H = #(z,s) - Y(s)lz' - u(z,S)]2

Then

) |
L 1
Az,s) = (¢/w>2f fdpa -tla = v GW@(z,9)).
-1

After some calculation one finds that the constraint requires
' 1
202" (z' - 2u) |(Bu/dz) - SY'/Y|- [g' + u(dp/dz)] = O
for all 2z', which can be satisfied only if

u(z,s) = %KW‘/W)Z
and

@' + udg/dz = O.
Using this form for wu, the continuity equation becomes
-
VY “(dG/4g) (' + wég/dz) = 0 ,

showing consistency; @(z,s) must be of the form Q[z/w%]. All
such distribution functions are scaling; the rate of dilation
{change of length per unit length per unit change of the independent
variable s) is independent of z, so that the shape of Alz,s)

is preserved.
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Should one try a more general form by allowing { to depend on
z as well as on s, the requirement &"/3z' = 0 forces the
condition 3Y/9z = O . The problem of developing non-scaling non-
stationary distributions appears to be a difficult one, and will not
be attempted here.

All of the generalized stationary distributions derived above
may be converted into scaling nonstationary ones, with arbitrary
shape function and arbitrary dilation dependence on s, in the

following way:
. , 2 2
f(z,z%,s) = (3N/2Tg) (\)/§)f[F(x) -lvz_(s)/ed {zt - (zo'z/zO)}J

in which £ 1is any suitable function of the argument in the square

brackets; zo(s) is any function; x = z/zo(s);
1
; 5 5 2
v o= (2/‘1T)fF (x)dx, G(F(x)) =F f f[F(l - 9| ac
=1
with f the function selected and F(1 - Cz) its argument, and
£ = (3/2Tr)fG(F(‘x))dX.
The density is
aMz,s) = [3N/4zo(s)] g—lG(F(z/zo))-

The potential energy per ion of the external force required by self-

consistency is
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1 2 2 2
= -V ,S) = Sm £/V F + "
Vext(z,S) SC(z s) S €/ zo) (zo /zo)z
for a coasting beam with constant v. The force ue to the second
term in the bracket is that required to produce the specified
dilation.

3. Effect of Acceleration

Here we consider the correction needed if the fourth assumption

is not valid. For an accelerating bunch

2
dzz/dt = z"v2 + z' a

with a = dv/dt. We will estimate the importance of the second

term by evaluating the ratio
R = z'a/z"v2
on the assumption that the acceleration is constant and that the

bunch length varies as a power of the ion kinetic energy T. (In

the example design4 used above the pulse duration T 1is approximately

-0.8 -0.3 .
proportional to T 0 , so that bunch length L « T .} With
I, « T_p, and dT/ds constant,
2 2 -1
R = L'(I'/mL"(21/m = (aL/av)/ [21(a°1/at?)|= - [2(1+p)

and if p = 0.3 the correction ratio lRl ~ 40%.
The correction ratio R 1is even larger if the acceleration

increases with distance along the accelerator. Retaining the
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power law assumption for L(T) but assuming the acceleration to
increase linearly with distance s from an initial wvalue 3y to a

final value a the value of R is

fl

R =-2{(+p) - din(@r/as)]/agn m}"
' and the logarithmic derivative is

1

S - wr/lg+ (1 - q)r]

2
. _ _ - _ ] .
with g (ai/af) and r (T i)/(Tf Ti) This term
(and therefore also |R') attains its maximum value %(l - g)
at the final energy, where
-1

R = + + H

R| .= (1 +2p+q)
if the accelerating field increases by a factor ™~ 3, as suggested
iy . - § w2, 2 2
in some designs, g ~ 0.1 and R - 0.6; the ratio z"v /(d z/dt")
becomes as large as ~ 2.4, compared with unity for a coasting beam.
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PULSELAC PROGRAM
S. Humphries, Jr., J. R. Freeman, G. W. Kuswa, C. W. Mendel,

Je We Poukey, and J. P. Quintenz
Sandia Laboratories, Albuquerque, NM 87185

I. Introduction

The Pulselac Program at Sandia Laboratories is a recent addition to the
Heavy Ion Fusion Program. The purpose of this paper is to give a brief intro-
duction to the work performed to date and future plans for the development of
high current accelerators. The basis of the program is the investigation of
practical methods of neutralizing the space charge of intense ion beams both
in accelerating and transport regions. Alleviation of space charge constraints
on ion bean tra?sgogt would open up a broad range of new options for accelerator
fusion drivers. *“? The method 'to be employed is the introduction of electrons
from external sources into the volume of the ion beam, allowing the relaxation
towards a state of lower potential energy. Both the spatial location and velo-
city distribution of the electrons must be controlleds Our approach is to
utilize weak magnetic fields, which have negligible effect on the ion orbits,
to accomplish this. The physics of the electron control and magnetic field
geometry requires an ion beam with annular geometry.

The program has two ma jor goals. The first is to gain an understanding of
the general phenomenon of beam neutralization. The second is to demonstrate
the technological feasibility of the utilization of these principles to produce
multi-kiloampere ion beams in a controlled and reproducible manner. It should
be emphasized that we are investigating new methods of beam transport; actual
beam acceleration is conventional. In particular, the inductive linear accel-
erator technology under development at LBL would be ideally matched to the high
current beam transport systems.

The physical basis of neutralized beam transport has been discussed in the
proceedings of the Argonne Nazi%n%l Laboratory Workshop, 1978 (3) as well as in
a number of other references. *7? In this paper, progress since the Argonne
Workshop will be reviewed, and plans for a fusion demonstration accelerator,
Pulselac C, to be built over the next 2.5 years, will be discussed.

I1. Theoretical Work

Neutralized beam propagation presents a number of novel research areas,
both for the plasma physicist and accelerator theorist. The microscopic problems
of gap behavior and local neutralization must be combined with systems considera-
tions. A wide diversity of new phenomena can occur because of the two-particle
nature of the problem. The electron dynamics is of equal importance to that of
the ions in determining the behavior of the system. Familiar techniques in
accelerator theory, such as the treatment of space charge as a perturbation and
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the approximation of focusing forces as linear away from the axis of symmetry,
must be completely discarded. We have made initial efforts to construct a
theory of neutralized beams; results are summarized in this section.

A. Ton Beam Neutralization

One~dimensional computer simulations have confirmed that space charge in
ion beams can be almost compl?tely cancelled by electrons introduced from
sources external to the beam. Basic scaling laws for the time-dependence of
the neutralization process have been verified.

B. Two-~Dimensional Particle Simulations

A two—dimensional particle simulation model has successfully demonstrated
a number of the physical aspects of the Pulselac gap. The code follows indivi-
dual, self-consistent particle orbits to look for quasi-steady-state solutions.
Virtual cathode formation and drift tube neutralization are clearly demonstrated.
The computer results also indicate two important constraints on the time response
of neutralization; the access of the electrons to the beam volume (which may be
affected by magnetic field line contours), and the rate of relaxation of the
electron velocity distribution.

C. Neutralized Beam Propagation

The problem of the propagation of neutralized ion heams in free space
(plasmoids) is not trivial when the beam changes dimension, as in a transverse
or longitudinal focus. Possible problems arising from the transfer of energy
from the igns to electrons by adiabatic compression were mentioned in an earlier
reference. Recent two—dimensional computer simulations of focused neutralized
beams in vacuum have verified that the beam focus can be limited by thermo-
electric effects in the electron cloud. This disturbance can grow unstably if
the beam pulselength is too longe These considerations set requirements on the
quality of the neutralizing electron distribution and the beam pulselength.

D. Transport of Beams in Non-linear Focusing Systems

Analytic studies have been published6 which describe methods for treating
the transverse confinement of beams in focusing systems that vary non-linearly
with distance from the symmetry axis. The most important results of these
studies are that beams can be transported in highly non-linear systems without
emittance growth once the beam has reached an equilibrium distribution appropriate
to the system, and that non-linear systems may have advantages from the point of
view of beam stability because of the large spread in transverse oscillation
frequencies,

E. Longitudinal Instabilities

Velocity bunching in accelerators of neutralized ion beams can be a serious
problems The ions are generally non-relativistic, the individual gaps are
strongly loaded by the beam and longitudinal space charge effects (which impede
bunching) have been greatly reduced. A particle simulation model has been used. .
to investigate such instabilities in the case where space charge effects are
absent. A longitudinal velocity spread (which can be simply related to the
impedance of the gap driving circuits) can provide stability. The required
spread does not preclude a macroscopic beam bunching for power compression to
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the target. The non-linear development of the instability can be followed.
Since the instability increases the longitudinal velocity spread, it is self-
stabilizing.

ITI. Experimental Work

Experimental work on neutralized beam propagation has been carried out for
the past two years at Sandia Laboratories. The purpose of these experiments
was to investigate a wide diversity of problems associated with neutralized
beams in order to form a basis for the design of practical systems. Considerable
work has been carried out on injector gaps and on a two—gap system with indepen-
dently applied voltage. These results are reported in Ref. 8.

Recently, a five gap accelerator has heen operated with encouraging results.
Peripheral work has heen performed on the development of large area clectron

sources and pulsed guns for intermediate ion mass plasmas.

A. Injector Development

A unovel injector has been developed which holds great promise for technolo-
gical development. It is the first intense ion gun to use plasma injection
into the anode plane from independent plasma sources. Initial operation was
with carbon plasmas. Extracted carbon ion beams in the range 100-200 keV and
3-4 kA have been obtained. The injectors can be fired repetitively, limited
mainly by the performance of the plasma guns. They operate at 20-30 A/sq. cm,
roughly 10 times the Child-Langmuir limit. This current density enhancement is
due to electrons trapped in the wmagnetic fields of the acceleration gap. The
beams can be aimed by shaping the electron distributions through magnetic field
curvature. Parallelism better than three degrees has recently been obtained.

B. Post—Acceleration

Experiments have been performed to post-accelerate beams in a number of
gaps. These are the first such experiments with intense ion beams. Most
recently, a five gap system has been operated. The final energy of the beam
agreces closely with the sum of voltages on the acceleration gaps. Carbon heams
at over 600 keV, 3 kA have been measured at the output. Pulselength is about
0.5 microseconds. Of greatest importance, the divergence angle of beams emerging
from the five gap injector have been measured to be about 0.7 degrees, better
than any results with single gap, intense ion beam injectors.

C. Beam Neutralization

It has been difficult to perform controlled measurements on beam neutraliza-
tion phenomena in the close confines of the accelerator. Nonetheless, measure-
ments of current density as a function of longitudinal position are useful
since the ion orbits are sensitive to any imbalance in the space charge. These
measurements imply an average upper limit of 0.2% in the imbalance of space
charge during the propagation of the ion beams in the downstream drift regions.
Roughly 2/3 of the beam current is measured 30 cm downstream from the injector.
Without neutralization, the beam would be expected to blow up within 2 mm of
the extractor.
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D. Electrostatic Focusing

By purposely introducing curvature into the magnetic fields of post-
acceleration gaps, the acceleration fields can be used to apply transverse
electrostatic focusing forces to the ions because of the curved virtual elec-
trode surfaces. Such experiments were performed using scintillation image
detectors and probe arrays to measure the convergence of the ion beam. Tight
azimuthal line foci were obtained (when the post—acceleration gap voltage was
applied), in good agreement with calculations of the field line curvature.
These tests provided a dramatic demonstration of virtual electrode effects.

E. Electron Sources

A critical requirement for the success of beam neutralization methods is
the development of large area sources of electrons that can supply multi-
kiloampere pulsed current. Steady state sources (such as thermionic sources)
are clearly impractical in an application with a duty cycle 1/1,000,000.
Secondary emission electrons from the walls produced by a blow-up of the head
of the beam have provided neutralization in first generation experiments. This
is not extrapolatable to wmulti-gap systems. We have been investigating the use
of surface sparks to produce dense plasmas localized at the drift tube walls to
act as a zero work function source of electrons. These require only a small
energy investment (a few joules per sq. m). We have recently had success
towards development of a practical source. It uses a unique method of capacitive
ballasting to produce many sparks (possibly thousands) with one voltage input.
The plasma is in good contact with a grounded metal screen. The unit can be shaped
and is only 2 mm thick, so it can be easily mounted inside the accelerator
drift tubes.

IV. Pulselac C

It has recently been decided that we should proceed with the construction
of a demonstration fusion accelerator based on neutralization principles.
This device, Pulselac C, will be a 4 MeV linear induction accelerator designed
to accelerate 5 kA of ions in a 50 ns pulselength. Total beam output energy
will be 1 kJ. Design parameters of the accelerator are listed in Table 1. The
goal is to build an accelerator with technology within the range of existing
devices. It will have enough gaps to study system problems of intense ion hean
transport. The curvature of the gap magnetic field lines will be externally
adjustable to allow investigation of transverse focusing. The pulselines will
store four times the energy required by the gaps. This will allow investigation
of the stabilization of longitudinal velocity space instabilities and permit the
application of time-~ramped voltages using passive shunt circuits for bean
bunching experiments. The Pulselac C accelerator will be a test bed for neutra-—
lized transport; it will be built on a scale that will allow it to either
succeed or fail unambiguously. A scale drawing of an acceleration gap and core
module is shown in Fig. 1 to demonstrate the compatibility of the neutralized
transport systen and inductive LINAC technology.
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TABLE I. Pulselac C Parameters

Accelerator length 6 m

Number of gaps 16

Voltage per gap 250 kv

Beam current 5 kA
Pulseline impedance 12.5 ohm
Pulselength 50 ns

Gap efficiency 25%

Drift tube cross sectional area 200 em sqe.
Average gap magnetic field 4 kG
Longitudinal potential gradient 0.67 MV/m
Injector voltage 100 kv
Injector pulselength 1 microsecond
Ion species c+

Bean bunched pulselength 20 ns

Beam output power (bunched) 50 GW

Beam output divergence Less than 0.5 degree
Focused beam area 1 cm sqe.
Total beam energy 1 kJ

Repetition rate 1 ppm



]

Figure 1. Pulselac C Acceleration Module. 1) Magnetically
insulated acceleration gap. 2) Coaxial drift
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RF LINAC APPROACH TO HEAVY ION FUSION™

D. A. Swenson

Accelerator Technology Division
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

The necessary properties of "funneling' particle
beams from multiple accelerators into combined beams
having higher current are outlined, and methods are
proposed which maximize the efficiency of this process.
A heavy ion fusion driver system example is presented
which shows the large advantages in system efficiency
to be gained by proper funneling.

The rf linac, when operated at sufficiently high currents of singly-charged
heavy ions in the range of 1 to 10 GeV at frequencies in the range of 100 to
400 MHz, is an efficient accelerator, where most of the power is transferred to
the beam. Under these conditions, the total rf power required to accelerate a
given particle to a given particle energy is essentially independent of the
charge state; thus if the singly-charged heavy ion, with its low charge-to-mass
ratio, is the preferred particle for reasons associated with other parts of the
facility, it is quite acceptable from the rf linac point of view. Furthermore,
the relatively high current reduces the required linac pulse length, causing
the optimum acceleration gradient to be higher** and the optimum accelerator
length to be shorter than would be the case for lower currents of similar ions.

Filling such machines, on the other hand, is a major problem, requiring a

multiplicity of low-frequency linacs at the lowest energy with relatively low

*Work performed under the auspices of the U. S. Department of Energy.

**In low-duty applications, where the rf power sources are peak-power limited,
the power-related costs are proportional to the peak power and the optimum
acceleration gradient is independent of the beam current. In fixed high-duty
applications, where the rf power sources are average-power limited, the power
related costs are proportional to the average power, which is also proportional
to the peak power, and the optimum accelerator gradient is independent of the
beam current. In fixed average-current applications, the duty factor is in-
versely proportional to the peak beam current, and in those cases which are
average-power limited, the optimum acceleration gradient is proportional to the
square root of the peak beam current.
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currents, followed by smaller numbers of linacs at higher energies with higher
frequencies and currents, culminating in a single linac at the highest frequency
and current for the major portion of the facility.

Let us define ''funneling'" as the interlaced filling of one linac of fre-
quency Nf from N linacs of frequency f. For a number of reasons, the most inter-
esting value of N is 2. For N = 2, funneling implies a doubling of the frequen-
cy whenever the space charge limits of the structure permit and a combination
of the beams from two linacs at the old frequency into each linac at the new
frequency. 1In principle, it is possible to accomplish the funneling with no
increase in the transverse phase space and a simple addition of the longitudinal
phases from the two linacs using an rf deflector.

Funneling is an important concept. It implies the filling of every bucket
at each new frequency, thereby realizing the full space charge capabilities of
each portion of the linac. It maximizes the frequency and consequently mini-
mizes the size and power consumption of each portion of the structure. Empty
buckets represent a valuable resource that must not be wasted. They represent
prime space in which additional beam can be accelerated with no additional hard-
ware, real estate, or pulse length, and with only the additional power required
for the additional beam. The additional beam current serves to reduce the linac
pulse length and to reduce the severe requirements on the final bunching system
involving multiple accumulator rings and linear induction bunchers.

The concept of funneling was invented at the 1977 Heavy Ion Fusion Workshop.
Since then, neither the ANL nor BNL designs have fully exploited this concept,
having only one-eighth to one-twelfth of the buckets filled, and particle cur-
rents that are factors of 10 to 100 below what they could be. This causes the
pulse lengths to be longer, the optimum gradients to be lower, and the linac
lengths to be longer in those designs than in the designs which fully exploit
funneling.

Strict funneling implies a constant ratio between the beam current and the
frequency of each portion of the linac. The relative difficulty of funneling
depends on the ratio of the physical separation of the beams to their particle
wavelength (BA). The larger this ratio, the more difficult the funneling. At
the lowest betas, it is attractive to consider arrays of linac channels within
a common linac structure, where the beam-to-beam spacings can be quife small.

The radio frequency quadrupole (RFQ) linac structure promises to be the

best low-beta linac structure, offering high capture of very low energy beams
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and acceleration with a minimal emittance growth.* Furthermore, the RFQ lends
itself to array-like configurations as shown in Fig. 1, which can be driven by
external resonant circuits in the same manner as Wideroe linacs. By staggering
the geometrical modulations that produce the accelerating voltages, the beams
can be made to interlace as required by funneling, without the necessity for
introducing varying lengths into the funneling transport lines.

Candidates for the second linac structure in the system are an RFQ linac,
an electrostatically-focused T, 37 Wideroe linac, and a magnetically-focused
T, 37 Wideroe linac. At a few MeV, the electrostatically-focused m, 37 Wideroce
linac seems to be the best choice, because the RFQ efficiency is dropping, while
the required magnet strengths are still impractical.

If the original array of RFQ linacs involves more than two interlaced beam
channels, the second structure must also accommodate an array of more than one
interlaced channel. It should be noted that multiple-holed drift tubes in a
Wideroe or Alvarez configuration do not satisfy the interlaced requirements of
funneling. Figure 2 suggests the basic features of a double-barreled, electro-

statically-focused m, 37 Wideroe

linac which does satisfy this re-

quirement and would seem to have

some attractive rf and mechanical

properties. This idea could be

extended to a larger number of
beams at the cost of further com-
plication.

A multiple-channel, magnet-

ically-focused m, 37 Wideroe linac

could be based on the same idea,

where the magnetic quadrupoles

could have an outer diameter equal

to the channel separation (not an

undue constraint). In this case,

L it would seem preferable to limit

the vacuum to the rf accelerating

Fig. 1. regions and the interior of a beam
Array of Four RFQ Channels

*It is the best transition that we know of between a dc injector and an rf linac.



tube passing through the magnetic
quadrupoles completely exposed on
and services.

We realize that requirements

close we can operate to the space
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quadrupoles. This would leave the magnetic

top of the structure to facilitate alignment

on brightness have a strong influence on how

charge 1limit. However, the important proper-

ties of funneling and the impact outlined above on structure selection are

equally valid for lower currents.

of a facility configuration using

We are proceeding with more detailed design

these ideas; in the following paragraphs, we

outline a preliminary, idealized configuration which illustrates the potential

advantages of full funneling.
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Fig. 2.

Double-barreled, electrostatically focused, 7, 37 Wideroe linac.
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We believe that the space-charge 1imit for Xe+l in a magnetically-focused
rf 1inac is approximately one ampere at 1 GeV and 100 MHz, based on a uniformly-
filled, three-dimensional ellipsoidal model and a smooth approximation of the
transverse focusing forces.l This 1imit increases with energy and decreases
with frequency, such that at 3 GeV and 400 MHz the l1imit is also approximately
one ampere. Thus for the major portion of a 10 GeV heavy ion fusion facility
based on the rf linac approach, one can accommodate currents in the order of an
ampere at frequencies as high as 400 MHz. If one shoots for 800 mA at 400 MHz
in the major portion of the facility, one is obliged to start out with 32 linac
channels, each carrying 25 mA at 12.5 MHz followed by five stages of funneling.

A schedule of linac structures which, if combined through funneling, would
produce an 800 mA beam of Xe+l at 10 GeV is given in Table I. Each structure,
after the initial RFQ section, 1is close to its space charge 1limit at the low

energy end and significantly below its space charge limit at the high energy

TABLE I

SCHEDULE OF LINAC STRUCTURES

Structure 1 2 3 4 5 6
Type RFQ EFW MFW MFA MFA MFA
Number 32 16 8 4 2 1
Current (mA) 25 50 100 200 400 800
Frequency (MHz) 12.5 25 50 100 200 400
Energy in (MeV) 0.2 6 28 190 750 3000
Beta in 0.002 0.010 0.021 0.056 0.110 0.217

Beta*Lambda (m) 0.043 0.118 0.128 0.166 0.165 0.163

Energy out (MeV) 6 28 190 750 3000 10000
Length (m) 21 26 125 373 1125 1750
Total length (m) 3420

RFQ = Radio frequency quadrupole linac.

EFW = Electrostatically-focused Wideroe linac.
MFW = Magnetically-focused Wideroe linac.
MFA = Magnetically-focused Alvarez linac.
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end. Detailed studies of the beam dynamics in these structures have not been
made, nor have studies been made of the problems associated with funneling.

The transition energies in Table I are based on a ratio of the space charge
force to the focusing force of 0.5, which corresponds to an allowed tune depres-
sion of about 30%.l Within the RFQ, this limit is evaluated at the end of a
bunching subsection. For all other cases, these limits apply at the input or
transition energy to each new structure. If we decide, because of emittance
growth or current loss, to operate further from the space charge limit, we can
delay the transitions to somewhat higher energies where the limiting currents
are higher.

The total length of the linac is only 3.4 km, which is quite short compared
to previous designs. This is the result of the relatively high acceleration
gradients in the latter portions of the facility, namely, 1.5 MeV/m at 100 MHz,
2.0 MeV/m at 200 MHz, and 4.0 MeV/m at 400 MHz. These gradients at these fre-
quencies are known to be technically feasible, and they can be shown to be eco-
nomically attractive because of the high frequencies and high peak beam currents
that result from funneling.

In our present stage of thinking, we would propose to configure the 32
channels of the first structure as eight independent arrays of four channels
as shown in Fig. 1, the 16 channels of the second structure as eight independent
double-barreled structures as shown in Fig. 2, and the 8 channels of the third
structure as 8 conventional 50 MHz Wideroe structures. As such, the early
stages of the facility, those with the highest multiplicities, would take the
form of eight identical assemblies, each accommodating a total current of 100 mA.
This configuration lends itself to the possibility of developing, prototyping
and testing one-eighth of the total configuration in a staged development of the

total facility.
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STABILITY OF LONGITUDINAL MOTION IN INTENSE ION BEAMS
David Neuffer
Fermi National Accelerator Laboratory

Inertial confinement fusion using high
energy heavy ion beams requires focussing of the
igniting ion beams in longitudinal, as well as
transverse, space at the pellet target. The
focussing requirements set 1imits on the size of
the beam emittances at the target, and obtaining
sufficiently small emittances at the target
requires sufficient stability in beam transport
and acceleration from source to target, and an
analysis of that stability is necessary for
heavy jon fusion (HIF) accelerator design.
Theoretical analysis is necessary since
practical accelerator experience with high
intensity non-relativistic ion beams has been
limited. This analysis is particularly
important for the case of a heavy ion induction
linac, since previous induction linacs have been
electron accelerators, and the highly
relativistic electrons have negligible
longitudinal motion. In this paper we present
some results of our analysis of the of the
stability of longitudinal motion.

I. Equations of Motion

The equations of longitudinal motion which
we use are obtained by solution of Maxwell's
equations with simplifying assumptions. We
assume that the transverse (x-y) and
longitudinal (z) motions of particles in the
beam are completely decoupled with the beam
length much greater than the beam radius. We
choose the longitudinal distance from the center
of the bunch z and the position of the center of
the bunch s as the dependent and independent
variables. We will assume the motion is
non-relativistic and that the center of the beam
bunch is not accelerating but moves with
constant speed gc. If the beam pipe is
perfectly conducting, we find the following
equation of motion (in MKS units):

2y 2.2
?EZ: 27 da 272 2
(o]

d

where e is the proton charge, g is the ion
charge state, M is the ion mass, a» is the number
of ions per unit length, and g is a geometric
factor of order unity. For the particular case
of an ion at the center of a constant transverse
density round beam of radius a inside a round
pipe of radius b, g =1+ 22%n {b/a). We assume
that transverse variations simply produce some
average g, which we treat as constant. In
equation 1, we have added an external bunching
field EZ to the space charge self-field.

Analysis of design studies of HIF
accelerators indicates that the assumption of
perfectly conducting walls may not be adequate.
If we assume a resistive coupling per meter R',

a term
2 22
d_g __ge ,p (2)
ds resistive Mc

must be added to equation 1. In sections II and
ITITI we will assume that the walls are perfectly
conducting (R' = 0) and in later sections we
will consider the effects of non-zero R'.

II. Envelope Equation for Longitudinal Motion

Unperturbed longitudinal motion of a beam
bunch through a transport system can be
calculated using the envelope equation derived
before.] This envelope eguation applies to a
bunch transported through a system with linear

bunching fields; that is
dE

Ez(s,z) -5 (s) . z (3)
The equation of motion (1) is rewritten as:
Jv Qe d_E(s)Z_qu2 9 2 gy
M32c2 dz M32c2 (4ﬂ€0) 32
_ ax
:—K(S) Z—A—a;
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The particle distribution which is a solution to fo(z’v) 3N . EE_ fv Y ' (@)
the Vlasov equation with this equation of motion - 21TvozO s 2 Vo
0
is:
) > 2 E Stability is determined by adding a small
z i
f(z, 2', s) = 3N .z _o (' _o0 , (5) Perturbation f {z, v, s) to f_(z, v) and
? ? 21T€L 2 2 z . P ] 0
Z, £ 0 solving the Tinearized Vlasov equation for fp
(z, v, s) and * {z, s) with our solutions of

defined wherever the square root is real (f =0 the form

otherwise), and where N is the total number of

jons in the bunch, ¢, is the longitudinal -jw S
L f(z, v, s)=f(z,v)e
emittance, and z, is the envelope amplitude. p ? nt<?
This distribution has a parabolic particle d ( ) (2) -lw,s iy . -iw,s
an x (z, s) = (z)e = s e
density: p n n(Z,v) dv (9)
2 Instability exists where Im 0. As reported
Mz, s) =ff(z, z's)dz’ =%——(1 ——2—2— (6) ] Y _ (w) # P r'.
Z, zg in reference 6, the solutions have the following

properties:
and Z, is a solution of the envelope equation:
r (2) « P (—%—) (Legendre polynomials)

n
d22 € 2 °
7 = o _L_,3AN K(s) z (7) and w_ is a solution of
0 ds? 3 2 2 o n
3 z z
° ° 2 2 n
v_twp 2 ZL (2m)(2n-m) X
where the initial conditions (z0 (s=0, zo(s=0)) “ﬁ p 4 L f-m
may be chosen arbitrarily. =-n
1
. . > 7 (10)

This solution can be, and has been, used to wn - ((n-2m)v)
check computer programs which integrate the
Vlasov equation numerically, such as the code of ) 2 3 AN 2

] withew " =5 —=, vz K
Neil, Buchanan, and Cooper. p 2,3
0

An analysis of perturbations of this It can be shown that all w which are
distribution can also be used to evaluate solutions of (10) are real, which indicates that
longitudinal transport stability analytically. small space charge perturbations are stable,

unlike the transverse case.

IIT. Stability of Space Charge Perturbations

Following techniques previously developed by The analysis has been extended to the case
L. Smith and others for analyzing transverse where K(s) is periodic, and it is found that
stability, 3 4,5 and analysis of the instabilities can exists where the
stability of space charge perturbations of the eigenfrequency of the normal mode 0y and the
distribution of section II has been presented period of K(s) are near resonance.
and in this section we summarize the results of
the ana]ysis.6 The largest such resonances are:

1. A second order resonance (n = 2) which

We first consider the case of the stationary can occur if the phase shift of
distribution, the particular solution of individual particle longitudinal motion
equations 4-7 in which K(s) is constant, and over a period of K(s) is between 90° and

104° at zero current., This has a growth

z, is chosen such that z, (0) = z, (0)

0. Our unperturbed distribution is (v = z'): rate of ~ 1.1 per period.

11



4) which
can occur for longitudinal phase shifts
The

2. A fourth order resonance (n =

between 45° and 57° per period.
growth rate is ~ 1.03.

For most accelerators considered to date,
such as the HIF induction linac, the
longitudinal phase shift per period of structure
is quite small, so periodic space charge
instabilities can occur only in very high order
n and the analysis indicates that these
The
only possible exception proposed to date would

instabilities become vanishingly small.

be a bunching ring with a very large (> 30°)
longitudinal phase shift per turn at peak

field.
to avoid the largest low order resonances.

Such bunching rings should be designed

Resistive Wall Instability
has suggested that particle

Iv.

Fa]tens7
motion, particularly in an induction linac, may
In that

case the equations of motion are modified as

show significant resistive coupling.

described in section 1. The self forces are

given by
z" o q2e2 a q2e2 R \
B M32c2 4weo 3z Mgc
_ 8
= _ABZ B a

The value of R' depends upon the current,
acceleration and efficiency requirements of the
induction Tinac; Fa]tens8 suggests that for

HIF it will be of the order of 100 Q/m.

To show the effects of resistive coupling we
use an approximate analysis previously presented
by L. Smith.9 We start with an unperturbed
distribution with constant density in z and with

a step function in z':

f(z,f):%z(ﬂzl+A)—Shl—A0

0

and consider perturbing waves of the form

(1)

filz, z2's) = f,(z") oilkz-us)
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We then solve the Tinearized Vlasov equation
to find w(k).
af

Si(okz) fi(z') + —2 (~1Ak—B)J/}j(z')dz' -0 (12)
32

The result is: w® = k22 + k2AN - ikBN'

.
or Wl < k% + k2 N4 & 4

M(gc) o
22
cp ate” ! (13)
- ik Mac N R

Instability can occur since Im(w) # O.

With parameters suitable for fusion
induction linacs, the waves of equations 11-13
show some interesting characteristics:

1. The reqguirement of small energy spread
for final focussing sets a quite small,
so that in equation 13 the velocity
dependent term k2A2 is negligible to

a first approximation. As a corollary

to this, the wave velocity (Re(w/k)) of

disturbances in the bunch is much
greater than individual particle

velocities.

2. The space charge term of equation (13)
k2AN' is usually larger than the

resistive term ikBN' in absolute value,

if R' < 200 @/m. With this

_ A
approximation, we have Re(w) = *Yk“AN
and we find that the wave velocity
(Re{w/k)) is independent of k, so that

propagating wave packets do not disperse
but travel together coherently.

3. Also with space charge dominant we have
the relation

! , f4ne N'
l—kBN E_queR 0
2 | AN k| 2 N gM

so that the magnitude of the growth

In{w) =

parameter is independent of k.
Im(w)S

Waves change

in amplitude as e and the sign of



Im(w) is correlated with Re(w/k) so that for
Re(w/k) > 0 ("fast" wave) we have Im(w) > 0
and the wave decays, while with Re(w/k) < O
("sTow" wave) we have Im{w) > O and the wave
grows.

Typical parameters for HIF can be
substituted into equation {(13) to find sample
values of Re(w/k) and Im(w).
R" = 100Q/m, N' =3 x 10]3 ions/m., q =4, g
=2, M= 238 mp, and 8 = .33, we find

For example, with

1) Re(¥) = 7.4 x 1073
(14)
3

2) |mw)| =2 x10° - (500 m)~]

The growth distance is about 500 m., which is
less than the total length of the HIF induction
linac (a few km.)}, but it is a substantial
fraction of it.

This wave motion in a beam bunch can be
simulated numerically. In figures 1 we show
wave propagation in a perturbed beam bunch,
calculated using the program of Neil, Buchanan
and Cooper, which numerically integrates the
longitudinal Vlasov equation. In this case an
initial disturbance at the center of the bunch
splits into forward-going "fast" and backward
“slow" wave packets which decay and grow
respectively. The behavior agrees closely with

equation (13) and the discussion above.

V. Effect of the Resistive Coupling on Beam
Stability
In the previous section, we demonstrated

that a resistive coupling can lead to growth of
perturbations in a beam bunch with HIF
parameters. We need to determine the amount of
growth by resistive coupling which can be
permitted without endangering HIF performance.
To estimate this, we must include the effects of
the finite bunch size, which means that a
propagating disturbance will reach the end of

the bunch in a finite time.

A naive expectation is that a growing "slow"
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wave will reach the end of the bunch, be
immediately reflected to a decaying "fast" wave
by the external bunching field, and therefore
With this
expectation, we can set a limit on the allowable

produce no net instability.

growth by requiring that an individual wave
packet not grow by more than some factor F in
traversing the bunch length Lg- This
requirement can be written as:

LB 4qe

A
G = * RelwlKT|= 79

Im{w) BCRl Lg <n [F| 114)

For the sample case of section 4, with LB = 10 m.,
we have G = 2.5 or F > 12. This amount of
growth may be tolerable provided that initial
wave packet perturbations are limited to a few

per cent.

Numerical simulation seems to indicate that
longitudinal motion does not fit this naive
picture. To observe wave packet reflection at
the bunch end, we calculate a case with R' = 0
In this

example (shown in figures 2} the disturbances

so that waves neither grow nor decay.

propagate to the bunch ends from the center in
about 800 m., then remain localized at the ends
for 800 m. while particle motions reverse, and
then propagate back toward the center. Wave

packet reflection is substantially delayed.

The same type of delayed reflection exists
in numerical simulation with R' # 0. However
substantial wave packet distortion occurs on
reflection and this distortion is not fully
understood. Future analysis will attempt to
understand this reflection distortion, and to
determine its importance in describing the

stability of longitudinal transport.
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the ends of the bunch.
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1. INTRODUCTION

The Storage Ring Group set out to identify
and pursue salient problems in accelerator
physics for heavy ion fusion, divorced from any
particular reference design concept. However,
it became apparent that some basic parameter
framework was required to correlate the
different study topics.

Accordingly, three sets of skeleton system

data were developed, starting from target

(1)

estimates provided by R. Bangerter s
repeated here as Table I along with some
immediate implications on accelerated beam
requirements.

Further definition of storage ring
parameters involved feedback from the work in

progress in the RF Linac Group(z) and the

Final Beam Transport Group.(3)
As the Workshop progressed, ring parameters
were modified and updated: Consequently, the
accompanying papers on individual topics will be
found to refer to slightly varied parameters,
according to the stage at which the different

problems were tackled.

1.1 Effects of Latest Target Data

In contrast to earlier HIF Workshops, the

latest target data referred to lower kinetic
energies exemplified by 5 GeV U+ ions for 1 MJ

TABLE I
sampLe TARGeT DATA setst), u*! 1ows,
AND IMPLICATIONS ON ACCELERATED BEAM PARAMETERS

CASE A B C
Beam Stored Energy E(MJ) 1 3 10
Beam Kinetic Energy T(GeV) 5 10 10
Total No. of Ions N(x10'°) .25 1.875 6.25
Pulse Time t(ns) 20 40 70
Pulse Time at Peak Power tp(ns) 6 16 20
Pulse Length at Target Qb(m) 1.25 3.49 6.10
Power in Pulse Peak Pp(TW) 100 150 300
Beam Stored Energy in Peak Ep(MJ) 0.6 2.4 6.0
No. of Ions in Peak Np(x]O]S) 0.75 1.5 3.75
Peak Current Ip(kA) 20 15 30
Average Current in Pulse Iav(kA 10 7.5 14.3
Beam Momentum P(GeV/c 47.349 67.334 67.334

Y 1.0226 1.0451 1.0451

B 0.2089 0.2906 0.2906

BY 0.2136 0.3037 0.3037
Beam Radius at Target v(mm) 2.0 2.5 4.0
Approx. Target Gain g 8 30 120



stored energy in the beams (Case A), and 10 GeV
U" jons for either 3 MJ (Case B) or 10 MJ

(Case C) stored energy. For the great majority
of storage ring problems, Case A was identified
to be extremely difficult, due to space charge
Most of the

later detailed work was carried out for Case B,

effects at the low kinetic energy.

where the problems already looked tractable.

Another striking aspect of the target data
was the much more conservative estimate of
target gain than heretofore: the basis for a
heavy ion fusion demonstration plant now seemed
to be above 1 MJ, and the 3 MJ case looked much
more appropriate in that context.

On the other hand, encouraging features of
the new target data concerned the larger pellet
radii and longer pulse times than had been
quoted previously, leading to considerable
easing of the space-charge-dominated accelerator
problems.

1.2 Ion Charge State

From the outset, the decision was made to
consider singly-charged ions exemplified
throughout the study by U+l. Although higher
charge states were not analyzed in detail, the
space-charge problems encountered were
sufficiently formidable that, as a general
concensus of opinion, anything other than a very
low charge state was regarded with some

scepticism,

1.3 Basic Framework

The basic framework envisaged for a storage
ring system involved the following features:

(1)

system, starting from 16 ion sources, each

Injection from a 'funnelled' RF linac
providing about 20 mA. Allowing for losses
in the linac system, a total linac current

at injection, I]in = 300 mA was taken(z).

(ii) Stacking a total of S turns into each
of NSR storage rings, accomplished via /3
turns into each transverse

(4),(5),(6)

probably requires one or more large

plane. In parctice, this
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accummulation rings feeding into the smaller
storage rings in turn.

(i91)

storage rings to give a number of bunches

Bunching and Bunch Compression in the

' and a compression factor 'CSR'

'N
bunch (13), (14)

in each ring.

(iv)

beam 1ine to give a total number of beams

Ny = Nounen X Nor
target.

Ejection of each bunch into a separate

directed towards the

{(v)

lines by a factor 'C

Further Bunch Compression in the beam

b

The final current reaching the target is

therefore given by:

I =1 S+CopeC m

1in > Csp" Oy Ny
As storage ring bunch compression studies

progressed,(]3) it became clear that a factor

CSR greater than about 7 would be difficult to

achieve, whereas the total compression factor

CSR X Cb needed to be about 50.

Accordingly, the factor Cy = 50/7 was assumed

to be accomplished in the final beam line,

The

consequences of this latter requirement (e.g.,

notionally using induction linac modules.

on beam transport length and power required)
were not analyzed in detail by the Storage Ring
Group.

Inserting the above values for I]in’

CSR’ and C,_, the final current at the target

b’
is given by:

Ikv(kA) = 0.0147 x S x Nb (2)

A glance at Table I shows that the product

S x Nb has to be in the range 500-1000 for all

three cases: immediate problems were therefore
to examine how space charge limits in the beam

lines and storage rings would determine the

product Nb = X NSR’ and how

Nbunch
emittance dilution during stacking would Timit

the number of possible injected turns S.



1.4 Problems Identified and Studied

The following broad pattern of problems
Al1l
References given are to other papers in these

emerged during the course of the Study.
Proceedings.

(i) Injection

Emittance and Momentum Spread from

Linac(2

*Multi-turn stacking in 2 Transverse
Emittance Di1ution(4)’(5)
(6),(7)

(8)

Planes:

R.F. Stacking

*Beam loss on Septa
(i) Accumulation and Storage
Laslett Tune Shift

*Longitudinal and transverse microwave

instabilities: thresholds and growth

(9),(10),(6)

Beam loss and Tifetime due to Ion-Ion

- rates

charge exchange and ionization

(11),(6)

Storage Ring Parameters

scattering

(ii1) (13),(14)

Bunch Compression

*Compression factor attainable: RF
system requirements

momentum spread

Integer and Half-Integer Resonance
Crossing: Non-Linear Effects and
Emittance Growth.

Extraction
Mechanism: Kickers
Possible Beam Loss

(v)

Final Beam Line and Focussing onto
Target

Space charge 1imit in beam lines
*Effective Emittance Growth due to

Uncorrected Momentum

Aberrations:
Spread.
Power Density to First Wall
Neutron Loss Through Beam Ports.

Some of these problems were seen to be
serious, particularly those marked with an
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asterisk, but none was identified as being
insuperable for beam energies of 3 MJ or above.

2. EMITTANCE MOMENTUM SPREAD BUNCH LENGTHS
2.1.
From the work of the RF Linac Group,

Emittance at Injection

(2)

value of emittance at the end of the injector

a
was given:

eyin = 1.5 x 1078/ay(m). (3)
emittances here are quoted in their

(A11 emitt h d in thei

un-normalized form, and without the factor n).

After stacking /§ turns in each plane, the
storage ring emittance may therefore be written
as:

6

egg = 1.5 x 1077 - De(s) «/5 /ey (m), (4)

where D_ is a dilution factor depending on the
At the workshop, it
was judged that the minimum value for De

number of stacked turns.

should be 1.4, and the criterion was adopted

that for ecp = 60 x 107m,

S

DE = 40y/ /5 > 1.4 (5)

Further discussions of this topic will be found
in References (4) and (5), and the final

allowances arrived at during the Workshop are
Tisted in Table VII.

2.2 Emittance in Final Beam

Turning to the far end of the system,
emittance at the target is determined mainly by
the target radius 'r', the reaction vessel

radius 'RV' and the beam port radius 'a'.
That is, the final beam line emittance is given
approximately by g ¥ ar/RV.

However, it was felt that some allowance
should be made for aberrations in the beam
line. For example, if there were an effective
uncorrected momentum spread (Ap/p)u in the
beam, then since all of the beam should hit the

target,



e, © alr - a(Ap/p)u]/RV =a reff/RV

That is, the on-momentum component of the beam
should be focussed on to a smaller target and
radius, Toff> Teaving a(Ap/p)u for the
chromatic effect. Thgﬂgriterion adopted was
that (Ap/p)u =2 x 10~ was a
reasonable assessment for a beam whose total
(ap/p) was ilO_z, so that with a = 0.15 m,
Yaff =T - 0.3 mm.

On subsequent reflection, this may only be
one of several allowance that should be made,

and more work is required on the final focussing

problem.
At one point in the study, limitations on

the choice of 'RV' and 'a' imposed by power

density deposition at the first wall, and by

constraints on the neutron flux through the beam

ports, were considered. However, it was felt
that insufficient information was available
about future improvements in reaction vessel
design, and that uncertainties about the degree
of conservatism in the gain estimates made it
difficult to form any worthwhile criteria on
these topics. The final parameters adopted are

2.3 Emittance in Storage Rings
As will be seen from the last line of Table
IT, a factor 1.2 effective dilution was allowed

between storage ring and beam line, to take
account of mismatch due to non-linear effects
after bunch compression.(]3) This factor was
chosen rather arbitrarily and more work is
required to confirm or modify it. The resulting

value of e, = 60 x 10'6m, consistent with

SR
current ring design experience, was selected for

all three cases.

2.4 Momentum Spread

The value of (ap/p) at injection, provided
by the RF Linac Group,(z), was taken to be
*2 X 10_4. Similarly the Final Beam Transport

Group(3) provided the value (Ap/p)b =
£107 as the likely spread that could be
handled in the final beam line.

Starting from the above (ap/
the bunch compression studies(]3
compression factor 7, led to the value
4 x 1072 at injection from the storage
rings. This is not simply 7 x (Ap/p)inj’ due
to the mechanism of phase space rotation during

p)
)

inj

(13).

summarized in Table II. compression Summarizing:
TABLE I1
FINAL BEAM EMITTANCE

CASE A B C
Target Radius r{mm) 2.0 2.5 4.0
Effective " reff(mm) 1. 2.2 3.7
Reaction Vessel Radius Rv(m) 3.54 4.58 7.71
Beam Port Radius a(m) 0.15 0.15 0.15
Beam Line Emittance e, (x107m) 72 72 72
Storage Ring " e (x107%n) 60 60 60

It will be seen that the beam port radius
was kept at what seemed to be a reasonable
maximum value of 15 cm, consistent with
attainable gradients in the final focussing
quadrupoles, and that the beam emittance was
kept at 72 x 10'6 m for all three cases.



(ap/p) 5 = #2 x 1074
(ap/p)y; = =4 x 1073
Max.(Ap/p)b =+ 1072

As remarked in Section 2.2, an assumed
effective uncorrected spread at the target was
taken to be:

(Ap/p)u - %2 x 1073

2.5 Bunch Lengths

Finally to set the scene for storage ring
parameters, the bunch lengths at target (cf.
Table 1), combined with the selected compression
factors in beam lines and storage rings, lead to
the following values as shown in Table III.

3. CHOICE OF N
PARAMETERS
Following the argument of Section 1.3,

embodied in egn. (2), the first obvious

b? NSR’ S, AND STORAGE RING

constraints on the numbers Nb and NSR to be
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considered involved the Courant-Maschke formula
for space-charge-limited power in the beam
lines, and the Laslett tune shift formula for
space charge during accumulation in the rings.

3.1 Space Charge Limit in Beam Lines

The Courant-Maschke formula for a periodic
focussing channel was used in the form:

Ph(TW) < 1687 x (By)//3e(y - 1)
. 4/3,.2/3,82/3
(Alq)7/Seet BQ , 7

with A = 238, g = 1 for U+1 ions, and using
BQ = 4T for the field on the superconducting
quadrupole poletips. The minimum tolerable

number of beam lines (N is then given by

b)m1n
Ny > Pp/Pb , (7a)
where Pp is the peak power in the total beam

pulse, gquoted in Table I. Results for the 3
sample cases are quoted in Table IV.

TABLE III

BUNCH LENGTHS

CASE A B C

Bunch length at target Qb(m) 1.25 3.485 6.10

Bunch length at S.R. Exit 50 Qb/7(m) 8.93 24.89 43.57

Bunch length in S.R. 50 Qb(m) 62.5 174.25 305
TABLE IV

SPACE-CHARGE-LIMITED POWER IN BEAM LINES

CASE A B C
Pp{TW) 5.9 26.9 26.9
Pp(TW) 100 150 300

(Np)min 17 6 1?2




Each of the N beam Tines is derived from a
compressed bunch in a storage ring.

3.2 Laslett Tune Shift During Accumulation

The usually-accepted limit av < 0.25 due to
space charge during accumulation and storage in
the rings was expressed in the simplified form:

2 ~-18 n
1.5347 x 10 SR
v = 3. - L =22 —LEac025,(8)
SR (sy)

for the same esp in both planes, and where
is the number of ions in each storage
For A = 238 and g = 1, as before,

"SR
ring.

< 2.436 x 1020, eSR'(BY)3/B, (8a)

"SR
so that the minimum acceptable number of rings
(NSR)min is given by N/ncp, with N given in

Table I. The resulting calculations give:

TABLE V
LASLETT TUNE SHIFT LIMIT IN RINGS

CASE A B C
(nsp)pin x 1014 6.82 14.1 14.1
(NSR)min 2 2 5

It should be remarked that a more accurate
analysis shows a rather stricter constraint
during the stacking process, when only one of
the phase planes has been filled.
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3.3 Longitudinal Microwave Instability

One of the most serious problems studied
during the Workshop concerned the Tongitudinal
microwave instability, which occurs due to
coupling of the beam with its containing
environment and manifests itself by a momentum
spread blow-up. The problem is discussed in
detail in References (9), (10), and (6).

The instability is characterized by a beam
current threshold defined by the Keil-Schnell
criterion:

Tis < Inj-8% + (ap/p)2 o (WM 1) « /(2 /).

Taking |n|x 1, ap/p = 2.8 x 10_4 corresponding
to full width at half maximum during bunch
compression(13), A =238, g=1, and

Mp = 938 MeV, the remaining difficulty is to
estimate the effective coupling impedence
(Zn/N). Given this number, the average

current per storage ring would be limited to

R € Iy (92)

IaVISO N
where IaV is taken from Table I; hence there
is a lower limit on the number of rings NSR if
the instability threshold is not to be reached.

During the course of the study, the best
estimate that could be made for (Zn/n) was to
say that it might not be too different from the
PS and ISR value of 25Q.
value was selected as a criterion, "faute de

Accordingly, this

mieux", and led to the Timits summarized in
Table VI.

TABLE VI

KIEL-SCHNELL THRESHOLD FOR (Zn/n) = 259

CASE A B C
Ty (Amp) 31.8 63.16 63.16
(Nsr)min 7 3 5

(9)



Hence, compared with the Laslett tune-shift
1imit, this criterion determined a rather
stricter 1imit on the minimum number of rings.

Lively discussion of this topic was pursued
throughout the Workhsop, and by the end of the
second week it was agreed that the coupling
impedance for heavy ion rings could be 40-100
times greater than the above value: in other
words, the instability could not be avoided.
Attention then shifted to the growth time for
the instability, and it was argued that the
effect might not be serious under 10 ms or more,
(Tess than the required storage time). These
arguments are considered in detail in References
(9), (10), and (6):
Workshop, the limitation propounded in Table VI

however, by the end of the

was the best that could be put forward, and was
incorporated into the parameter framework.

Further exploration of this problem is
required to determine the growth time in a
likely heavy ion system, and further theoretical
or experimental contributions would be extremely
valuable.

3.4 Storage Ring Lattice Considerations

To determine the minimum framework for a
storage ring driver system, two further criteria
are required, referring to the ring lattice:

{1) Dipole Field: B = 10P/3p < 5T (super-
conducting), leading to p(m) = 2P/3,
(with P in GeV/c).

(ii) Circumference Ratio: R/p > 1.5,
leading to C = 2«R » 50-¢

b Nbunch

These assignments determine a minimum number of
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them into the range of constraints outlined
above, the final assessment of minimum storage
ring system was arrived at as follows:

TABLE VII
MINIMUM STORAGE RING SYSTEMS

CASE A B C
(Nbunch)min/SR 3 2
(NSR)min 7 3 6
(N min 35 9 12
sozb(m) 62.5 174.25 305
C(m) 312.5 522.75 610
R(m) 49.74 83.20 97.08
o(m) 31.6 44.9 44.9
R/p(m) 1.57 1.85 2.16
B(T) 5 5 5
S 20 57 81
D 1.91 1.61 1.35

€

It should be emphasized that these are
"minimum' systems, in the sense that the numbers
of rings and beam lines are the minimum possible
to avoid the various limitations. The space
charge problems become less severe when larger
values of NSR and Nb are selected. This is
already evident with Case C, where larger Nb
is required in order to reduce S and raise De
above the minimum level 1.4 quoted at the
Workshop. For example, the following choices
for Cases B and C are possible, and would reduce
the requirements on injected current, permit a
larger dilution factor, and allow operation

further from the space-charge limits in rings

bunches, Nbunch = Nb/NSR' Incorporating and beamlines.
CASE  Npuncn/SR NsR Np B D, I (mA)
B 3 6 18 36 2.02 231
C 3 10 30 36 2.02 265




4. FURTHER PROBLEMS
Most of the problems Tisted in Section 1.4

have already been discussed in the course of
Sections 2 and 3, but four of them have not yet

been referred to. They are as follows:

4.1 Beam Loss on Septa(g)

During the course of considering the
injection process, the problem of beam loss on
septa emerged as a severe constraint in
high-intensity heavy ion machines. Due to their
short range in material, even a small fraction
of the heavy ions in the injected beam lost on a
septum may vaporize the material, and the
resulting 'black cloud' of vapor may destroy the
following beam. The problem is described in
detail in Reference (8), taking the 3MJ case B
with NSR = 3 as an example.

Expressed at its worst, the effect is that
the tolerable fractional beam loss is of order
10—5. Less dramatically, it may be said that
the beam halo at the septum should be Tess dense
than the central beam by a factor 1330; and this
factor is reduced if the number of storage rings
is increased.

This constraint was recognized as a
particularly severe feature of heavy ion storage
rings, and detailed numerical studies are needed
to examine whether it may not be the determining

factor in the choice of NSR'

4.2 Beam Loss from Charge Exchange Scattering

Newly available data on the cross-section
for charge-exchange scattering was used to
assess the importance of this effect on
determining the tolerable lifetime in heavy ion
storage rings. The detailed analysis is
described in References (11) and (6).

Taking a conservatively-large estimate of
the cross-section for U+ ions, beam loss for
the cases listed in Table VII would be a few
Although it is

not clear what loss is tolerable around the

percent during the filling time.

ring, this effect also suggests that a larger
value of NSR is preferable. Again, more
detailed numerical studies and more experimental
evidence on cross-sections is desirable.
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4.3 RF Stacking

As an alternative (or an addition) to
multiturn stacking in transverse phase space, RF
stacking was considered, and interesting schemes
were described by the Japanese members of the

(6), (7)

Group . Although such schemes have
considerable attraction, it was generally felt
that the long filling times make them unsuitable

for the HIF systems considered at the Workshop.

4.4 Ejection Studies
The ejection problem for heavy ion storage

rings was examined in terms of normal fast
ejection techniques. Apart from the stipulation
that large full-aperture kickers would be
required, no serious problems were identified:
the septum-loss problem described in Section 4.1

is avoided.

5. CONCLUSIONS

The Workshop served to clarify the major
constraints involved in designing a storage ring
system for heavy ion fusion, and to identify
several serious and fascinating problems.

It was generally agreed that longer-term
studies of these interesting topics was very
desirable, if resources could be made available
at the different accelerator laboratories:
theoretical, numerical, and experimental studies
where appropriate could be identified over a
wide range of topics.

Many of the problems are common to all
modern high-intensity accelerator and storage
ring designs, but a few are peculiar to or
particularly serious in, heavy ion machines:
for example, beam loss on septa, charge exchange
scattering loss, high bunch compression.
Although seen to be severe, none of these
problems was identified to be insuperable.

REFERENCES

A1l of the following papers appear in these
Proceedings.
(m
(2)
(3)

R.0. Bangerter. Sample Target Data

RF Linac Group. Summary Report

Final Beam Transport Group. Summary Report



R.J. Burke. Storage Ring Injection

N. Takeda and S. Fenster. Study of
Inter-Beam interaction in Injection
Processes at the Space Charge Limit.

T. Katayama, A. Noda, N. Tokuda,
Y. Hirao. Beam Injection and Accumulation
Method for Heavy Ion Fusion Storage Rings.

Same authors. Design Study of an
Accelerator for Heavy Ion Fusion.

L.W. Jones. Beam Scraping Problems in
Storage Rings: The Black Cloud.

D. Moh1. Longitudinal Beam Stability in
Heavy Ion Storage Rings.

(14)

S. Fenster.
Instability.

Longitudinal Microwave

J.R. Le Duff and J.R. Maidment. Beam Loss
in the Storage Ring Complex Due to Charge
Exchange Scattering.

T. Katayama, A. Noda and Y. Hirao.
Numatron and TARN.

M. Cornacchia and G.H. Rees. Bunch
Compression in Heavy Ion Fusion Storage
Rings.

J.R. Le Duff. Integer Resonance Crossing
in H.I. Accumulator Ring.



262

Beam Injection and Accumulation Method in

Storage Rings for Heavy Ion Fusion

T. Katayama, A. Noda, N. Tokuda and Y. Hirao
Institute for Nuclear Study, University of Tokyo

Tokyo, JAPAN

ABSTRACT

A combination of multiturn injection and RF stacking is proposed
as as efficient beam injection method in storage rings for heavy ion
fusion. Five turn injection in each transverse phase space and four RF
stackings give a total of 100 stacking turns. This represents a compromise
between the tolerable emittances and momentum spread in the ring.

Space charge limitations and coherent beam instabilities are
investigated. The most severe limit is found to be the transverse
coherent instability, but this can be controlled by the use of sextupole
and octupole magnetic fields.

Assuming a charge exchange cross section of 1 x 10_15 cmz, the
e-folding life time is estimated at 180 ms, while the stacking time is

40 ms.
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1. INTRODUCTION,

The heavy-ion inertial fusion program has become more promising
through intensive workl "3 on high-energy heavy-ion accelerators during
the past three years. The heavy ion method is superior to those of the
other particle beams because of its drastic reduction in the peak current
requirement to the order of 1 kiloampere (particle current). This reduc-
tion of current is allowed by the comparatively high energy per particle
in relation to its range-energy behavior. At present it is a consensus
among accelerator physicists that such high currents of heavy ions could
be produced, handled, transported and focused on a pellet by the use of
conventional high energy accelerator techniques, especially RF linacs with
storage rings or induction linacs. It is also true, however, that many
kinds of research and development should be pursued: for example it is
a serious problem to accumulate heavy ion beams for ~ 100 turns in the
limited emittances and momentum spread without any significant beam loss,
and to compress them into small bunches in the storage rings.

In the present paper, the combination of multiturn injection in the
two transverse phase spaces and RF stacking in the momentum space, is
proposed as an efficient beam accumulation method which in principle
brings about very small beam loss during the accumulation process. Details
of the design of the accelerator are given for U+l ions, as at the
Workshop, but the proposed method takes a rather long time and might be

+
generally favored for longer life ions such as Xe8 .
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REQUIREMENTS ON THE STORAGE RINGS

First we will start from R.0O. Bangerter's three cases of target

data at this workshop, listed in Table 1 for convenience. Emittance

considerations in the beam lines give an upper limit of the allowable

transverse emittances in the storage ring as 30 T mm-mrad (unnormalized).

The momentum spread at ejection from the storage ring should be lower

than = 0.4 % because the momentum spread at the target is assumed to

be + 2 7 and the bunch compression factor in the beam transport lines

is designed to be 5.

TABLE 1 3 CASES OF TARGET DATA AND BEAM PARAMETERS.

EMJ) pp(TW) T(GeV) T (mm) t (ns) tp(ns) g
1 100 5 2 20 6 8
3 150 10 2.5 40 16 30
10 300 10 4 70 20 120
CASE A B C
E(MJ) 1 3 10
N(x 101%) 1.25 1.875 6.25
T(GeV) 5 10 10
EP(MJ) 0.6 2.4 6
N (x 1019) 0.75 1.5 3.75
P b b b
1 (A) 2 x 10 1.5 x 10 3 x 10
P
I (a) 10" 0.75 x 10" 1.43 x 10"
av

Ions are UTl and the following notation is used. E; Beam
stored energy, P; Peak power, T; Kinetic energy,

r; Target radius, t; Pulse width, g; gain of the pellet,
N; No. of ions. Subcript p refers to peak value at the end
of pulse.
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Table 2 Ring parameters

Case A B C
Number of rings (NSR) 7 4 9
Harmonic number 6 3 2
Particles / ring 1.79 4.69 6.94 (x101%
Particles / bunch 0.30 1.56 3.47 (x101%
Emittance 30 7 30 @ 30 @ (x107% m.rad)
Average radius 59.8 83.1 97.1 m
Radius of curvature 31.6 44.9 44.9 m

(B = 5T)
Circumference 375.6 522 610 m
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Other parameters of the storage rings are given in Table 2 which
are determined by considerations of space charge power limit in
beam lines (Courant-Maschke formula), limited tune shift in rings for
accumulation (Av = 0.25), and bunch lengths before and after
compression.

Momentum spread of the beam from the injector linac is assumed to
be * 2 x 10~" after the debuncher, and the phase spread in the ring
after the multiturn injection could be 27, which means that the beam
is completely debunched. The longitudinal emittance, €L of the

beam in the ring is

€

L Ap+*AT = 105.6 (keVerad) (1)

where T denotes a kinetic energy of each nucleon in the ion. 1In the
present paper numerical values are calculated for the case A, while

the results for other two cases are also listed in Table 5.

3. MULTITURN INJECTION

Ions are first injected for 5 turns in the horizontal phase space of
the injection ring, whose diameter is six times larger than that of the
storage rings. The reason why 5 turns are used is given in the following
paragraph. Beam is ejected from the injection ring by the fast ejection
method and its transverse phase spaces are interchanged with each other in
the beam transport lines from the injection ring to the storage rings.
Then beam is injected for 2 turns in each horizontal space of three

storage rings, whose tune values of betatron oscillation are adjusted to
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a half integer at this time. This process is repeated two times and
another four storage rings are filled with two-turn beams.- After the
two turn injection process, the tune value of betatron oscillation of
each storage ring is adjusted to an integer plus three quarters, and
beam is injected in each storage ring for three turns. The total lay-
out of the injection ring and the storage rings is illustrated in Fig. 1.
In order to reduce the beam loss at the septum of the inflector
during the beam injection process and to minimize the dilution factor
in each phase space, five turn injection is applied for the injection
ring and storage rings, by the following process:
1) The tune value of horizontal betatron oscillation is adjusted
to half integer and the beam is injected in the ring during a time
2 Tos where T, is one revolution period in the ring.
2) After two turn injection, the position of the septum of the
inflector is moved a distance of ~ 10 mm in the transverse phase
space within a time of 1/100 To in order to reduce the beam loss at
the septum to less than 1%. The horizontal tune value of the ring
also should be changed from half integer to integer plus three
quarters, when the tune shift due to the already injected two turn
beams and one turn beam to be newly injected, is compensated.
3) Beam is subsequently injected in the horizontal phase space
during the time 3 To instead of 4 To , because the tune shift due
to the space charge of successively injected beam is significantly
large, and the phase advance of the betatron oscillation per
revolution is varied well away from m/2.
Details of the multiturn injection method are given in the Appendix

to the present paper.
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The. diliition factor of the emittance during the whole process of

5 turn injection is claculated to be 2.4 in each phase space. The

emittance of the linac beam is given by

5x%x 7 x 2.4 = 30w x 107° (m-rad) , (2)

€. .
linac

2.5 m x 107 (m.rad) , (3)

TE . .,
linac

and the normalized emittance is

TE = By

Te.
n linac

0.534 m x 107° (m-rad) |, (4)

which is smaller than the value estimated by the linac group at this
workshop. But the peak current of the linac beam can be reduced to

~ 50 mA in our method, to allow such small emittance to be obtained.

4. RF_STACKING

The injected beam in the storage ring by the five turn injection
method is completely debunched. It is captured adiabatically by the
RF separatrix and is accelerated to the stacking orbit, when the rate

of change of momentum for the sychronous particle is given by

dp/dt _ frev_g_.

p EB2 A ev.-.r ., )

where ffev is a revolution frequency around the ring, EN is a total

energy of each nucleon, B = v/c, q/A is a charge to mass ratio and
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r = sin¢s. The fractional momentum difference between the injected
orbit and the bottom of the stacked region is designed at 1.5 %, the
acceleration period is 5 ms, and the required RF voltage is 356 kV.
The period of phase oscillation during the acceleration is 1.48 ms.
During a period of acceleration from the bottom to the top of the
stacked region, the RF voltage should be reduced to avoid an undesir-
able energy spread of the stacked beam in the stacked region. Final
RF voltage is determined, as the area of the separatrix is just equal
to the longitudinal phase space area of the iﬁjected beam, 105.6
keV.rad. 1In order to cover the longitudinal phase space area, S, of
the injected beam by the separatrix, the minimum RF voltage is given by

the following relation.

1 E
s - [hgeVJ /2 o(r) 168 [ N ]1/2 )

A b [2n[A]

where h is a harmonic number and n is defined as

~ 1
n= Z—W . (7)

Other notations concerning the synchrotron oscillation can be found
in Reference 4. Substituting numerical values in the relation, a
minimum voltage 81.6 keV is obtained. The phase oscillation period
at the final voltage is 3.09 ms, and the necessary time to change
adiabatically from the initial bucket to the final one is given by

1+ 1 1
Ttaaco GrTw) o ®
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where wy is an angular frequency of phase oscillations associated with

the initial bucket, w, is that of the final bucket and K is a quantity

2
related to the phase space efficiency of the process. Substituting
numerical values, K is assumed to be 0.9, and T is 2.43 ms. Thus the
shape of the envelope of the RF voltage is that shown in Fig. 2.

Next we must consider the relation between the number of RF stackings,
the compression voltage and the final momentum spread in the storage

ring. For simplicity, we assume that the momentum spread after n times

RF stacking is

A
n x (=B > 9
P74
where (Ap/p)i represents an initial momentum spread of *2 x 10—4. The

compression voltage including the effect of space charge and momentum

5)

spread is given by

2
oV 3quh rog

1
- +
2myAmc?2 Ay3R.A¢O.A¢MIN \A¢o + A¢MIN) q.A¢2MIN

2
h|ﬁ|sz(i—f’] (10)

where
me” = 931.5 MeV, r_ = 1.547 x 10-18
q = charge state (= 1)

g = geometrical factor ( = 1.5 )

Nb = number of particles/bunch
A¢O = initial phase spread (=2 7 )
A¢ = final phase spread (=0.2 1)
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The final phase spread is determined so that the phase compression factor
in the ring is 10, when the tune shift, &v, during the compression is

assumed to be 2.5. The compression voltage is
eV = 0.1424 (n?+ 0.1798)  (MeV) (11)

Next we should calculate the separatrix height, H, related to the
compression voltage and the final momentum spread, Ap/p, by using the

following formulae,

1/2 Ey 1/2
u = (R B (T ey (12)

E]
3¢

Ap 1 21
e (13)
2
p B EN
Numerical results are given in Table 3.
TABLE 3
n eV (MeV) B (keV) Mp/p (%)
0 0.025 22.29 0.107
2 0.595 107.48 0.517
4 2.304 211.46 1.016
6 5.152 316.21 1.520
8 9.139 421.15 2.024
10 14,266 526.17 2.529

n: Number of RF stackings
eV: Compression voltage
H: Separatrix half height

Ap/p: Momentum spread (full width) after the compression
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If we assume that the final momentum spread in the storage ring should
be less than 1 %, the maximum number of RF stackings is 4.

As mentioned in preceding Sections, the number of multiturn in-
jections is 5 in each transverse phase space. Then the required peak

current, Ip, for the linac is given by

2 - ;
5 Ip T, B eN (14)

where N is a number of the particle in each storage ring, and

1.6 x 10719 x 1,79 x 10!%

Ip = 52 % & x 6 x 10-F = 47.7 mA . (15)

5. BEAM INSTABILITIES

5.1) Space charge limit

The space charge limit in a circular ring is given by

eg2y3d | (16)

where B is a bunching factor, rp is a classical proton radius

1.547 x 10718 p and € is an unnormalized emittance. In the injection
ring, emittance should be averaged over horizontal and vertical phase
spaces, each of which has a numerical values of 30 7 mmemrad and 2.5 7

mmemrad. The averaged emittance is

me = ﬂVeX-ey = 8.66m1 x 1076 (m.rad) . (17)
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If we take a bunching factor 1.0, the space charge limit in the injection
ring is 9.8 x 1013 particles. In the storage ring, emittance is 30 T
mm-mrad both in the horizontal and vertical phase spaces and the space
charge limit is 3.38 x lO14 particles. In both rings, space charge limit
exceeds the designed circulating currents.

5.2) Resistive wall instability

Next we will consider the longitudinal and transverse coherent

resistive wall instabilities. The longitudinal coherent limit is given

6)

by the Keil-Schnell criterioun 7,

- 2
<F > [APP_) (18)

where ZL/n is a longitudinal coupling impedance. Its numerical value
should be examined further for heavy ion machines. However we will adopt
here the value of 25 2 which is scaled from the experimental values at

ISR & CPS7). Thus the longitudinal coherent limit is 59 A for a

momentum spread of *2 x 10_4, and there would be no problem related to

the longitudinal coherent instability in the injection ring and the storage
rings.

On the other hand the transverse coherent instability limit is

given by

L Mo ey ~ AP L 3V,
|-;1—‘<4Fq—eIR[|(n—\))n+g|?+aa—2Aa) (19)
(@]
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where Z /n is a transverse coupling impedance and & is a chromaticity.

The first term in the bracket shows the effects of sextupole fields,

and the second term the octupole fields. In the storage ring the momentum
spread is fairly large, V1 Z%,and the correction due to the sextupole fields
is much more efficient than that of octupole fields. When we introduce a
chromaticity of -10, the intensity limit is 0.54 A or 2.0 x 1013 particles,
which is much smaller than the space charge limit. The e-folding

growth time of this instability is given by 8)

4ﬂv-yAEo/qe
T= —5—F7—— = 46 ms , (20)

cl Re(%L)
if we assume the radius of the wvacuum chamber to be 5 cm and the stored
current to be 4.78 A. This formula, however, holds under the condition
that there is no sextupole and no octupole corrections. We expect that
TCI can be controlled by their corrections during a total accumulation

time of ~ 40 ms.

6. LIFE TIME OF THE BEAM IN THE STORAGE RING,

In high-intensity heavy-ion storage rings, a beam loss due to an

. . n+ n+
electron transfer process between ions in the beam, A~ + A" =

+ - .
A(n+l) + A(n l)+, may be a severe problem. The loss rate o is estimated

as follows:

o,

N
Frs (21)

o =

Z |

= D1apVemem - (22)
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The symbols are defined in Table 4, where machine parameters are also
listed. The density of ions in the ring is
N

Mab ~ 2mRS (23)

on the assumption that the beam is completely debunched. The beam is to
be stored in the ring as shown in Fig. 3. Then the cross section of the

beam is
S = gab + bep R (24)

where a and b are obtained from the beam emittance € and the average

betatron amplitude function, B,

a= /SXE s (25)

o
1}

VegB (26)

The beam spread due to a momentum dispersion is

- lp
Axp n > - 27)

The dispersion function is approximately

B2/R . (28)

=
Il

= ]1.81 (m)

Then the beam cross section is numerically calculated with values

listed in Table 4, and the density is

D = 4.62 X 101 (@73 . (29)
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The speed of the ion in the center of mass frame is given by

1 2 2
} + (Bysin2) . (30)

2

As the ion momenta are considered to be distributed as in Fig. &,

the typical momentum difference between the ions which will collide

with each other, is

§"'p _ Mp 2a ,

P E;_Za + Axp

(31)

where §'p/p is determined so that the areas of the parallelogram and the
rectangle are equal. Then the first term of eq.(30) is 1.65 x 1074,

The maximum collision angle in the laboratory is evaluated by
0= 2/e, /B (32)

and the second term is numerically 3.61 x 10~%. Then the velocity

in the c.m. frame is

v = 1.19 x 10° (m/s) . (33)

which corresponds to a kinetic energy of 75 eV.

. 9 .
According to papers > 10) the cross sections for the electron

transfer process of various ions are estimated to be of the order of
10_15 2

cm”. Therefore a value of 1 x 107!3 cm? is appropriately

adopted here for U1+.

Now the loss rate can be numerically calculated, and

@ =5.50 (s7!) . (34)



277

The life time, the inverse of the loss rate, is

T = 0.182 (s). (35)

which means that the beam will be lost by the amount of 20 7 during
stacking process of ~ 40 ms. Therefore if such an amount of beam loss
is serious, even though it does not occur at localized positions such as
the inflector septum, but could be uniformly lost around the ring,
another kind of ion of low intrabeam charge exchange cross section

such as Xe8+ should be used.
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Table 4 List of symbols and machine parameters for case A

™I

o =<

m >
ﬁ}u o

m
A

number of ions in the ring 1.79 x 1014
density of ions

mean radius of the ring 59.8 m
cross section of the beam

velocity of ions in the center of mass frame

loss rate

ratio of ion velocity to that of light 0.208 (21 MeV/u)
average betatron amplitude function 10.4 m
1//1 - B2 1.0224
momentum difference between colliding ions

total momentum spread 1.6 x 103

emittance in the horizontal direction 30 x 1076 m.rad
emittance in the vertical direction 30 x 107% m-rad

dispersion function
collision angle in the laboratory frame
cross section of the electron transfer process 1 x 10 19 p2

life time
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Table 5 Summary of the calculations for three cases.

Case A B C
No of multiturn 5 x5=25 25 25
Dilution factor for multiturn 2.4 2.4 2.4

Normalized emittance of the

~6 (m- . 1076 (m-rad
injected beam from the linac 0.5347x10 (m-rad) 0.759mx (m-rad)

LINAC peak current 48 mA 125 mA
RF stacking number 4 4
Momentum spread after the o .
. . . 17% 17
compression in the ring
required p§r10d for one RF 10 ms 28 ms
stacking
Total 1nJecF10n period for 40 ms 112 ms
each ring
Total accumulétlon period 40 ms 112 ms
for n_ rings
Fusion repetition rate 20 Hz 8 Hz
Space charge limit in the
stacking ring 8.6 x 1013 1.8 x 1014
storage ring 3.3 x 101% 8.7 x 101*
Longitudinal coherent limit 300 A more safe than

in case A
Transverse coherent limit 0.54 A "

Growth time of transverse

instability 46 ms "

Compression voltage 2.3 MY 2.2 MV

Compression time 102.4 us (17 turns) ~100 ups

0. 759T\'X10-6(m-rad)

158 mA

4

0.899 %
47 ms
188 ms

N 200 ms

5.7 x 101*

1.4 = 1015

more safe than
in case A

1.5 MV

~100 us
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APPENDIX

Scheme of multiturn injection into transverse phase space

For the purpose of reducing the beam loss due to the collision with
an inflector septum, the following process was studied.
1st) Before the beam injection the tune value of the betatron
oscillation should be adjusted to a half integer taking account
of the space charge effect due to the intensity of a single turn.
2nd) The beam from the linac is injected by a two turn injection

method during the time 2 To’ where To is the revolution time of

the beam.

3rd) The position of the septum in the phase space should be moved in
a time of _1%6_ To in order to reduce the beam loss to around
1 %.

4th) The horizontal tune value is shifted to an integer +3/4, taking

account of the effect of the space charge force due to the two
turn beam already stacked in the ring, and the first one turn
beam to be injected in the next step.

5th) The beam from the linac should be three turn injected during the
time interval 3 TO, and just before the three turn the position of

the septum is moved from x = 11 mm to X = 21 mm in a time of

The acceptance of the ring and the emittance of the beam from the
linac were assumed to be 30 T x 10-6 and 2.5 T x 10*6 m-rad (unnormalized),
respectively.

In the second process the transfer matrix of one turn, MO, can

be written as
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cos{2m(N + %-+ AV) 1, Bsin{2w(N + %—+ Av) 1

M = (A-1)

- %—sin{Zﬂ(N + %—+ Av)}, cos{2w(N + %—+ Av) } s

where N is an integer, Av is the tune shift due to the space charge
effect of the beam, and o (= - %—B'] is assumed to be zero. We

represent the beam ellipse in the phase space just one turn after injec-
tion as (a cosf + X, b sinB), where a and b are the length of horizontal
and vertical axes of the beam ellipse and X, is the position of the
center of the beam as shown in Fig. A-1. Using

—coslAy, ~BsinlAu
M = (A_l) !

1.
—sinlu, -cosAu s

B
where Au = 2m-Av, the position of the beam with respect to the closed

orbit after another revolution is given by
x = —cosAu(a cosb + xc) -~ B b sinBesinAp . (A-2)

The maximum value of x is obtained for the value of 9 which satisfies

dx

ax' -0 (A-3)
and
tang = %P—tanAu . (A-4)
For such a value of 6,
X = -X, cosAu+va2 cos2Ap + B2b2 sin2py . (A-5)
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The maximum value of x in the equation (A-5) when M is varied, is

obtained as

x 2

c
X = B+b ].—gijzﬁ (a#bB) (A-6)

max ~

IXCI + a (a=1bp)

In our case the numerical values are as follows;

B ~ 15 m,
= 4,0 x10 3 m
= 6.25 x 10~4 (A-7)
x = =45 x 10-° m
C
and the maximum value is
X = 0.0106 m . (A-8)
max

Therefore when the position of the inflector septum is shifted outward

.. , . . 1
as far as 11 mm after 2 turn injection in a tlme'iﬁa TO, no further

beam collision with the septum is expected.

In the third process, it is necessary to estimate the required
high voltage of the pulsing system for bump magnets. The bump magnets
should be located 90° up and down stream of the inflector. In Case A,
the required deflection angle of the bump magnet is estimated to be
6.733 x 10" rad in order to distort the closed orbit by 11 mm at the
position of the inflector. If each bump magnet is divided into 6 units
which are excited in parallel, then the necessary deflection angle for

4 4

each unit is = x 6.733 x 10 % = 1.122 x 10 " rad. The field strength

6
of the bump magnet is calculated at 177 G for case A, where the total

momentum of Ul+ is 47349 MeV. The required current for each bump magnet

unit is calculated to be 704.8 A if a single turn coil is used.
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If we assume a critical damping, the rise time tr from 5 7% to 95 %

of the maximum value is given by

- L -
t, = 1l.14 zo (A-9)

where L and ZO are the inductance of the coil and the characteristic
impedance of the circuit, respectively. The inductance of the magnet

is given by the relation

L =Ny ¥2.g (A-10)

where Uy is the permeability of air, w, %, d are the width of the pole,
the length of the magnet, and the gap height of the magnet, respectively,

and F is the ratio of the leakage flux defined by
F=-2 (A-11)

where ¢ and ¢; are the total flux in the iron yoke and the total flux
which goes through the pole face, respectively. Assuming the following

values

w = 0.07 m

£ 21,0 m

d = 0.05m (A-12)
F=~2.0 R

L is 3.52 pH and the characteristic impedance Zo should be 67 Q
so as to make the rise time tr as short as 60 us. The required high

voltage V0 is given by

Vv =212 .1
o o
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and is 94.44 kV, which is a manageable value.

Then the horizontal tune of the betatron oscillation is moved to
an integer +3/4,including the space charge effect due to the beam already
injected into the ring and the beam which will be injected in the next
turn.

After tuning, the beam from the linac is injected by three-turn
injection as is illustrated in Fig. A-2 (a) ~ (c). In the calculation,
the additional effect of space charge due to beam newly injected into the

ring is taken into account. The tune shift is given by the formula

—NB'rp q2
AV = o A-14)
2nep2y3A (
where B, rp and € are the bunching factor, the classical proton radius
and the unnormalized emittance of the beam. 1In case A, this effect

is estimated to be Av; = -0.07 and the transfer matrices of the 1st

2nd and 3rd turns, M;, M, and M3, are given by

tos2m (N + %-+ (¢ - 1)Avy), B sin2n (N + £-+ (Z = 1)Avy)
1 . 3 . 3 .
- E‘SlnihT(N + Z-+ (Z - 1)Avy), cos2m (N + Z—+ (7 - 1)Avy)

Due to space charge tune shift, the beam will come back to the septum
position after three turns, as is shown in Fig. A-2. Hence it is needed to

shift the septum position to x = 21 mm in the time interval (2 + 29 T <

100
t < 3TO . The required current for the bump magnet is 576.7 A, and the
high voltage is calculated at 77.3 kV.

During the wultiturn injection process, beam with an emittance of

2.5 7 x 10~ ®m.rad (unnormalized) is injected into the ring with an
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1
100 * 2 } turns.

Then the dilution factor due to this multiturn injection is

acceptance of 30 7 x 10_6 m-rad during { (2 + 3) -

D = 30 = 2.41 . (A-16)

2.5 x {(2 + 3) - 130 x 2}

This factor is close to the value of the usual multiturn injection, but
in this scheme beam loss due to collision with the inflector septum is

reduced to 2 % of the total beam.
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Figure captions

Fig. A-1. Beam injection is carried out with the elliptically-shaped beanm
shown in the figure. The number of betatron oscillations per revolution
is tuned to a half integral value, including the space charge effect

due to the one-turn injected beam. During the first turn, the bean
ellipse revolves by 180° in phase space, but during the second turn

the beam ellipse rotates as illustrated in the figure due to the space

charge effect of another one-turn beam. In order to avoid beam loss,

99

the septum is shifted to x = 11 mm in the time interval (1 + 100 To

<t <2 To , where To is a revolution time of the beam.

Fig. A-2. 1In this process the tune value of betatron oscillation is
adjusted to integer plus three quarters including the space charge effect
due to the one-turn beam.
(a) 1In the first turn, the beam ellipse rotates in the phase space by 90°.
(b) 1In the second turn, the tune is shifted by the space charge force
due to another one-turn beam and the beam ellipses rotate as is
shown in the figure.
(¢) After three turns, the first beam comes back to the septum position
as is illustrated in the figure because of the tune shift due to
additional space charge effect. 1In order to reduce beam loss, the

septum is shifted from x = 11 mm to x = 21 mm in the time interval

99

(2 + 155

)T <t<3T.
(o] (o]
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Fig.2 An envelope of the RF field for the

momentum stacking.



Fig. 3.

Fig. 4.

289

AXF) da

/
N

The beam profile in the storage ring.

6p

e ——— it

Ap

&p

Four beam pulses of different momenta are stacked
in the storage ring. The typical momentum spread
8'p is determined so that the area of the ractangle

(dashed line) and that of the four pulses are equal.
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Fig. A~-2. Schematic diagram of the second 3-turn-injection with

the tune-value of integer plus three quarters.



BEAM LOSS IN THE STORAGE RING COMPLEX DUE TO CHARGE EXCHANGE SCATTERING

J.R. Le Duff & J.R. Maidment
Rutherford Laboratory

1. INTRODUCTION

We have estimated the beam Toss due to
charge exchange scattering for the three
reference designs used during this study. The
formula derived under simplifying assumptions is
similar to that used previously by Mi]]s(]).
Our results show that this effect is by no means
negligible and indicate a need for both more
complete calculations and further experimental
data on charge exchange cross-sections for

specific ions.

2. BEAM LIFETIME
In the Tab. frame we have

dN = vopldV (1)
where v = relative velocity, p = particle
density, N = number of particles in a bunch of
volume V and ¢ = event cross-section. ATl

quantities are measured in the Tlaboratory frame.

This leads to an e-folding time t given by

I

1
7= % ] chZdV . (2)

To evaluate the integral in equation (2) we
make the following simplifying assumptions:

a) The relative velocity, v, is that due to
betatron motion only and is an average
relative velocity.

b) The cross-section, ¢, is independent of the
velocity.

c) The effect of storage ring dispersion on the
particle density is neglected.

d) The particle density, p, is assumed to be

uniform. However the maximum amplitude

(which defines the beam emittance) is taken as
twice the rms amplitude of a gaussian
distribution.

The validity of these assumptions is commented
upon later. Under these assumptions equation
(2) may be written

1 N
? = UVV . (3)

Now V
relative velocity v = 28c<x > where <x>, <y> =

dnex><y>L, and we take an average
]

rms transverse amplitudes, £ = bunch length and
<X » = rms angular spread, sc = particle
longitudinal velocity.

We assume equal emittances in each
transverse plane so that

1/2

where By = envelope function
]
and e = 4<x><x >

Substituting into equation (3) we obtain

NoBC
— 177 372 (4)
T € B

1.
T
X

We assume a uniform longitudinal particle

distribution H%E = J%E , and on transforming

the cross-section to the center of mass frame

obtain
1 1 1 em
T 7 e 177 377 (5)
€ 8 Y

where we have dropped the subscript from the

envelope function g.

The loss rate will vary around the ring due



to the azimuthal variation of g.

In evaluating

equation (5) we therefore take an effective

value of g defined by

\

1 1)

Bopp = | 1/2 377 " 3/2/
\ Bmin Bmax

-2/3

The resultant lifetimes, for a cross-section

~-15_ 2

o. = 10 "“em™, for each of the three

cm

reference cases are presented in Table 1.

Values for Bnin

from Cornacchia and Rees

and Bmax have been taken

TABLE 1
Case A B C
Befe(m) 6.2 6.2 6.2
e(m.rad) 60x10-6 60x10-6 60x10-6
ocm(cm?) 10-15 10-15 10-18

Y 1.0226 1.0451 1.0451

I(A) 6 17.1 24.3
T(ms) 102 37 26

The present numbers assume a charge state 1.

3. COMMENTS AND CONCLUSIONS

Equation (5) shows that T ~

used the final storage/compreséion ring parameters

1/2

€

I

We have

and these contain some allowance for emittance

dilution. While the beam is being stacked in

these or similar intermediate rings v will be

less than the quoted values by up to 40% Since

the minimum beam handling times between linac

and firal compression in the rings are

respectively 0.7, 1.0 and 3.3 ms we would
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estimate the beam loss, using em = 10—15

am?, to be at least 1/2% 2.5%, and 12% respective-

ly for cases A, B, and C.

We have used a somewhat arbitrary

-15 cm2 for the

(3)

Cs+ jons indicate that this may not be an

cross-section of Tem = 10
'Uranium-1ike' jon. Recent measurement on
unreasonble value. Cleariy further measurements
on other ion species are necessary. Intuitively
it seems appropriate to select a closed-shell
ion. However, if this leads to either a
multiply charged ion of A > 200 or a singly
charged ion of A < 200 problems of space charge
in circular rings would become exacerbated.

We made several assumptions (a) and {c) above seem
equation (5). Assmptions (a) and (c) above seem
justifiable since, for the uncompressed beams,
momentum spreads are of order 10"4 while
angular spreads are of order 10—3. We have
not attempted to consider the situation during
compression in the rings because of significant
perturbations to the lattice parameters by space
charge effects and because the compression stage
occurs over a relatively short time scale
(60-100 turns, 400-600 us).

To obtain an accurate assessment of the
problem, complete calculations (numerical
simulation?) should be performed using realistic
6-D distributions, including space charge
effects, combined with the cross-section for
loss (ionization may leave one particle within
the ring acceptance) as a function of relative
ion velocity.
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BEAM SCRAPING PROBLEMS IN STORAGE RINGS; THE BLACK CLOUD

Lawrence W. Jones
University of Michigan

1. INTRODUCTION

The heavy ion, multi-GeV drivers for inertial
confinement fusion are being designed to produce
beams of an energy, power, and specific
jonization sufficient to raise matter to
thermonuclear temperatures. The magnitude of
these parameters is so far beyond current
experience that some problems raised warrant
careful scrutiny. In particular, the consequence
of some fraction of the beam lost on storage ring
inflection septa, extraction channels, and
beam-defining collimators seems potentially very
serious. Unless carefully contained, a beam haio
can easily vaporize the best refractory
materials, and the resulting vapor cloud will
interact destructively within microseconds with
the following beam. The Timits on beam flux
which may be so lost for particular examples are
orders of magnitude below current experience.

2. BEAM AND SEPTUM PROPERTIES
As examples of the problems in this area,

consider the parameters of a 10 GeV,

3-M3238U"1 Jinac-storage ring driver(!).

The critical quantities, referenced to the linac
output, are:

T = 10 GeV

Iinj = 0.30 Amperes from linac injector

Pinj = 3.0 GW

E = 3MJ total beam energy

N = 1.875 x 101° U™ jons finalty

accumutated

€inj -6 . .

— = 1.5 x 10 /gy m  Tlinac injector
emittance

€SR -6 . .

- = 60 x 10 " m storage ring emittance

T=5.9 ysec period of revolution in S.R.

Ny = 64 injected turns into each of 3
S.R.

(1) N.M. King. These Proceedings.

t = 380 usec total time of injection into
each S.R.

We will assume that, where lost, the beam
strikes a tungsten surface. The relevant
properties of tungsten are:

density o = 20 g/cm2
atomic mass number A = 184
specific heat = 0.145 J/g
thermal conductivity 1.50 M

Y oem® K
melting temperature T = 3653°K
latent heat of fusion £ =190 J/g

From this may be derived several quantities of
interest assuming that the boiling point is close
to the melting point and the latent heat is small
compared to the sensible heat.

Range of 10 Gev U™ in W: sx = 0.2 g/cm® =

0.01 cm
Energy to melt W: u = caT + £ = 680 J/g
usx = 140 J/cm2
4 2
Black body p=ol = 1450 W/cm
radiation of W at 4000°K
Thermal conductivity of a7 5
W over AT = 3000°%, p =k ™= 45 kW/cm

ax = 0.1 cm

The handbook vaporization temperature and
latent heat for tungsten are given at
atmospheric pressure: it is my understanding
that the vaporization temperature in vacuum is
close to the melting temperature, and that the
latent heat there is small. In what follows we
will assume a vaporization temperature of 4000°
K and a total heat reguired to raise
room-temperature tungsten to vapor (in vacuum)
at 4000°K as 750 J/g = 150 J/cmP.



3. ILLUSTRATION OF THE PROBLEM
The scope of the problem is recognized when

these values are combined with the beam

parameters. Thus, if all of the beam were
dumped into tungsten the 3MJ is sufficient to
vaporize 4 kg of W; the full beam rate would
vaporize tungsten at a rate of 4 metric tons
per second. In order to dissipate this energy
by radiation, the full beam energy would need
to be spread (uniformly) over an area of
tungsten of 165 m2. Since the beam is

absorbed in a thin surface skin of thickness
100 sine microns (e is the angle between the
beam and the normal to the the surface), it
seems improbable that this energy can be
removed by conduction, e.g. by water cooling of
The effect of thermal

conductivity will be to increase the effective

septa or slits.
depth over which the ionization energy is
deposited beyond the 0.01 cm nominal range.
However the linac beam power is so high (3 GW)
that thermal conductivity cannot dissipate the
temperature build-up from even a small fraction
of the beam. Thus the means for dissipating
any beam energy lost are assumed to be: (a)
the sensible heat to raise W to the boiling
point (it could be cooled between pulses), (b)
radiation from the hot tungsten, and (c)
ablation or vaporization from the surface. In
the case of this device, this ablation can

The

following argument illustrates this concern.

cause immediate destruction of the beam.

4, EFFECTS OF SEPTUM VAPORIZATION

Consider that the full beam falls on a
septum of vertical height y, and vaporizes
tungsten at a rate of 4 x 10 g/sec. At T =
4000°K, the rms x-component of velocity of the

tungsten jons will be 425 m/sec; the density of
tungsten vapor atoms close to this septum will
be

23

3.1 x 10 atoms

(2)y ml

4 x 10° n /A
P T TRIY v,

where y is the vertical height of the septum,
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I is Avogadro's number, A = 184 for W, and
the factor of two is appropriate if the vapor
can fly off to * x, rather than in one

direction only. The limited data available on

charge exchange cross sections indicate ¢ ~ 4 x
10_]6 cm? for Cs+1 + CS+1:

charged ions of U, etc. probably have

singly

charge-changing cross sections on neutral,

heavy atoms at high energy of at least 10']6

cm2. This suggests that, for a 1 cm septum
which may vaporize to both sides, the fraction
of the incident beam which, when lost on a
septum, will develop a vapor cloud equal to an

ion interaction mean free path is:

_ 2
3.1 x 10

8

f = 6.5 x 107

23 « -16

10
This vapor would propagate across the

vacuum chamber at a rate (v}, or 0.4

In the time it takes to fill the

storage ring (380 usec) this cloud would

mm/usec.
propagate 16 cm. Of course the high-energy
tail of the thermal distribution would

The
conclusion I draw from this simple calculation

propagate correspondingly faster.

is that one must so engineer the beam and the
various septa so that any beam lost is absorbed
by the heat capacity of the loss target and/or
radiated as black body radiation. Even in the
linac or transfer line, a vapor cloud will
develop fast enough to destroy following beam
in al cm2 aperture in several microseconds
if > 10"6 of the beam scrapes and leads to
ablation. If the Toss results in sputtering of
metal at epithermal velocities, the vapor

If a

lighter element is considered (beryllium or

density is correspondingly reduced.

titanium) the heat capacity per gram is
greater, but the number of atoms vaporized per
unit energy may also be greater. As <Vx>

will also be greater the problem is
qualitatively similar.

5. TOLERABLE BEAM LOSS
The problem of accommodating the energy of

the scraped beam on a storage ring inflection



septum may be restated as follows (for the
numerical case under discussion). The heat
capacity of the tungsten surface area normal to
the beam of 150 J/cm2 while the total beam

6

energy is 3 x 10°J. There may be n

sr
storage rings. The fraction of beam which may
be lost in each ring, f, on a septum of

projected area A cm2 is given by

150n
ST Azx5 x 10_5 n

f¢ ————
S 3% 100 sr

A.

1f there are 3 storage rings, and if the septum

area is 1 cm x 1 mm, the maximum loss f = 1.6 x
-5

107,

It may be noted that this beam would fall
onto the septum with a power of 50 kW; even
with the septum inclined at 5° (so that the
energy is spread over 1 cm2) the beam power
is still 30 times that which could be removed
by radiation.

The energy per unit area on the septum may
be related to the emittance of the linac and
the betatron wavelength (or, more explicitly,

X

emittance at 10 GeV is 0.5 cm rad, so that the
2

8. and ey). For our example, the linac
beam area would be 5 cm“ for B, = By = 33

m. Thus the beam energy density, for three
storage rings, is 200 kJ/cmz. As the septum

can only tolerate < 150 J/cmz, the beam halo

at the septum must be less dense than the
central beam by a factor of 1330. This is a
less frightening factor than 105 (cited

above). The problem may be made to appear even
less severe if a larger number of storage rings
and larger g values are considered. Thus, if
there are 10 storage rings and 8 = 50 m, the
beam energy density in each ring is only 38
kJ/cmz, so that the halo density need only be
less than the central beam density by a factor
of 250.

In conclusion, we believe that this problem
merits serious study. This limitation will
affect the choice of storage ring parameters
and perhaps the number of storage rings.

The diffusion equation for the temperature
vs. time and depth for the one dimensional
problem should be explored with the proper
parameters for tungsten and other candidate
materials (Ta, Mo, Ti, Be) considering heat
capacity, conduction, and radiation.

The targets of high-power klystrons and
x-ray tubes surely are limited by these same
considerations, and there is a body of
engineering experience in this connection which
would be instructive.



BUNCH COMPRESSION IN HEAVY ION FUSION STORAGE RINGS

M. Cornacchia (BNL) and G. H. Rees (Rutherford Laboratory)

1. INTRODUCTION

Bunch compression in the proposed heavy ion
fusion storage rings results in large transverse
In this
note parameters are derived for the bunch

and longitudinal space charge forces.

compression in three reference designs and
aspects of the transverse and longitudinal
motion are discussed.

Transverse and longitudinal space charge
forces on an ion depend on both the transverse
and azimuthal co-ordinates of the ion in the
bunch. 1t appears therefore to be insufficient
to treat the transverse and longitudinal motions
separately in the non-adiabatic compression and
that a detailed evaluation of the problem
requires elaborate numerical simulation or an

experimental test facility.

2. REFERENCE STORAGAE RING DESIGNS
Parameters used for the three reference

designs are:

CASE A CASE B CASE C
Ton u* ut ut
Kinetic Energy 5 GeV 10 GeV 10 GeV
Target Bunch 20 ns 40 ns 70 ns
duration
Initial Bunch 1 us 2 us 3.5 us
duration
Revolution 6 us 6 us 7 us
period
Bunches/ring 6 3 2
Bending radius 31.6m 44.9 m 44 .9 m
(B = 5T)
Mean radius 59.8 m 83.1Tm 97.1 m
Emittance/n 60x10-0  37.5x10-5  60.0x10"
rad m rad m rad m
Ipc (av=1/4) 18 A 23.3 A 32 A
50 Ipc 900 A 1165 A 1600 A
Number of 24 (or 42) 12 18
bunches

6

Number of
rings 4 4 9

or 7 (av =

1/7)

Particles/  1.12 or 2.91x1014  7x1014
bunch, N 0.64x1014
Energy in > 1 MJ >3 M > 10 MJ
target
P(TH) 100 TW 150 TW 300 TW

The total bunch compression of a factor 50 is
assumed to consist of a factor 7 in the storage
rings and a factor 50/7 in the transport line to
the target. The maximum momentum spread allowed
at the target has been specified as aAp/p = = 1%
and this infers, in the absence of dilution, a
momentum spread for the unbunched storage ring
beam of ap/p = * 2B x 107 where B is a
final bunch shape factor (approximately 2/3).

3. TRANSVERSE MOTION DURING COMPRESSION
Reference design B will be used to indicate

the scale of the effect of the transverse space

Ring B has

charge forces on the betatron motijon.
a mean radius of 83.1 m and the following lattice

design was assumed:

Betatron tunes Vyo vy 8.3, 8.3
Number of cells 28

Cell length 18.65 m
Integrated quadrupole strength f gdg 41.5 T
Peak value of beta-function, & 33.1m
Peak value of dispersion function, 7 2.2 m
Gamma transition, Ty 7.7
Minimum value of beta-function, g 4.0m

Minimum value of dispersion function, ¥ 1.0 m

At a bunch compression of 7 and an assumed ,
bunch shape factor of 2/3 the resulting bunching
factor B = 0.0952 = 1/10.5 for a uniform
transverse density.



The parameters above have been used in a
program of A. Garren that solves the equation of
the betatron envelope in the presence of linear
transverse space charge forces. The program
calculates the equivalent modifications to the
lattice functions, and for B = 1/10.5 the
following results were found (when B = 1

corresponded to av = 0.25):

v = 8.3 > 6.05

B, =33.1 > 38.6m

£, = 4.0 > 6.23m

A= 2.2 > 4.0m

Y = 1.0 » 1.85

Yy = 7.7 » 5.6

Results for other values of B are given in Fig. 1.

The dependence of the lattice functions on
the bunching factor, depicted in Fig. 1, results
effectively in a spread of values of these
functions along the bunch, due to the
longitudinal variation of the space charge
density. Since different particles have
different optics, it is impossible to completely
match the beam ejected from the storage ring
into the transfer Tine. The result is a blow-up
of emittances. For the case B under
consideration the maximum increase in horizontal
betatron amplitude due to the dispersion

mismatch is, for a bunching factor

i

B =
10.5
éx {[
50% s 4
il
LS 4 Ay |
ﬁa‘.
LfF 3 4
35k 2F 1
ol 1} i ]
—_ J 1 L 1 1 1 1 1 1 1 1
o t 2 3 & 5 7.8 0N o’ B W% B

%

FIG.1. CHANGE IN LATTICE FUNCTIONS FOR CASE B (V=8.3)
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~ ap_ _ -
Axdisp = (n1 - nO) 5= (4 -2.2) x4
X 10_3 =7.2 mm,
where
ng = maximum value of the unperturbed
dispersion function in the ring = 2.2 m
ny = dispersion in presence of space
charge =4 m
Ap = maximum momentum deviation at the end
P of the compression = = 4 x 1073,

(This value is discussed in Section 4).
The mismatch of the 8 functions also

introduces an increase in the horizontal and
vertical betatron amplitudes of the order of

MXpet =v/€0 B1 “W/€0 B =

\f37.5 x 38.5 -~/37.5 x 33 = 2.8 mm,

where
€9 = injected beam emittance = 37.5% x
107% rad m
By = unperturbed g function = 33 m
3] = B function in presence of space charge

= 38.5 m.

It is debatable whether the blow-up of
betatron amplitudes discussed above should be
added linearly to the unperturbed amplitudes of
the injected beam in order to estimate the
resultant emittance blow-up. If we do so, we

find, for the relative emittance increase,

where S and Xp are the maximum perturbed

and unperturbed betatron amplitudes.

If, instead, we add the amplitude increase

quadratically, the relative emittance blow-up is
only 4.8%.
of this effect would require further study;

A statistically significant analysis

here, we shall arbitrarily settle for



approximately half the value calculated from the
linear addition of betatron amplitudes, and
assume:

(ae/eg)nismatch = 30% -

Figure 1 shows that a considerable fraction
of particles {those in the higher charge density
region) will cross two integer and four 1/2
integer resonances during the compression. We
estimate first the blow-up in crossing the
integer resonance.

For N random dipole errors in the ring, the
oscillation amplitude increase is given by
(r.m.s value):

<de>

d1p

av <AB> sin ¢ =
2 /2o

AB sing
/2N

where x = normalized maximum oscillation

amplitude, horizontal or vertical
VB ).

circumferential angle around the accel-

(i.e. max. ampl. *
erator, in radians.
dip length of a single dipolar pertur-
bation.

av average value of horizontal or
vertical g function at the petur-
bation location.

betatron phase angle at a reference
point in the ring.

p = bending radius.

S

In equation (1), we have made the

r.m.s.

value of random dipole errors.

simplifying assumption that the sources of
errors come exclusively from the main dipoles.
We assume that the tune change occurs linearly.
Thus the non-integer part of the tune at the
reference point in the ring is given by ve =
Vof + Ao and equation (1) becomes:

2

. Ao
<?§§ N EE!_<:AB sin vy + ==+ o)
do/ o\ B

> (2)
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where ¢O is a constant.

The expectation value of the normalized betatron

amplitude after crossing is:

© final = ﬂ <AB>/ sin ot

and e are chosen weil away from

A92

If the points 8,

the resonance, the integral can be approximated
by:

0

Y 2x/A sin [(b - (vofz/ZA) + (1r/4)]

Thus, the final amplitude after crossing for the

most unfavorable phase is:

(S(-)fina] = /W <AB>/_

It is indicative to relate the residual
dipole field perturbation <AB/B> to a realistic
value of the closed orbit distortions after
correction for the unperturbed working point
Vor The expectation vg]ue of the orbit

distortion is given by, in normalized amplitude:

i
. B ¥ Bav x A_B
(CO 2 sin wv, /T B

Expressed in terms of the above closed orbit

(5)

error, equation {(4) becomes:

(%) final = <;Eé> sin wv, Y2/xA
Then, for <§co> assume 1mm *vYg .

In estimating the rate of tune change, we
ignore the sinusoidal variation of the bunch
length and take the average over the whoie
tune-span. This approximation is justified by
the fact that the integer resonance is crossed
twice and it is not possible to choose the
fastest rate of tune change for both crossings.
We choose, therefore A = (8.3 - 6.1)/(2x x 68) =
0.0051 rad”' where the number 68 is the number
of bunch rotations during compression: see

Section 4. Egn. (6) gives the final normalized
betatron amplitude after one crossing of the
integer resonance. For two crossings, the value

increases by V2, and we obtain:

+ ¢ \de.



Xfinal

For the half-integer resonance we first
calculate the stop-band ha]f—width(]):

1 2 1/2
@ cwm [ ] G0 g
i
where <Aq> is the r.m.s. of the gradient errors

in the quadrupole of length lq. Assuming, for

the lattice under consideration:

ag,
<?¥1:>= ]0’3 =3 _0.18 m_], g = main
g Bo

quadrupole gradient,
1/2

2
0.18 8 .| /ag\ .0.18 -
<6v>= ?{z x1] ‘8>~7;? /78 x 33 x 10

.i
= 0.0025 .

The amplitude blow-up after crossing is given by:

« 28y
= = exp /2| »
X0 (ZAvr>
where X = initial betatron amplitude

by, = average tune change per turn

8.3 - 6.1
=—g = 0.032
From egn. (6) we find the blow-up per crossing:

X
= 1.06

0
For 4 crossings, the amplitude growth increases

by v h

X
X = 1.12
<x0> final

If we calculate the relative emittance blow-up,
assuming that the betatron amplitudes are added
linearly, we find:

Ae

For integer resonance: == = 90% ,
0

F l s . Ae o

or 7 -integer resonance: — = 26%

0

(1) C. Bovet et al., A Selection of Formulae
and Data Useful for the Design of AG
Synchrotrons, CERN/MPS-SI/Int. DL 70/4,

(1970).
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(not normalized) =vV§ <7>f1'na1 = 12.8 mm

For the integer resonance, the linear
addition of amplitudes is justified by the fact
that there is a coherent displacement of a
cross-section slice of the beam: the 90%
emittance blow-up concerns only that fraction of
the beam which crosses the resonance twice,
which is also, unfortunately the region with
higher particle density. For the half-integer
resonance, the blow-up is incoherent and a
quadratic increase is probably more
statistically realistic, which makes tnis
resonance considerably less dangerous than the
integer resonance. Finally, the magnetic field
quality we have assumed for the dipole and

quadrupole errors is, of course, subject to

discussion.

The change in the bunching factor as the
bunch compression proceeds is shown in Fig. 2
for the reference Case B.

The magnitude of the effects indicates that
it may subsequently be necessary to reduce
somewhat the number of particles per ring and
increase the number of rings.

4. LONGITUDINAL MOTION DURING COMPRESSION
The reactive impedance due to the

longitudinal space charge forces is:

VA . 2
== - jgl,/2 . 9
- gyl 28y (9)
B
10F
ool
0.8k
0.7
ost
0.5¢
o4t
03
0.2}
0.1
ol
| 1 i 1 1 1 J— 1] J— )
0 10 20 30 40 50 60 70 80 90
Nlurns

FIG.2. CASE B: BUNCHING FACTOR Vs NUMBER OF COMPLETED REVOLUTIONS



Assuming a value g = 2

L (at 5 6ev) = - j (1728)9
JA .
Fy (at 10 GeV) = - j (1189)q
The equivalent negative inductance values are:
Case A Case B Case C
L = -1.650 mH -1.134 mH -1.325mH .

The large values of Z/n and L are a consequence
of the Tow g-values. To estimate the magnitudes
of the longitudinal space charge forces, the
storage ring bunches are assumed to have a

parabolic form in the azimuthal direction so

that the maximum energy gain or loss per turn is:

£ 3 Nel/2T%,

ev . = (10)
where T is half time duration of the bunch. The
energy gains/losses per turn for the three
reference designs are:

Case A Case B Case C
-L 1.650 mH 1.134 mH 1.325 mH
N 0.6ax10'%  2.91x10'*  7x10'"
T (min) 71.4 ns 142.8 ns 250 ns
evsc(max) £4.98 MeV £3.89 MeV £3.57 MeV

The maximum levels are achieved just prior
to ejection. The forces vary linearly along the
extent of the bunch, being zero at the center.
The energy gains will differ from the above
values for bunch shapes other than parabolic and
the variation with position will then become

non-11inear.

For rapid bunch compression it is necessary
to compensate for the longitudinal space charge
forces and to provide additional focusing
fields. A closed curve in (ap/p, ¢) space
containing all the beam particles may be made to
rotate and reach a minimum phase extent after a
quarter of a synchrotron period. For a linear

rotation, the RF voltage waveform must be of a
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saw-tooth form and not sinusoidal. The bunch is
extracted before reaching the quarter wavelength
point to allow further rotation and compression

in the external transfer line to the target.

When the RF waveform is of a saw-tooth form,
the number of rotations of the bunch in the ring
during a quarter of a synchrotron period is

iven by n _:
g Yy q

ng = /L4672 = v, (ap/p)T

q

where h is the harmonic number of the saw-tooth
wave (= no of bunches),

2 is gamma transition, and
{ap/p) is the peak momentum spread at the

quarter synchrotron point.

The peak voltage of the saw-tooth waveform
for the rotation is given (when the space charge
forces are compensated separately) by V:

eV = # 2En282/(7_2 -y _2) )2 (12)

& h (4nq

E is yEO where E0 is the rest energy of the ion.

V is proportional to h 8% (ap/p)® (v7° - Yt—Z) .

Parameters for the three reference cases are:

Case A Case B Case C

6 3 2
f, 166.7 kHz 166.7 kHz 142.8 kHz
hf 1 MHz 500 kHz 285.7 kHz
" 5.54 7.7 9.0
ap/p X107 41073 43107
nq 35.4 72.8 108.7
eV +1.76 MeV +1.69 MeV +]1.13 MeV
n 33 68 102

Here n is the actual number of bunch
rotations in the storage ring and is given

approximately by:



where C is the bunch compression factor 7, and D
is the ratio of the peak ap/p after and before

compression (a factor of 20 for ap/p = * 4 x 10'3).

The value of ap/p = #4 x 10—3 has been
assumed instead of the maximum allowed in the
transfer line (i10_2) for two reasons:

a) to 1imit the amplitude of the saw-tooth RF
waveform,
b) to 1limit one of the emittance blow-up

effects discussed in Section 3.

The choice of ap/p = 4 x 10_3 infers that
additional compression is undertaken in the
transfer line to the target station. As an
example parameters are given for Case B,
assuming an external transfer line of length
twice the circumference of ring B and the

momentum spread increasing to £107°,

T(1/2 bunch 142.8 ns 20 ns

duration) (initially) (at target)
Space charge * 7.45 keV/m + 380 keV/m
compensation

Additional + 330 keV/m * 46.2 keV/m,
compression

where energy gains quoted correspond to the
particles at the tail and head of the bunch.

At the end-point of compression in the
storage ring the ratio of the saw-tooth
compression forces to the space charge forces is:

Case A Case B Case C
Ratio 5.0% 6.2 % 4.5%

Thus an error in the space charge compensation
can readily lead to incorrect rotation of the
bunch. Such an error may arise if the bunch
shape is not of the assumed parabolic form, a
probable event since the compression is
non-adiabatic. For this reason it appears
advantageous to compensate for the Tongitudinal
space charge forces by including passive
inductive cavities in the ring to cancel the

equivalent negative inductance of the space
charge forces. For Case B this would infer a
total inductance of 1.134 mH.

A possible system for Case B would have 378
ferrite loaded cavities, each 3uH, with a
maximum voltage per unit of = 10 kV. The lowest
cavity resonance would have to be > 15 MHz and
all the resonances would have to be heavily
damped. Ferrite Q values in the frequency range
up to 15 MHz can be of the Oﬁger 100 so that the
total resistive component of i due to the
inductive cavities may be approximately 10 R
provided it proves possible to damp adequately
the resonant modes.

The RF system to provide the saw-tooth
waveform has received insufficient study. It
may be adeguate to approximate the saw-tooth by
adding an appropriate number of harmonics, and
if this is so, the later stages of the
compression may be more readily controlled by
switching to one of the higher harmonic RF
systems at a lower peak voltage level, The
effective % values for the individual cavities
may be reduced by feed-forward techniques and by
damping of higher modes. The 1imit to the
reduction in %—from a fed-forward system is set
by the system-gain stability. Because of the
peak beam current levels involved, the gain may
have to be reduced as the compression proceeds.
Without further sutdy of the RF systems and the
storage rings it is not possible to say if there
is adequate straight section space for the RF.
There is probably not for the reference Case A
which has the smallest ring circumference and
largest RF requirements.

Longitudinal emittance dilution in the bunch
compression is very important to evaluate since
in the reference cases there is no allowance at
all for any dilution. The most Tikely cause of
emittance dilution is the effect of the
variation of the longitudinal space charge
forces across the transverse dimensions of the
beam. In the derivation of the Tlongitudinal
space charge forces it has been assumed that the



The
exact expressions for g depend on the chamber

parameter g, is a constant equal to 2.

dimensions and of the transverse density
distribution in the beam.

For a circular beam centered in a circular
chamber with a uniform transverse density
distribution:

) - )

where b is the chamber radius, a the beam radius

(14a)

and r the individual particle radius.

For a parabolic density distribution, the
formula is modified to:

2 4
e @)-2 () -4 (" 0n

For an elliptical beam in an elliptical chamber,
with the elliptical contours confocal, and for a

uniform transverse density distribution:

2b b b, + b
g ='_TTJ_EL?_+ 2 &n ! 2 -6, (l4c)
bI + b2 a]+ a2
2b.b a 2
where G = 2 ———%—g———§ - Eg 2X 5
b] + b2 1 a;” - a2
a 2b-b 2
vo[L - 2]22 |
2 by thy N -y

(x,y) are particle transverse co-ordinates,
(a], a2) are semi-axes of the beam
elliptical cross-section, and

(b], b2
elliptical cross-section.

) are semi-axes of the chamber

A1l three expressions for g indicate a large
variation of the longitudinal space charge
forces across a transverse section of beam. For
example, in the first expression, eqn. (14a), g
varies from

b
g=1+25Lng

Il
o

at r

at r

]
<7}

b
tog=2 2&n 2
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Since the space charge forces are larger
than the saw-tooth compression forces there must
be a pronounced effect on the bunch compression.

Numerical simulation is required to evaluate
the problem. A realistic simulation must
include both longitudinal and transverse
motions, and at present it is unknown if

realistic 3-D tracking programs can be developed.

5. CONCLUSIONS

1) Large transverse and longitudinal space
charge forces are present in the beam during
the bunch compression in the reference
storage rings. Some dilution in the
transverse and longitudinal emittances must

therefore be expected.

2} For the transverse motion, dilution
occurs due to crossing of betatron
resonances and mismatch in transfer to the
For the Case B
considered the transverse emittance/r was
assumed to be 37.5 x 107°
probable that a larger emittance could be

external beam line.

rad m and it is

tolerated in the target chamber for this
case. Emittance dilution of the order 2 has
been estimated but the estimates are crude
and should be checked by numerical

simulation.

3) Some dilution in the longitudinal
emittance must be expected because of the
variation of the longitudinal space charge
forces across the transverse dimensions of
the beam; thus it is not possible to have
exact compensation of the longitudinal

It is
important to evaluate the magnitude of the

forces for all beam particles.

dilution because there are restrictions on:
ap/p in the transfer line (transport
difficulties for ap/p > £ 1%) and ap/p at
injection in the storage ring (longitudinal =~
instability considerations). Longitudinal

motion is dependeht on the transverse and
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longitudinal beam distributions and a
realistic numerical simulation of bunch
compression must include both longitudinal

and transverse motions.

4) It is desirable to restrict the maximum
momentum spread in the storage ring (to

24 x 107
order to limit the size of the RF system for

just prior to extraction) in

bunch compression and to limit the
transverse emittance dilution at transfer to
the beam line.

5) 1t appears to be advantageous for the RF
system design to have two RF systems, one to
compensate for the longitudinal space charge
forces and one to provide the bunch

rotation/compression. The system suggested
for space charge compensation is to use a
large number of passive ferrite loaded
cavities (whose resonant frequency is well
above the harmonic components of interest in
the beam current). The RF system for

compression has ideally a saw-tooth waveform.

6) The effects of non-linear transverse
density distributions have not been
considered but could be important.

7) The compression leads to a large
variation of the A\ function along the
bunch which will contribute to the dilution
of the Tongitudinal emittance.
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DESIGN STUDY OF AN ACCELERATOR FOR HEAVY ION FUSION
T. Katayama, A. Noda, N. Tokuda and Y. Hirao
Institute for Nuclear Study, University of Tokyo,
Tokyo, JAPAN

ABSTRACT Table 1 General Requirements for the

Design of a demonstration accelerator for
heavy ion fusion based on a synchrotron system
is briefly described. The proposed complex
system of injector linac, rapid cycling
synchrotron and five accumulation rings can
produce a peak current 1.6 kA, peak power 32 TW
and total energy 0.3 MJ. Investigations of the
intrabeam scattering give a lifetime of the beam
Tonger than the fusion cycle time of 1 sec.

1. . INTRODUCTION

In recent years interest in high energy
heavy ions has been growing in various fields of
science and applications. In Japan an
accelerator complex responding to these demands
has been proposed at INS, University of Tokyo;
this is called the NUMATRON'® 2) and it should
provide heavy ions up to uranium in an energy
range of 0.1 ~ 1.3 GeV per nucleon. The main
feature of the accelerator is to provide a high
intensity heavy ion beam by the use of two
synchrotrons and an injection method which
combines the techniques of multiturn injection

and RF stacking.

Here we will present the design of the
demonstration synchrotron-based accelerator
complex for fusion power generation: it is not
directly aimed at producing practical fusion
power plant, but is a first step to show the
feasibility of heavy ion fusion.

General requirements for the accelerator are

given in Table 1.

2. OUTLINE OF THE ACCELERATOR
The accelerator consists of two ion sources
followed by 1 MV Cockcroft-Walton generators,

Widerde linacs, Alvarez linacs, rapid cycling

Demonstration Accelerator

Total energy 0.3 MJ
Peak Power 32 TW
Beam pulse width 10 ns
Number of particles 1 x 1014
Peak Current 1.6 kA
Energy deposition 6.8 MJ/g
Repetition rate 1 Hz

synchrotron and five accumulation/compression
rings, from which 20 beam bunches are extracted
simultaneously and are carried to a reactor
chamber located at the center of the
accumulators. Total beam intensity is 1 x

]014
to 32 TW total peak power, 300 kJ total energy
and 1.6 kA peak current. Throughout the design

within a time of 10 ns, which corresponds

of the accelerator, xenon ions have been assumed
because their intensity and characteristics at
the ion source stage are well understood at
present.

3. INJECTOR LINAC

From the point of view of acceleration
efficiency, high charge state of the ion is
preferable. However, since the available
intensity of high charge state ions is Tow, in
the present paper a Xe2+ beam is assumed at
the ion source stage.

2+ beam is accelerated by the 1 MV

The Xe
Cockcroft-Walton and is injected into the first
n-37 mode WiderGe linac. The expected intensity
from this injector system is 5 particle mA3),
and two such systems are funneled to obtain an
intensity of 10 particle mA., Kinetic energy and

velocity at the input of the first Wideroe linac

are T-i = ]5.]5 keV and B-i = 0-57%,



respectively, and the structure of the WiderGe

linac is almost the same as the one designed for
the NUMATRON project.
keV per nucleon by the two n-3w mode Wideroe

After acceleration to 400

linacs, the xenon beam is stripped by a gas
stripper to the equilibrium charge state of q =
4, The fraction in the equilibrium charge state
at this stripping energy is estimated to be
0.2]).
accelerated to 20 MeV per nucleon by the #-3n

The resulting 2 particle mA beam is

and 7-7 mode Widerde linacs and the Alvarez

linac.

If the intensity of Xe4+ at the jon source
stage were sufficiently high, say 2 particle mA,

the injector system would be much simpler.

4. RAPID CYCLING SYNCHROTRON
Basic requirements for the synchrotron are

as follows:
1. Xe4
20 MeV/u and should be accelerated up to

around 150 MeV/u.

+ A
beam is injected at the energy of

2. The output intensity of the synchrotron
should amount to 1 x ]014 particles
per second.

Linac beam is injected into the synchrotron by
the multiturn injection method, 10 turns
horizontally by 5 turns vertically. Assuming
the dilution factor to be 2, the emittances

after the multiturn injection are 100x x 10_6

m rad in horizontal phase space and 50% x 10_6

m rad in the vertical one.

The space charge 1imit in the ring is simply
given by
A 2
(£5) ea?y’
q

_ 27y

N
B
"p

(1)

is the

-18 m and e

where B is a bunching factor, rp
classical proton radius 1.533 x 10
is an emittance. If we take the bunching factor
as 10, the space charge limit at injection
energy is calculated to be 2 x 1012

particles/pulse. In order to attain the

The total length of linacs is about 250 m.
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intensity required by the fusion program,

14 particles/s, the synchrotron

say 1 x 10
should be a rapid cycling one with a repetition

rate of 50 Hz.

The required peak current from the Alvarez

linac is given by

I N N x e

peak 50 XT ey

= 0.89 mA, (2)
which is obtained easily by the present
technique of heavy ion linacs.

From considerations of magnetic rigidity and
attainable maximum field in normal bending
magnets, the parameters given in Table 2 are
suitable for the present design.

The RF voltage required for the acceleration
of the beam is given by
Vsing, = 2noRB . (3)
In the present design, the maximum B is 186
Webers/mzosec and the stable phase angle is

30°, so that V is 5.4 MV/turn.
voltage is supplied by 50 cavities, each of

This enormous RF

which has 2 accelerating gaps with a gap voltage
of 54 kV. The revolution frequency of the beam
changes from 139.2 kHz at injection to 346.5 kHz
at ejection, so that the RF frequency ratio is
the moderate value 2.5.

The vacuum pressure required to assure 80
percent survival rate of the accelerated beam is
6.2 x 1079
cross section due to collisions of the Xe beam
with N, gas to be 2.7 x 107'° en® at 150
MeV/u and 1.7 x 10*]5 2

torr, taking the charge exchange

cm” at 20 MeV/u.4)

Using a bellows type vacuum chamber of 0.12 mm
thick stainless steel, and a dry pumping system,
this vacuum pressure is easily obtained without
eddy current effects on the beam.

We will consider the transverse coherent
resistive wall instability, TCI, which is most

severe for the acceleration of high intensity

5)

heavy ion beams. The TCI limit is given by



Table 2 Synchrotron Parameters

Design kinetic energy

at injection 20 MeV/u
at ejection 150 MeV/u
Intensity (Space 2 X 10]2 ions/pulse
charge limit)
Repetition Rate 50 Hz
Radius of curvature 33 m
Average radius 70 m
Circumference 439.8 m
Focusing structure FouU
Number of betatron oscillations ~ 6.25
per turn
Transition kinetic energy 5.8 GeV
Number of cells 64
Length of the unit cell 6.87 m
Length of the bending magnet 3.24 m
Magnetic field strength of the
bending magnet
at injection 5.93 kG
at ejection 18.32 kG
Maximum time derivative of the
magnetic field 1863 kG/s
Momentum compaction factor 2.56 x 10-2
Momentum spread of the beam
at injection 5 x 10_4
at ejection 1.25 x 107
Revolution frequency
at injection 139.2 kHz
at ejection 346.5 kHz
Required energy gain per turn 2.7 My
Harmonic number 10
RF frequency
at injection 2.78 MHz
at ejection 6.93 MHz
Number of accelerating stations 50
Number of RF cavities per station 2
Total number of accelerating gaps 100
Vacuum pressure 6 x 102 Torr
2A FY N - Ap
Ng55 —— vll=v)a+ e = (4)
q 71 r P
0
where ZT is the transverse impedance of the

ring and Z0 is the vacuum impedance 120rQ ,
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R =10y, - 1/¥%, and £ is a chromaticity
The momentum spread of the injected beam is

assumed to be 5 x 10_4. When we introduce a

chromaticity of around & =<;(%%757—> = -6, the

0 particles, which

intensity Timit is 5.6 x 10"
is much smaller than the space charge Timit.
However, the growth time of this instability is
about 10 ms even when 2 x 1012 particles are
injected into the synchrotron. This growth time
just equals the acceleration time, and so the
TCI will be well corrected by suitable sextupole

and octupole magnets.

Due to adiabatic damping during
acceleration, the momentum spread and emittances
4, 357 x

merad

at the final energy are 1.25 x 107
-5
10

(vertical), respectively.

merad (horizontal) and 187 x 10_6

Most parameters of the synchrotron are given
in Table 2.

5. ACCUMULATION AND COMPRESSION RINGS
Ten pulses of the synchrotron beam are

stacked in each accumulation ring, whose
diameter is twice as large as that of the
injector synchrotron. Two pulses are injected

in separate longitudinal spaces, and RF stacking

is repeated five times. The space charge limit

of each ring is calculated to be 6 x 10]3
particles, assuming that bunching factor during
a stacking process is 1.0 in the ring, and the
This limit

is large enough compared with 10 pulses from the

emittance is 17.7w X 10—6 merad.

synchrotron, 2 x 10]3 particles.

The RF stacking process in the accumulation
ring is similar to that which is used for the
1SR at CERN®) and for TARN at INS.”* 8) The
outline of the RF stacking process is as follows.

The beam from the synchrotron bucket is
transferred into the accumulation ring bucket
After
capture of the beam, the RF frequency is varied

with synchronization of the RF systems.



The rate of
momentum change for the synchronous particle is

for changing the equilibrium orbit.

given by:

dp/dt _ 1

(5)
P E.8

5 frev c eV sin¢s s
where ES is total energy per nucleon.
Assuming the momentum difference between the
injection orbit the top of the stacked orbit to
be 2
required RF voltage is 400 kV.

, and the RF stacking time to be 5 ms, the
During this
process the RF frequency must be changed at the

rate:
2
df € eV coscbS . h. fs . K
af= E s (6)
S
where fs is a revolution frequency and s
n/sz. Substituting numerical parameters, we

obtain the sweep range of RF frequency as 52.5
kHz.

In the final bunch compression process, the
; .9
required RF voltage is

3Ngh
Ng rpg

eV = ZnyAmpc2 [ 3
Ay Rod ) 88yry (88, %8841 0)

+ h-n;2 (AB) 2 ,
8"y N P
where A¢min is given by the relation

hgc

= 7R At

By

For the purpose of reducing the RF voltage,
the harmonic number of the accumulation ring is

determined at 20. Substituting at = 10 ns,

AD -3 _ 13 _
b = 2.5x 107, N=2x 10 °, A¢0 =

obtain V = 28.6 MV/turn, which will be supplied
by 60 RF cavities with 240 accelerating gaps.
Each gap produces a potential difference of 120
kV which The
compression time is estimated to be 5.8 us which

21, we

is within present RF technique.
corresponds to 2.9 revolutions in the ring.
In order to afford spaces for cavities and

equipment for the extraction channels, the cell
number of the magnetic focusing structure is
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chosen to be 128 and each cell has a long
straight section.

The vacuum pressure required to assure 80

10 torr. On

percent survival rate is 1.5 x 10~
the other hand, the lifetime due to intrabeam
scattering of the Xe4+ beam at the 2 x 1013
intensity is 1.52 sec in the designed

acce]erator.]o)

In Table 3, major parameters of the
accumulation ring are given.

Table 3 Accumulation/Compression Ring Parameters

Kinetic energy of Xenon ion 150 MeV/u
Intensity 2 X 1013 ions/pulse
Repetition rate 1 Hz
Magnetic Field Bending Magnet 18.32 kG
Radius of Curvature o =33m
Average radius R=140m
Circumference C = 879.65 m
Number of cells 128
Focusing structure FODO
Revolution frequency 173.25 kHz
Transition kinetic energy 9.61 GeV
Number of betatron oscillations ~ 10.25

per revolution

Required energy gain per turn 28.6 MV/turn

Momentum compaction factor 9.52 x 1073
Momentum spread of the stacked 6.52 x 10‘4
beam
Harmonic number h =20
R.F. frequency 3.465 MHz
Number of R.F. cavities 60
Total number of gaps 240
Final bunch length 20 ns
Bunching time 5.8 us
= 2.9 revolutions
Vacuum pressure 1.5 x 10_10 Torr
Number of extraction channels 20
Momentum Spread after compression 1.33%
(full width)
Emittance after compression
(Horizontal) 357 x 100 m rad
(Vertical) 187 x 10" m rad



The intensity Timit due to the transverse
coherent resistive wall instability is 5 x
1011 particle if we introduce a chromaticity
of -6. The e-folding growth time of the
instability for the intensity of 2 x 1013 is 1
ms, a factor 3 less than the accumulation time.
From the point of view of TCI, the momentum
spread of the stacked beam should be large to
give Tlarger tune spread for Landau damping. As
is clear from equation (7), large momentum
spread requires enormous RF voltage which is far
beyond present RF techniques, so that other
methods to cause Landau damping, for example
creating an amplitude dependent tune shift by

octupole magnets, will be useful.

6. CONCLUSION

The goal of our design for a heavy ion
fusion accelerator is achieved by a massive
system which consists of 5 acccumulation rings,
each with 20 beam lines, and a rapid cycling
synchrotron. For further progress of the
design, detailed investigation of the techniques
for surmounting the transverse resistive wall

instability is necessary.
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INTEGER RESONANCE CROSSING IN H.I. ACCUMULATOR.RING

J. Le Duff
Rutherford Laboratory

1. INTRODUCTION

The R.F. Linac scheme requires current
multiplication in order to reach the necessary
amount of peak power on the target. As part of
this multiplication, a complementary accumulator
ring is filled up to its current limitation
within the usual Laslett tune-shift Timit aAv =
0.25. However, during compression the tune can
spread over, at Teast, one integer. The
compression time is of the order of several tens
of revolutions: (the revolution period is of the
order of 5 yus).

Experimentally, on existing circular
machines, relatively fast crossing of half-
integer resonances has been achieved, which is
not true for integer resonances. However, in the
case of a heavy ion accumulator ring there is
concern with relatively fast crossing of such
resonances during the compression time (a
fraction of a synchrotron oscillation period),
the beam being ejected after this operation.

In what follows, two simple approaches are
considered for the transient particle dynamics
when the operating tune is very close to an
integer resonance and assuming dipole defects
are distributed around the ring.

2. INTEGER RESONANCE BEHAVIOR IN CASE OF STATIC
TUNE (v = k)

Let's assume a single defect corresponding

to a field error %; = 10_4 over a magnetic length

of 6 meters. For v = k, a particle initially
moving on the reference closed orbit (axis of
the magnetic structure) will get, at each
revolution, the same angular kick at a constant
betatron phase. Obviously the amplitude of the
induced betatron motion will increase Tlinearly
with the number of revolutions

2 n §BAs
n Bo X

where %?—As is the integrated field error, n the

number of revolutions, By the envelope function

v

\
(3x x —E—) ., o the bending radius.
X

Using previous numbers with, in addition,
B, = 10 meters and o = 50 meters, one gets

An amplitude growth of 1 cm is then obtained
after 100 revolutions.

Assume now that N dipole defects are
randomly distributed around the circumference.
Considering only the bending magnets as error
sources, a realistic value is N = 50. With no
correllation between errors, this leads to:

which now corresponds to an amplitude growth of
7 cm after 100 turns.

This is certainly unacceptable. However, in
the absence of non-linearities, the tune will
vary across the integer during compression which
increases the space charge forces progressively.
This is the object of the next Section.

3. INTEGER RESONANCE CROSSING: VARIABLE TUNE
Using the smooth approximation for the

optics, the particle motion in the transverse
plane can be written as follows:

2
9—% + vz(e)-x = F(e) , ds = Rde ,
de

where F(e) represents the dipole defects
distributed along the circumference.




3N

As usual, let's take the main component of and x(e}) = A(e).x](e) + B(o) XZ(Q)

its Fourier expansion:

2
SN
de

It Tooks realistic to integrate for A and B up

2

%(e)-x = R® F

, C€os (ke + ak) , to infinity, because as soon as the tune has

moved away from the integer the amplitudes will
where k is the integer close to the tune. One stop growing.

will assume that k is different from a multiple

M - e s
of 7, where M is the periodicity of the The fast varying terms in the previous
magnetic structure. Then the envelope function equations can be neglected, keeping in mind that
By is not expected to change when v varies. half of the effect will happen before the

integer is crossed:
Assuming also that v varies slowly, one can

get the adiabatic solution for the homogeneous R2E o
equation (absence of defects), through the A(o) = —K J/K sin (a0%)de
W.K.B. approximation: Yk o
+ R2Fk ) 2

x(e) = Axq(e) + Bx,(e) , Blw) ¥ — cos (ae“)de

where: vk 0
-1/2 ] d
x1(e) = v(e) cos {f~ v(e) do} According to the well known Fresnel's

_ integrals, after a while the amplitude of the
xz(e) = v(e) 1/2 sin{f ® v(e) de} ntegr raw P
particle motion becomes:

In the presence of defects, the general )

solution can be obtained by using the method of A~ 1 R I
=) =7 V3

variation of parameters, which leads to:

%g = - R2 Fk xz(g) cos ke which is inversely proportional to the square
root of the crossing speed.
dB 2
T - R Fk x](e) cos ke
For comparison let's consider the case a = o
With the following assumptions in addition: and v = k. From previous egquations one gets:
i) x(0) =0 A(e) = 0
i) v o= *k-ae where v, is the 225
non integer part B(o) = —X o
of the tune at e ZN/E
= O - 1R
i11) av << k total tune varia- x(e) =5 —— o

tion (0 g 8 <w) , . . . ] )
showing that the amplitude is now increasing

. Tinearly with e.
1t comes out that:

RZF 5 From the first section, and assuming
Ale) = = ——— | sin { (v * k)o - a92 cos ke.de R=1.5x p, one can roughly deduce:
Vi Jo 0
2 F,o¥ 2.8 x 107 ()
R k *

05'{(v0+ ke - a92 cos ke.de ,
The variable tune case then gives:



-6
o ~ 1. 1
X(w) T 1225 x 10~

ya

m)
For a total tune shift of 0.5 over 100 turns
one gets:
X = 4.5 x 1072 mm
which Tooks quite reasonable.

However in practice, the non-linearities of

the space charge forces may keep the tune on the
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integer, or very close, as soon as the amplitude
starts to grow. The truth may be somewhere

between the two approaches.

It will certainly be very interesting to
study integer resonance crossing on an existing
machine experimentally as a function of closed
orbit correction. A crossing time less than 1

ms is required to answer our present worry.

1 would like to thank G. Leleux, J.L.
Laclare and M.P. Level for useful discussions.
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LIFETIME OF ION BEAM IN AN ACCUMULATION RING

T. Katayama, A. Noda and N. Tokuda
University of Tokyo

Beam loss due to charge exchange processes
such as

n+ n+

AT gt Al (el

may be a severe obstacle to accumulating intense
ion beams in a storage ring. Here, the loss
rate is estimated for a ring where Xe4+ ions

are supposed to be accumu]ateg.

The loss rate is given by

d
sy (1)

= MapY cm® cm . (2)

The symbols are defined in Table 1, where
machine parameters are also listed. The density
of ions in the ring is

A—| (3)

on the assumption that the beam is completely
debunched. The beam is to be stored in the ring
as shown in Fig. 1. Then the cross section of
the beam is

S = mab + bep , (4)

where a and b are obtained from the beam
emittance ¢ and the average betatron amplitude
function, B8,

a =\/€XB N (5)
a = B . 6
\(eyB ( )
The beam spread due to a momentum dispersion is
Ap
AX = — 7
o= 0 (7)

The dispersion function is approximately

0 = B2/R (8)

Then the beam cross section is numerically
calculated with values listed in Table 1, and

the density is

Table 1

List of Symbols and Machine Parameters.

number of ions in

the ring 2 x 1013
Nlab density of ions
R mean radius of the ring 140 m
S cross section of
the beam
Vem velocity of fons in the
center of mass frame
a loss rate
8 ratio of ion velocity to that of Tight
0.507 (150 MeV/u)(~ 19.5 GeV)
0.204 ( 20 MeV/u)(~ 2.6 GeV)
8 average betatron
amplitude function 13.7 m
y V1 - g2
¢'p momentum difference
p between colliding ions
%? total momentum spread 2.5 x 1073
ex emittance in the
horizontal direction 35 x 10°°
m-rad
ey emittance in the
vertical direction 18 x 1070
m-rad
n dispersion function
o collision angle in the
laboratory frame
ocm cross section of the
electron transfer 19 2
process 1x10" 7m
T life time
a Axp a
-Q /
Fig. 1. The beam profile in the accumulation ring.




nyap = 2-01 X 1013 (m 1y . (9)

The speed of the ion in the center of mass
frame is given by

2 _ (882 in 2)2
Bem = (2 P ) ¥ (BYS1n 2)

As the momenta of ions are considered to be

(10)

distributed as shown in Fig. 2, the typical
momentum difference between the ions which will
collide with each other, is

s'p
p

AR — (11)
p

2a *t ax_
p

where §'p/p is determined so that the areas of
the parallelogram and the rectangle are equal.
Then the first term of eg. (10) is 1.59 x 10_3
for 150 MeV/u and 6.50 x 10™% for 20 MeV/u.

The maximum collision angle in the laboratory is
evaluated by

8 = 2\’/€X/§ > (]2)

and the second term is numericalily 1.56 x 10_3

for 150 MeV/u and 5.63 x 107" for 20 MeV/u.
Then the velocity in the cm frame is

3.27 x 10° (m/s) (150 MeV/u)

v =
cm 1.24 x 10°

(13)

(m/s) (20 MeV/u) . (14)

As experimental data of cross sections for

the electron transfer processes are scarce and
a4+ | Xe4+ 5+ Xe3+,

so a theoretically predicted value is adopted.

there are no data for Xe > Xe

Macek estimated the cross section for
8+ 8+ 9+ 7+
Xe + Xe > Xe + Xe
than 10_18cm2.(]) It is supposed that
10

such a small cross section is due to a 4d

at much smalier

closed outer shell configuration of a

Xe8

electrons remain in the outer shell, so the

+. 4+
ion. In our case of Xe , however, four

cross section should be larger. According to
papers presented at previous Heavy Ion Fusion
WOrkshops(z) the cross sections for the

electron transfer process of various ions are

estimated to be of the order of 10—15c
-15 2
cm

mz.
Therefore, a value of 1 x 10 is

adopted here.
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A
P . 2a+n(&p/p)
Q.
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re-rT-T0T T === | A
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< | 1| o
! | (¥o]
I
|
a laxgl a
X
Fig. 2. Five beam pulses of different momenta are stacked

in the accumulation ring. The typical momentum spread §'p
is determined so that the area of the rectangle (dashed

line) and that of the five pulses are equal.

Now the loss rate can be numerically
calculated, and

1

0.657 s~ (150 MeV/u) , (15)

1

0.249 s~ ( 20 MeV/u) - (16)

The life time, the inverse of the loss rate, is

1.52 s (150 MeV/u) , (17)

4.02 s ( 20 Mev/u) (18)

These lifetimes are long enough in a heavy
ion fusion driver complex which includes an
accumulation ring where about 1013ions are

stored. 3
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LONGITUDINAL BEAM STABILITY IN HEAVY ION STORAGE RINGS
D. Mohl
CERN

1. INTRODUCTION

This is an attempt to scale conditions for longitudinal beam

stability to heavy ion storage rings (HIS) which have been proposed as

1)

part of some accelerator schemes to drive pellet fusion . The insta-
bility considered has been observed in many high intensity proton machines.

In the CERN 25 GeV Proton Synchrotron (PS), it can occur near transition

energy 2) as well as during debunching at high energy 3). In the

30 GeV intersecting storage rings (ISR) similar effects happen to the

4)

newly injected beam when too dense bunches are transferred. In all

these cases the instability manifests itself by a rapid blow-up of the
beam momentum spread and this blow-up is accompanied by RF activity
observed on beam current pick-up electrodes at frequencies in the, say,

0.3 -2 GHz region. The picture is consistent with the assumption

5)

(first made in the classical paper by Nielsen, Symon and Sessler and

generalized by many subsequent workers) that a longitudinal density

ein (s/R-wt)

modulation A = A develops on the beam and self-amplifies

)
via the interaction with structures surrounding the beam.

2. ASSUMPTIONS FOR SCALING

For the present purpose I shall take three sets of observation

as established:

i) The instability threshold is described by the '"Keil-Schnell"
6)

selfbunching criterion with local values for momentum spread
and beam current 2.3,7) (although a rigorous derivation only
exists for the coasting beam case). By the same token the growth
rate is determined by the coasting beam selfbunching rate taking

the local value for the current of a bunched beam.

ii) The impedance Z, describing the coupling of the beam to its
environment at a frequency near n times the particle revolution
frequency is |Zn/n| =20 @ with a real part Ry/n * 2-150Q

both in ISR and PS for the 0.5-2 GHz region.

111) Crowth times can be as fast as 100 us in the PS and probably

also in the ISR.
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As the real part R,/n is of vital importance for our scaling
two comments are in order : Rp has been estimated from measurements 8)
of the growth rate of the transverse head tail instability using relations
between transverse and longitudinal impedance. Clearly this is an indirect
measurement which in addition gives lower limits on R, to the extent that

Landau damping tends to reduce transverse growth.

Values obtained in this way are Ry/n = 2-5 Ohm in PS and
2-15% in ISR (f = 0.1-2 GHz). In the ISR, Z, seems to be inductive
‘rather than capacitive as expected for perfect walls. This permits some
cross checks on R, from the longitudinal growth rate (see following
section)., Further checks are possible observing that the "imperfect
wall contribution" Z, to Z, is a physical impedance. Hence transformations
can be used which relate Ry, X; and Z; and permit e.g. to calculate
R, (w) if lZw(w)lis known over a large enough frequency range. From these
checks one might speculate that R, becomes comparable in magnitude to |Zp]

at frequencies around a GHz.

3. SCALING RELATIONS

a) Threshold current6) ("Keil-Schnell'") :

P2
IXF |Z”/n}<ﬂ—‘3) BZYUPé (1)
n P FumM 4
where : F is a form factor depending on the nature of the

impedance and the sign of n. As a rule of thumb FN 1
2 2
- Y 1is the "off energy' function of

" = Ytransition
the storage ring (machine constant at fixed energy

depending on the distance from transition energy).

2TR  <E > ds

z = f —225 s the coupling impedance defined
n 0 In

by the longitudinal electric field E exp {in(s/R-wt)}

N, S
induced by a beam current In exp {in(s/R - wt)} and
sunmed over one turn and averaged over the beam cross

section.

13)
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<é%> is the beam momentum spread (full width at half
F

maximum)

-
B =v/c, vy =(1-8%) 2 are the usual relativistic factors
2
myc .
Up & =0 = 980 MV is the ''proton rest voltage" and

A, q are the mass number and the charge state of the

. _ - +)
ion (A = 238, ¢q 1 for U238)'

If (1) is violated for any mode number n, the corresponding beam

density modulation will self amplify. The e-folding time for conditions

for above the threshold (1) is obtained 5’6’9), noting that 1/t = Im (n.w)
and solving
( - )2 = 2 2 i IZp/n (2)
nw nWey =0 Uy 77 B v Up(A/q)
where w = Rc/R 1s the (angular) particle revolution frequency. For

rev
protons conditions near threshold and more details are described,

e.g. in ref. 9),

We shall be interested in cases where Zn = Rn + 1 Xn is such
that |Xn|>> R_. Then (see ref. 5) for the '"good" sign of X and n

(capacitive Xn below, inductive above transition®)' we find from (2)

1 inl 1 A\ Rp/n
- R nw - (2a)
T rev 2 mR ‘YUP (A/q) 2'/Xn7n
And for the "bad" sign (''megative mass region" 5))
N :
| X
%-% m Orey \// 1 \/ nnl (25)
2 wB% Y U, (A/q)
. .. 5) . ~-1wt
% Following bad tradition we use the theorists (e )

. jwt . ..
rather than engineers (e3%%) convention. Hence capacitive

impedance means positive Im(Z) etc.
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For coasting proton beams, the threshold and growth rate condi-
tions are discussed in 1iterature9),The generelization to bunched beams
is done - somewhat in an ad hoc manner - in references 2, 3, 7 and this
bunched beam theory seems to fit with observation 2’3’4). The genera-
lization to heavy ions can be readily done following e,g. Hereward's
"0ld fashioned" derivation 10). He observes that threshold corresponds
to conditions where the RF potential ("self bucket") induced by the
perturbed beam is just deep enough to hold the beam momentum spread.

In a similar fashion the growth time is related to the period of synchro-

tron oscillation in the self bucket.

4, IMPEDANCES IN AN HIS

Relations to estimate Z,/n for many structures are compiled
in reference 11. Two things are important for our scaling, namely
the v dependence of the impedances and the cut off wave number beyond

which the beam ceases to couple to the walls.

In the long wavelength limit (see below) the basic contribution
to Z, namely the impedance of a beam (radius b) in a perfectly conducting

smooth chamber (radius h) is

Zn . 377 9 1 h
o - i By {? + 2n ('b—)} (3)

Note the difference between high energy protons (By? >> 1) and heavy

ions (8y? < 1).

Additional contributions to Z, due imperfect walls (cavities,
cross section variations, ferrite structures, etc.) are similar in proton

and heavy ion storage rings up to the cut off wave number which can be
storage ring circumference
2 T x chamber half height

shown to be of order (Appendix) n, =y

For above this cut off the beam fails to couple to the wall.
In the cut off region (say, up to 2 nc) the growth rate is roughly cons-
tant (Fig. 1) for constant wall impedance Z,/n rather than to increase

linearly with frequency as suggested by (2).
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5. SCALING

We conclude from section 4 that the HIS will be dominated by
the large capacitive impedance (3). Eihis was first pointed out to me
by Graham Rees:] Since probably all HIS will work below transition, we
take equation (2a) to work out the growth rate. Guided by experience
from PS and ISR we take for the real part Rn/n = 2 O (optimistic ?) or

Rn/n = 15 2 (pessimistic ?) . With the parameters of Table 1 we find

T = 800 us - = 2 0
Ry
T = 100 ps = =150

at the cut off n_ = %? = 2,5 x 10°.

N

by

increasing the capacitive space charge impedance (increase of h). This

It is possible in principle to reduce l/T « |Xn[_

would however further complicate the RF manipulations required for
controlled beam bunching because the external RF has to counteract

space charge.

It might also be argued that Z/f rather than Z/n should be
kept constant scaling wall imperfections between machines of similar size.

This would improve the HIS growth times by 2 - 3.

6. HOW MANY E-FOLDINGS ARE TOLERABLE ?

For a perfect coasting beam the initial perturbation is the

12)

Schottky noise due to the finite particle number. The corresponding

current may be written in terms of the average beam current I, as

I ==\//; e qf I
n rev "o
A

. |
where we assume high mode number such that n ni 7; 2 1.

"Catastrophic" growth has occurred when this current becomes comparable

to the DC component i.e. when
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From which one obtains:

= L o~ 1
t/T = % Qn(IO/Z e q frev) 17 in HIS

This would suggest that, say, 15 growth periods are acceptable.

On the other hand assume that a 1 per mille high frequency
modulation remains as a memory of the linac bunch structure. Then,

2n 18% & 7 e-foldings lead to large blow-up, t/T N5 may be acceptable.

As a result with "pessimistic scaling" one expects deterioration
of the HIS beam after, say, 1 ms. With "optimistic scaling" the corres-
ponding time is ® 10 ms. Beam may be required in an HIS for several ms.
Assume for instance Ngp = 5 rings with S§ = 60 turn injection in each
ring from the same linac. Then, the first ring has to hold beam for
at least toey ¥ Nep X S ¥ 2 ms before all rings can simultaneously eject

SR
onto the pellet.

COXCLUSION

Longitudinal stability in a HIS is an important and challenging
problem with possible repercussion on parameters like the number of rings,
the aperture of the vacuum chamber (cost !) , the ion charge state, the

storage time, etc.

A beam environment with a low resistance is important to permit
safe beam storage for several milliseconds. Care has to be taken about
cavities, ferrite structures, ceramics etc. to keep their coupling
resistance Rn/n as low as a few Ohms even for singly charged ions.

For higher charge states the tolerable impedances are lower (in proportion

to the square of the ion charge if the same number of ions 1is used).

Impedance values of a few Ohms are at least as good as those
obtained (after work!) in PS and in ISR where |Zn/n[is estimated to
be about 20 & and R/n of the order of 2-15Q over the frequency range

of concern.

There are interesting differences between the HIS and the

proton case, amongst them:

The 1-3? cancellation of space charge forces is ineffective

in a HIS (typically R % 0.3). Hence the capacitive impedance due to
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space charge (direct and images on perfect walls) is large, typically

1,5 k2 compared to a few Ohms in ISR and PS at high energy .

To the extent that this impedance cannot be compensated by
inductive walls (a difficult task for 1500 Q) a '"typical" HIS beam will
always be unstable with growth proportional to the resistive 'wall imper-
fection'. What one can hope for then is slow enough growth within the
required few milliseconds of storage time. On the positive side, the
frequency band of importance, is, say, 1 GHz in a HIS rather than 20 GHz or
more in PS and ISR, because due to Lorentz contraction the cut off wave-
length is Y-times shorter in high energy proton machines. The smaller
frequency band might make it easier to improve the effective coupling

resistance and/or device feedback stabilization.
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TABLE 1

Assumed Parameters

PS ISR HIS
(at high (injected .
energy) pulse) (typical)
Circumference/27R (m) 100 150 100
Relativistic B 1 1 0.3
factors Y 20 25 1
Beam Current 1 (A) 1 1 60
Revolution . (kHz) 475 315 140
Frequency rev
2 T
Energy B7Y UpA ) 20 25 20
= —F—  (GeV)
parameter q
Off energy L _
function n Yt Y 1/38 1/100 1
Half height of
beam chamber h (mm) 35 30 40
Cutt off y 5 3
= 2 1
mode number "¢ YR/h 6 x 10 1,2x10 ,5x10
Space charge 377 @1 b. 1500
impedance B v° (2 * An h) 6 1 0.6 >
. R
Wall impedance —nfl () 2-15 2-15 2-15
X
L)) 20 - 20 << 1500
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APPENDTIX

Coupling impedance of a beam in a circular tube

The fields can readily be obtained e.g. from the static field of
a ring of charge in a perfect tube as given in text books. A Lorentz
transformation yields the field of a moving ring. Integrating over a
perturbed coasting beam, assuming uniform radial density and working out
the average electric field yields the coupling impedance (in terms of

modified Bessel functions I and K) as

Z -
2. i%%z%ﬂ [1-21,(0 (&) +al (0] ) (A1)

Ko(?@w) - 1K, (Xw)
T,C) + thi(x)

where a

. BYZs
T 13770
Ez .
Z .= = (wall "surface impedance'')
s H
¢/ wall
x = D beam radius (b)
orbit radius (R)
x = D chamber half height (h)
W orbit radius (R)

For low modes (xw<: 1) this yields

Zn i 2o Zs R
=iy e gl T

The factor % rather than % as assumed above comes from the fact

that we average over a uniform beam. For the central field in a uniform

beam or the average over a Gaussian beam % is more realistic.
IIf one wants to work in terms of the central field ome can still use (Al)

but replace the term 2I,(x) in front of the innermost bracket by x]
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Zs R

Note that for X << 1 the wall impedance Zw = ; simply adds to Z,-

The behaviour over a wider frequency range is illustrated in Fig. 1

where R,/n and the "growth rate"

Rn/n
are drawn from (Al) assuming parameters such that the wall imperfections
give Zw/n = 15 @ independent of frequency and space charge yields
Zp/n =1 1.5 kO for low modes. Equation (Al) can also be used to cal-
culate the surface impedance required for perfect compensation and the
"residual" impedance Z, (which can become resonant !) for non perfect
compensation of the space charge terms. Note that (Al) is an approximation
valid for small surface impedance. More general results are given by

14)

Keil and Zotter .
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Chamber
1 1 Zs/n=158 x h/R
R (surface impedance) 1
Rn/n | XRn
Rn/
Q) | 2vXn pn 2b  2h
(Q,) 1/2 J
10+1 Beam
7 Zsc/n=1.5k Q
(space-charge impedance) h/b=2.5
5T0'5 x Rn/(2V xn Y 1/7
x=yR/b
0.5 1
b = T — — —1 —
1=, 2 3 4 Xw=yR/h

Fig. 1
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LONGITUDINAL MICROWAVE INSTABILITY

S. Fenster
Argonne National Laboratory

A small deviation from the nominal distribution of particles in
longitudinal position and momentum creates fields that may or may not increase
this deviation; in the former case, a longitudinal instability occurs. They
have been observed at microwave frequencies and their growth rate may be cal-
culated in terms of the longitudinal impedance, which is the ratio of the
negative of the voltage induced once around the ring to the perturbation
current. This voltage is obtained by integrating the axial longitudinal
electric field along the particle trajectory over one turn. The relevant

frequencies are those above the cutoff for chamber propagation.

A derivation of the relationship between growth rate and impedance is
given here, starting from a chosen point in Ref. 1. The only other instability
considered here is the resonance effect produced by excessive tune shift due to
space charge. We assume, without discussion, that (Av)max = .25; that is, this
resonance growth is avoided (stability) by limiting the ring charge. On the
other hand, the longitudinal microwave instability is assumed to be present
(cannot be stabilized). Thus, the latter involves a limiting impedance to
keep the growth rate low enough. The maximum allowed impedance for a maximum

allowed growth rate is listed below.

Both instabilities are amenable to calculation only if quasistatic con-
ditions obtain. Thus, the formulas below will be considered to apply during
the following stages: post-injection debunching with BF = 1 and Av = 1/8; and
adiabatic rebunching with BF = 1/2 and Av = 1/4.

We have altered the ring parameters from those of the workshop in

accordance with these specifications.

Now, we will derive the relation between growth rate and resistive

impedance.

Notation: MKSA units

q = charge state A = atomic weight
mp = proton mass e = proton charge
c = gpeed of light = v/c

Ap/p = momentum spread

I = electrical ring current

Z = capacitive longitudinal impedance
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N = no. particles on target

Iav = electrical current on target averaged over pulse shape
Nbun = number of bunches per ring

lb = length of bunch on target

NR = number of storage rings

c = ring circumference

E = energy on target

T = kinetic energy per beam ion

Zr = resistive longitudinal impedance

Zr' = resistive longitudinal impedance per meter

U’ = normalized capacitive longitudinal impedance

v' = normalized resistive longitudinal impedance

n = number of instability density oscillations per turn
Zo = 120 w

R = ring radius BF = bunching factor
€sr = transverse geometrical emittance (area/T) in ring
Av = allowed tune shift

W = particle revolution frequency = BC/R

AQr = real frequency shift

AQi = instability growth rate

T = instability rise time

AQ = AQr + iAQi

z = xtiy = normalized AQ

f(z) = normalized longitudinal distribution function

ID'(z) = normalized dispersion integral

Isci = space-charge limited ring instantaneous electrical current
n_. = space-charge limit number of iomns

£ = frequency of the instability

w = 2nf

= wavelength of the instability

AQ = @ - nw
r o

. . P 1
Normalization Definitions

, 2 q e 1 1 1 1 )
' ' = — e * — * — & —— p—
V' + 41U - I A mpc - 82 (ap/p)2  n (Zr + 1Zc)
2 « AQ
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Relations

Space charge limit

m
= P 2.3
= — A\) @ ——— 8 . o £ .

“se 15e q2 e sT B%y® -BF
_ Bege 1

Isci 27R nsc BF

Mode number n=21R » f/c = 27R/A

Ring and target energy balance
C =
NRB g Iavlb

Compression factor = 49

1 %C 1

. . P -

Note: =52 * ~o~ = T.5347 x 10-18
C =49 Iy * Ny in/BF

By Ref. 2,
Zc/n = ZO/B

The dynamics of growth may be obtained from the dispersion relation.
The time-dependent factor is exp (-1 » AQ - t) and AQ is decomposed into its

real and imaginary parts.

AQ = AQ + 1 AQ,
r i

Two significant properties of the distribution function are:

a). i f(z)dz = [* f(x) + dx = 1
real axis o

b). f is nonzero on approximately - %-< x < %u

The dynamical theory shows that the normalized dispersion integral

j L, df du

¥ = — 1
ID (z) i == =

real axis
determines U', V' through the dispersion relation

(v' +4i0') - L' = 1.
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and that x has the significance of normalized real frequency shift as defined

above. This variable is eliminated in favor of the others below.

To find the relation among Zr’ Ap/p and the growth rate AQi, one must

choose an f. Simplest is the step function:

1 1
f(x) 1 —-z-ixf_'-z—

f(x)

0 elsewhere,

-1
The derivative of f is equal to % the unit delta function at x = +E-and we find

R
ID z2 ~ 1/4

V' + iU' = 2xy + 1 (%% - y% ~ %9

Assume, for the moment, that U' is a given number. Then,

x=:t\/;2+%+u'
V' o= 2y4/v% + %-+ u!

where we choose the sign to give growing waves. This expression may be sub-

stituted into the above normalization definition to express Zr in terms of y
and hence the growth rate. The value of U' is determined in terms of Zc/n

by the same definition. Numerical values below show U >> %3 so 5- can be dropped.

A
Then, Ap/p cancels out, and one finds a quadratic equation for w = y2 as:

'
w2 + U'lw - (¥?92 =0

with roots

1
w, = —-;—'-U' +5 (U2 +v'12)°

+

N

Root W_ may be discarded as negative. One notes that V'2 << U'2 because Zr << Zc'
The latter inequality is clearly true with the assumption Zc = nZO/B 3_106. Thus,

we find:l+

]
+ 2 G
or
m C Z
_ A 1 1 c.
Zr = (81]' q 'E' T n) R AQ:.L
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This expression may be derived directly from a S-function distribution taken
for f. The result, in different notation, is:

L
—en %2 nIz|*

Put n>-1, E+Ampc2, IO+I, e~>qe, Zi+Zc+in, m0+8c/R to obtain

Z Z 1
e . E.. (_E.+ i _EQ 2
mpc c n n

Assume Zr << Zc and expand the sum in the root; the imaginary part is

= ¢ . a.,
AR 27R Zm A

Ag =L (1 .4, e ecT o EE_% . __EI__
i 2R \27 A mpc n (Zc/n)

2
which can be solved for Zr as above. A useful form for systems work approximates:

M
R
M

1 -1 2
n Zc B'Y zo’ sc

and reads:

In this estimate, the inductive effect of circular vacuum chamber, cross
section variation and bellows, and plates formed by clearing electrodes or
. . 2 . . .
pick-up stations™ have been neglected, as they can only improve the situation

in a minor way.

Results are given in the following table, which differs from the Storage
Ring Group Summary3 because the charge balance equation is strictly kept at the
sacrifice of a variation in €op? and BF = .5 was chosen instead of BF = 1.
The rise time T has been taken as .0l. Note that the factor Y2 in the denominator
of Zc/n makes the crucial difference between Isabelle and the rings considered

here.
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Table of Heavy Ion Fusion Parameters, MKSA Units

Case A B C
E 1. x 108 3. x 10% 1. x 107
N 1.25 x 1015 1.875 x 1015 .625 x 1016
T 0.5 x 1010 1. x 1019 1. x 1010
I, 1. x 10% 0.75 x 10% 1.43 x 10%
¥ 1.0226 1.0451 1.0451
B 0.2089 0.2906 0.2906
BY 0.2136 0.3037 0.3037
BF .5 .5 .5
2 1.25 3.485 6.10
498, 61.40 170.8 298.8
N 4 3 9
N on 5 2 2
N, 20 6 18
(Nb)min 17 6 12
(4p/p)min +2. x 107" +2.x 107" +2x107"
e 5.478 x 107" 5.313 x 107" 5.911 x 107°
n_ 3.1335 x 101* 6.2386 x 10t* 6.9401 x 101*
C 614.0 683.2 1195.2
R 97.72 108.73 190.2
(I,,)peak 10.25 25.51 16.22
U’ 30. 28. 18.
n(2.5 GHz) 5117 5693 9960
Z, 1024.7 612.7 1344.2
Zr/n 0.2002 0.1076 0.1350
1.6688 0.8968 1.1247

Zl
Tr
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CONCLUSION

Heavy ion beam fusion must operate at large U', far from the Keil-Schnell
stability region, because a large Ap/p (Landau damping) is prevented by limited
ring bending magnet strength, injection problems, and economic need of a large
BF. Also, one cannot increase the final Ap/p by increasing the longitudinal
emittance due to the final focussing limitations. Since Landau damping cannot
be utilized, there is no point in placing Ap/p at the high end of its allowed
range. Here, upper limits have been obtained for the resistive impedance
corresponding to an assumed upper limit on growth rate. At this point, the
longitudinal resistive impedance Zr needs to be determined for candidate rings

via a theoretical and experimental program.
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NUMATRON and TARN

T. Katayama, A. Noda and Y. Hirao

Institute for Nuclear Study, University of Tokyo,
Tokyo, JAPAN

ABSTRACT

General descriptions of the NUMATRON design and related technical
developments at INS, University of Tokyo, are reported. A test ac-
cumulation ring for NUMATRON project, TARN, was constructed for integrating
various technical developments. Recent results of injection test using

this ring are also described.
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1. INTRODUCTION

In recent years, interests in high-energy heavy-ions have been
growing up not only in the field of nuclear physics but also in the
fields of atomic physics, solid-state physics, medical biology, fusion
power generation engineering and many other sciences and applications.
In Japan, an accelerator complex has been proposed at INS, University of
Tokyo, which is named NUMATRONI’Z) and should provide heavy ions up to
uranium in an energy range of 0.1 Vv 1.3 GeV per nucleon. After completion
of detailed design of the NUMATRON the major activity of the study group
has been directed to the construction of the test accumulation ring for
NUMATRON, TARN, which is a test facility not only for studying multiturn
injection and RF stacking but also for integrating various technical
developments.

In following sections, the outline of the NUMATRON is described as

well as that of the TARN and preliminary results of the beam injection.

2. GENERAL DESIGN OF NUMATRON

The proposed accelerator consists of Cockcroft-Walton generators,
three Wideroe linacs, two Alvarez linacs and two synchrotrons (Fig.1).

Two identical preaccelerators are arranged symmetrically in order to
be able to operate in parallel. Each preaccelerator has a 500 kV high
voltage generator and two ion source terminals. The acceleration voltage
is adjustable in a wide range so that ions of various charge-to-mass ratios
can be accelerated to a constantvelocity. After passing through the
buncher section, ions are injected into a row of three Wideroe linacs of
a resonant frequency of 25 MHz. The first and the second are operated in
m-37m mode and the third in 7-T mode. The last Wideroce linac is followed
by an Alvarez linac with a resonant frequency of 100 MHz at the energy of
1 MeV/u. Two stripper sections with achromatic charge analyzing systems
are installed at the specific energies of 0.3 and 1.6 MeV/u in order to
obtain an efficient acceleration. The injector linac specifications are

shown in Table 1.
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$low Extracciom
Channal

Fig. 1 Layout of NUMATRON

Final stage of the accelerator complex is composed of two synchrotrons.
The first synchrotron has a capability of beam accumulation for obtaining
heavy ions of high intensity. A combination of multiturn injection and RF
stacking methods is applied to the injection scheme of the first ring.a)

The beam is accelerated up to the energy of 250 MeV/u and is extracted by
a one turn ejection method. After passing through the final stripper
section in the beam transport line between the first and the second
synchrotrons, ions are completely stripped and injected into the second
ring, where uranium ions are accelerated up to the maximum energy of 1270
MeV/u. The transition energy of the second synchrotron is 4,33 GeV and no
ions are accelerated through the transition energy, The oberation

scheme of the linac and two synchrotrons is illustrated in Fig.2.

The RF systems in the rings are of two types, one of which is for RF
stacking and the other is to accelerate the beams to the extraction
energies. The former is described in the following Section on TARN,

The RF system for beam acceleration is designed so that the sween
range of frequency in the first ring is 1.65 v 6.97 MHz, ,and in the second
ring it is 3.6 v 11.2 MHz for the various operation energies of the o,

first and second synchrotrons. In the present design the magnetic fields

of both synchrotrons vary linearly with time as B = 47.0 k(. s_l, and then the
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required RF peak voltage is around Beam Spill out (U92%, 1300 Mev/u)

Z

20 kV for the synchronous phase

Injection

angle of 30°. On the other hand, 022+

AN

Acceleration
28D SYNCHROTRON

stripping

the energy spread of the ac-

cumulated beam in the first ring

is 200 keV for the stacked

Fast Ejection (U46+, 250 MeV/u)
number of 50, and the required

Stacking

peak RF voltage is determined so
/,/’

that the separatrix well covers the rer ¢
IsT SyncHROTRON
energy spread of the beam, namely

Operation
80 kvV. =
The required vacuum in the _—l L_—J—_
first ring is 2 x 10~!! torr for Linac

a survival rate of 90 7 after an 0 100 200 (ms)
injection period of 1 sec, whereas

in the second ring, 1 x 10-9 Fig.2 Operation Scheme of the
torr suffices to achieve the Accelerator Complex

above survival rate because of its

high energy operation. The output intensity of uranium is typically
estimated at 10° particles per second, whereas for ions lighter than

Z = 20, it may be 10'! particles per second, limited by space

charge effects.

In the present proposal, one fast ejection channel and two slow
ejection channels are provided to answer the various needs for high energy
heavy ion beams. Even at the final stage of the acceleration, the beam
size is rather large and it is important that the ejection system is safe
against beam blow up. From this point of view, we adopt the third integer
resonance, although in this extraction mode, the arrangements of non-
linear magnets will largely affect the emittance, spill time and the size
of stable region.

'The main parameters of the accelerator complex are given in Table 2.
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Table 2 Numatron Parameters .

A. Particle, Energy and Intensity

Particle Max. Energy (GeV/u) Intensity (pps)
pe2t 1.27 ~ 10°
Kr3st 1.47 N 1001 *
Nelot 1.81 N 100 ¥
*Space Charge Limit
B. Injector T/A(MeV) Freq. B(v/c) €(q/A)
(MHz)
Cockcroft-Walton (500 KV) 0.0147 — 0.006 0.029(u”%)
Widerce (m-3m) 0.146 25 0.018 —
Widerpe (m-3m) 0.305 25 0.026 e
Stripping e — 0.067(U16+)
Wideroce (m) 1.10 25 0.048 _
Alvarez 1.60 100 0.059 —_—
Stripping E— —_— — 0.193(U“6+)
Alvarez 10.0 100 0.146 -
C. 1st Synchrotron
Injection Energy 10 MeV/u
Maximum Energy 250 MeV/u
Repetition Rate of RF Stacking 100
Momentum Spread of Stacked Beam 0.7 7%
Useful Aperture radial 18 cm
vertical 5 cm
Vacuum 2 x 10~!'! torr
Space Charge Limit
Number of Particles/sec
D. 2nd Synchrotron
Guide Field (Bpay) 18.0 kG
Quadrupole Field (dB/dr)pax 1.38 kG/cm
Repetition Rate 1 Hz
Magnetic Radius 9.55 m
Average Radius 33.6 m
Circumference 211.2 m
Number of Normal Periods 24
Number of Long Straight Sections 8
Focusing Structure FODO
Useful Aperture radial 9 cm
vertical 3.5 cm
Number of Betatron Oscillations 6.25
Phase Advance per Normal Period 70°

Vacuum 1 x 107° torr
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3. TEST ACCUMULATION RING FOR NUMATRON PROJECT — TARN —

The test Accumulation Ring for NUMATRON, TARN, is constructed for

developing technical subjects related to the heavy ion accelerator

complex.

The heavy ion beams, for example N5+ of 8.5 MeV/u, from the

INS~-SF Cyclotron“) are injected and accumulated in the TARN, as shown

in Fig.3.

The main parameters of
the TARN are given in Table 3.
The ring consists of eight
bending magnets and sixteen
quadrupole magnets with a
lattice structure of FODO
type. The mean radius is
5.06 m and the bending radius
of the central orbit is

1.333 m.

view is shown in Fig.4.

The overall ring
The
heavy ion beam is accumulated
in the ring by a combination
of multiturn injection and RF
stacking method. Expected
intensity of accumulated ions
such as N°%* is 10'° particles.
The lifetime of the stacked
beam is determined mainly by
the charge exchange reactions
between heavy ions and
residual gas molecules. As-
suming the cross section of

these reactions to be ~3><10_17

cm?, the required pressure

in the ring is 1 x 107!° torr

for a survival rate of 90% during a stacking time of 1 sec.

Sections,

\

| [
L1

[

L) 3a e

Fig.3 Layout of the TARN and the beam
transport system from the SF Cyclotron.
BA : Analyzer magnet. BBM : Bending
magnet. SW : Switching magnet. Q
Quadrupole magnet. ST : Steering magnet.
KM : Kicker magnet. S : Slit system.
EM : Emittance monitor. P : Profile
monitor. VP : Pumping system.

the design and performance of the ring are described.

In following



Table 3.

General
Beam energy (for N°H
Magnetic field
Bending radius
Mean orbit radius
Revolution frequency
Betatron Vv values

Vacuum pressure
Injection scheme

Magnet and Lattice
Number of normal cells
Number of superperiods

Number of long straight sections

Periodic structure
Bending magnets

Number

Gap

Pole width

Good field aperture
Quadrupole magnets

Number

Length

Field gradient

Momentum compaction factor
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Parameter List of the TARN

8.56 MeV/u

B = 8.574 kG
p=1.333m
R=15.06m

fo = 1.259 Miz

vy = 2.250

v, = 2,200

1x 19719 torr
Multiturn injection

Oj 00 0o 0

Qr B Qp

8

70 mm

258 mm

40 X 170 mm?

16

0.20 m

ky = 0.240 kG/cm
kpy 0.435 kG/cm
Maximum = 1.70 m
Minimum = 1,01 m

RN

Average = 1.41 m
Betatron amplitude function (x) ()
Maximum = 4.94 m 5.51 m
Minimum = 1.08 m 1.18 m
RF Stacking System
Frequency 8.81 MHz
Harmonic number 7
Maximum accelerating voltage 1.1 kv
Number of cavities 1
Total RF power 1.3 kW
Stacking parameter
Momentum spread of the stacked beam 2.469 7%
Momentum difference between the injection orbit and stack top 6.289 %
Repetition rate 50 Hz
Maximum RF stacking number 100
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3,1 Magnetic Focusing System

The focusing structure of the TARN is a separated function FODO type,
where both the superperiodicity and the number of normal cells are eight.
The mean radius and the circumference of the ring are 5.06 m and 31.795 m,
respectively,
determined by
considering the
synchronization
between the RF system
of the TARN with a
harmonic number of
seven and that of the
injector cyclotron,
The number of betatron
oscillations per
revolution is around
2.25 both in horizon-
tal and vertical
directions. In Fig. 5,
the working lines of the
TARN for various sextupole
corrections are shown,

The useful aper-
ture in the horizontal
direction for the
stacked beam is deter-
mined as 85 mm half

width both in the bend-

ing magnet and qudrupole
Fig. 4 a) Total view of the TARN. b) Vacuum system,
arranged tentatively before the installation into the
magnet gaps.

magnet, taking betatron
oscillation amplitude,

closed orbit disnlacement’

and the spread of closed orbit due to momentum spread of the stacked beam into

account., The aperture of the bending magnet is 70 (height) x 258 (width) mm2
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The bending magnet
is a window-frame

type, which has merits

Fig.5 The work lines of the TARN. A and B

of compactness of the

represent the cases of the ideal and real magnets structure and good

systems, respectively. Other lines ( L

represent the work lines with corrections.

In order to avoid the sagitta due to the

"
R field uniformity.

small radius of curvature,

1.333 m, the magnet is fan-shaped, The edges of the magnet pole at

both ends were designed to be normal to the central orbit. In order to

reduce the flux density at the edge of the iron yoke, the pole edges were cut

with four steps approximating Rogowski's

curve, The shielding plates

were attached at both ends considering the small distance between the

bending magnet and quadrupole magnets.
shown in Fig.6.

The uniformity of the bending
field along the radial direction was
measured at the inner side of the mag-
net gap, sufficiently close to the edge,
and was better than * 2 x 10" over
the whole useful aperture.

The quadrupole magnet was
designed to afford the possibility
of AC operation to allow fast
tuning of v-values. The shape of the
pole was determined using the com-

puter program TRIM and is a hyperbola

The shape of fringing field is

B/8,
.., 1.0
. By=917 KGauss
(124004}
« By= & 75 KGauss
i (1=2034)
05+
L)
b
1
'-
_ S(mm) .
~-200 -100 0 100 200

FISLD CLapP
POLE EDGE -—— :l

Fig.6 The distribution of the
magnetic field along the beam orbit
near the pole edge of the bending
magnet. The effective edge was
calculated according to these curves.



344

which extended to its tangential line at both sides. The mechanical pole
edge was cut so as to enlarge the flat region of the effective focusing
strength.S)
The field gradient of the quadrupole magnet was measured with twin
coils translated horizontally and the induced voltage at each coil was fed
into a VFC circuit of high sensitivity.s) The deviation of the field
gradient along the radial directibn was found to be less than 0.5 Z in a
whole region from x = - 85 to + 85 mm, where x denotes the distance from
the central axis of the magnet as shown in Fig.7. The deviation of the
effective length was also measured by | ”

|

the longer twin coils and was found to

be less than 1% over the above region. e

2

The effective length was calculated QA HR & T R S L J’x/
. e
to be 260 mm, while the geometrica] one }t:;7////,-w
is 200 mm. (s oo e
iy
3.2. Multiturn Injection Fig.7 The field gradients of the
and RF Stacking quadrupole magnet (——), and the

sextupole component (---) along
the beam orbit. The value of
tion and RF stacking,7’8) is applied to G(0) is 0.44 kG/cm.

A combination of multiturn injec-

the TARN. 1In this injection method,

heavy ions from the cyclotron are injected into a transverse phase space
via a magnetic and electrostatic inflectors while two bump magnets in
the ring are excited, and then, are stacked into a longitudinal phase
space by an RF field. This injection scheme is very efficient for
obtaining higher beam intensity.

For the multiturn injection scheme, two bump magnets are located
upstream and downstream from the injecting position. These magnets
produce a distortion in the closed orbit between them and the distance
between the magnets should be half a betatron wave-length in order to
avoid any effect on other parts of the equilibrium orbit. The collapsing
rate of the closed orbit distortion is determined so as to optimize the
beam intensity stacked in the transverse phase space.

The procedure of RF stacking in the TARN is similar to the one which

is used for the stacking of high energy proton beams at ISR, CERN.g)
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The initial voltage of RF field is determined such that the separatrix
well covers the phase space area of the injected beam, and is rather freely
chosen within the limits of satisfying the above condition. Then the RF
voltage for the capture process is determined at the same value as that
during acceleration, 1100 V, at which the period of phase oscillation is

1.13 msec.

dP/dt
P b

(ms_l) for the synchronous phase angle of 30°

The rate of change of momentum for the synchronous particle,
is designed at 1.52 x lO-2
and RF voltage of 1100 V, The fractional momentum variation corresponding
to the distance from the injection orbit to the bottom of the stacking
orbit is 3.82 %Z. Then it takes 2.5 ms to change the momentum. The
revolution-frequency difference between the injected beam and stacked one
at the bottom is 32,6 kHz, and the corresponding RF frequency difference
is 228 kHz,

During acceleration from the bottom to the top of the stacked region,
the RF voltage is adiabatically reduced to the final voltage, 100 V., This
reduction of RF voltage is necessary because the high RF voltage brings about
undesirably large momentum spread of the stacked beam when the separatrix
is moved to the top of the stacking orbit.

The momentum difference between the bottom and the top of the stacked
beam is designed as 2.469 %, and hence the RF frequency must be changed by
149 kHz for this acceleration. In order to keep sind)s = 0.5 during the
acceleration, the time derivative of the frequency must be 8.8 kHz/ms and
the time required for the deposit is 17 ms.

Using the results of the above calculations, a total stacking number for
both transverse and longitudinal phase spaces is obtained as a function
of the half aperture offered for the multiturn injection. The total stacking

number has the maximum value of about 1900 at x, = 20 mm. The calculated

B

envelopes of multiturn injected and RF stacked beams are shown in Fig, 8

as a function of length along the central orbit.

3.3 RF System, Beam Monitor and Control
The RF system is composed of a low level RF electronics system and
high power parts including an accelerating cavity., The low level RF

electronics plays an important role to obtain phase lock between
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Fig.8 The envelopes of multiturn injected and RF stacked
beams are shown by solid lines.
beam and RF accelerating field. Also it is used to control the accelerating
voltage and frequency so as to obtain the optimum RF stacking condition.
Programmed accelerating voltage and frequency are illustrated in Fig.9.

The amplitude of the RF
field is modulated by a
balanced modulator in ac~
cordance with the waveform
from a function generator.
The fast feedback voltage
control function is given by
an amplitude normalizer. It

stabilizes the RF voltage

against the variation of the

cavity impedance due to the Fig.9 (a) Programmed accelerating
voltage in the RF cavity. It rises
from O V to 500 V and decreases to
The phase difference 100 V. (b) Accelerating frequency,
which varies from the base frequency
8.00 MHz by 380 kHz. The time scale
and the fundamental mode of the is 5 ms/div.

sweep of the frequency.

between the accelerating field

bunch signal is measured by a

phase detector, where the beam phase information is derived from a core-
type beam monitor with a resonator whose resonant frequency is adjusted
at the RF frequency. The output signal of the phase detector is fed to

a voltage controlled oscillator (VCO) through a summing amplifier. The
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output frequency of the VCO is determined by the voltage on a varacter,
which is composed of a program term from the function generator and a
feedback one coming from the phase detector. The absolute value of the
stable phase angle is determined by a phase shifter in the loop.

An accelerating structure is composed of two cavities with an
electrical length of a quarter wave. In order to tune the cavity over an
operating frequency and to reduce the size of the cavity, 24 ferrite
rings, 328 mm 0.D., 260 mm I.D. and 20 mm thick, are stacked in the
cavity. Each ferrite ring is sandwiched by cooling copper discs. The
resonant frequency of the cavity is varied by changing a capacitance
between two inner conductors or by impressing the biasing magnetic field
in the ferrite cores. The copper plate was wound around the ferrite
rings by two-turns.

The RF power is fed to the cavity by a 5 kW RF power amplifier
through a wide band transformer of a transmission type for matching
their impedances. The transformer was also used to obtain two RF
fields, whose phases are different by 180° from each other for the push-
pull operation of the cavity.

Several kinds of beam monitors were prepared for efficient beam
handling during injection and stacking. Electrostatic monitors
with capacitive pickups and magnetic monitors using ferrite cores were
used in a non-destructive manner, which is necessary for beam stacking. The
former detects beam position by measuring asymmetry of induced charges on
two electrodes. The magnetic monitor, where a coil picks up magnetic
flux induced in the ferrite core, provides informations on beam intensity
and phase. Output signals are converted into sine-wave through a tank
circuit and fed to the RF control system. Four beam-dumping (Faraday-cup
type) monitors are installed in the ring for studying the injection
orbit of the beam in the ring. This detector, with sixteen strips of
Be-Cu foil 500 pym in thickness and 2 mm in width, measures intensity and

position simultaneously.

3.4. Vacuum System
On~beam pressure lower than 1 X 1071° torr (1.33 x 10”8 Pa) is

required to achieve 90 7 survival probability of accumulated ions during a
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10)  Since 1976, some preliminary tests on ultra-high

period of 1 sec.
vacuum (UHV) system have been carried out, two test stands for UHV

studies being constructed. The vacuum chamber of test stand I is cylindrical,
30 cm in diameter and 200 cm in length, and is made of stainless steel

316L. The pumping system is composed of a 1500 /s titanium sublimation

pump with liquid nitrogen shroud, and a 500 /s turbomolecular pump

backed by a 400 /s o0il diffusion pump. On the other hand, the vacuum
chamber of test stand II is a prototype model of the bending section and

the short straight section in the TARN. The pumping system is composed

of a 400 2/s sputter—ion pump and a 200 /s turbomolecular pump backed by

a 100 2/s turbomolecular pump. The baking and discharge cleaning

effects were measured using test stands I and II, respectively,

Pumping characteristics have been studied to establish efficient
procedures for baking out the vacuum chamber and glow discharge cleaning
in Ar or Ar + 0,. It is found that the partial pressure of H,0 decreases
significantly after glow discharge processing. In the typical spectrum,

a peak at m/e = 16 was the highest one. It may be understood that this
peak is not due to ions in gas-phase, but to 0% ions emitted from the
surface of the quadrupole mass-filter caused by electron impact desorp-
tion effect.'!) This peak is a very useful indicator of "cleanliness' of
the surface in the system.

In November 1978, the whole vacuum system was assembled tentatively
prior to installation into the magnet gaps. The system was baked at 250°C

11 torr was attained

for 50 hours, and the average pressure of 2 x 107
after 1,000 hour pumping down without glow discharge processing.

The system is illustrated in Fig, 10, The chamber has a
circumferencial length of 31.8 m, and is divided into eight unit sections,

each of which consists of one dipole magnet chamber of 45 X 234 mm?

rectangular cross section, two quadrupole magnet chambers of 90 X 190 mm?
diamond-shaped cross section, and a straight section chamber. These
chambers are made of stainless steel 316L. Each pumping system is com-
posed of a sputter-ion pump, a titanium sublimation pump, and a distributed
pump, which is installed along the inside of the outer wall of the dipole
magnet chamber and is also used as a high-voltage electrode for in situ

glow discharge cleaning.ls)
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As shown in Fig.10, two

LEGEND: roughing and auxiliary pumping
[&] sip 8o Us
| siP «w0Us  gystems are located at the
£a. DSIP 200U/s/m
Bl T16P 1500115 straight sections $-3 and S-7,
@ TMP 130Us
& oP 100Us whi .
@ e somim each of which comprises a
© RP 850t/min -
=1 LN TRAP turbomolecular pump backed by
RGA . R . )
g-cv either an oil diffusion pump or
¢+ Ry

a mechanical booster pump, and

a rotary pump.

S STRAIGHT SECTION
3 o secnon " The straight section S-1
is connected to the injection
Fig.10 Vacuum System of the TARN beam transport line through

three stages of differential

pumping system.

3.5. Preliminary Results of Injection Test into TARN

The first trial of beam injection from the SF-Cyclotron to the
TARN was performed successfully in August, 1979. The molecular hydrogen
beam (H2+) of 14 MeV was used, because the dissociation cross section is
similar to the charge exchange cross sections of heavy ions with residual
gas molecules. In October, o particles (He2+) of 28 MeV were also stacked
in the ring.

Typical results of beam injection and accumulation using an electro-
static beam monitor are shown in the following figures. Figure 11 shows
the 80us long injected beams, which are pulse shaped from the
C.W. cyclotron beam by a kicker magnet installed at an upstream position
in the beam transport line. The upper picture shows the intensity of a
single turn injected beam and the lower one shows the intensity of the
beam four-turn injected when Vx was adjusted to 2.25. According to the
field decrease of the bump magnets, the beam is injected in multiturn fashion
the intensity grows as illustrated in Fig. 12, The lower two
curves show the current forms of the kicker and bump magnets. Accumulated
intensity by multiturn injection is ~ 10°® particles. The beam injected
in multiturn is captured by the RF field. Fig.13 shows that the

captured beam lasts till the next injection time after 25 ms. This
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Fig.11 Shape of the
injected beam with a
length of 80 us, a) single
turn injection, b) four
turn injection, observed
by electrostatic beam
monitor, 40 us/div.

the stacked beam is needed.
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picture is
taken by ob-
serving the
4th harmonics
of the beam
signals,
avoiding
severe noise

from the RF

source. Fig.12 Injecteé beam in multi-

Captured beam turn (a), current form of kicker
magnet (b), current form of bump

is moved to magnets (c), 20 us/div.

the stacking

orbit by sweeping the RF frequency. The spectrum
analyzer device is used for observing the beams,
which have frequency components corresponding

to the range of momentum spfead of the beam. A
typical result is shown in Fig.1l4. It is,
however, difficult to estimate the intensity

of stacked beam correctly at present. Further
investigations for measuring the intensity of

A sextupole magnet correction system for control

of chromaticity is being designed in order to surmount the transverse

coherent resistive wall instability. The intensity limit of the stable

Fig.13 Captured beam by RF field, Fig.14 Display of spectrum analyser,
2 ms/div, 4th harmonic observation illustrating the momentum spread of
of electrostatic monitor signal. captured beam by the frequency sweep

of 380 kHz.
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beam is estimated at 6 x 10°® without correction and 4 x 10° with correction

5+

for N°t. The growth rate of the instability if we store 2 X 10% N°7 into

the ring is estimated at 0.2 sec.!3)
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STORAGE RING INJECTICN

R. J. Burke
Argonne National Laboratory

Introduction

Multiturn injection is an essential step in generating high power beams
for heavy ion fusion. Systems have been proposed that use a hundred turns of
injection or more,!>2s3 which must be done with minimal beam losses. To cause
the stored beam to miss the back side of the inflector, adequate separation is
required between the stored and incoming beams. This dilutes the phase space
density, but the allowable dilution is also constrained by the Timits on the
brightness of the linac beam and the final focussing requirements set by the
size of the fusion fuel pellet. The injection problem is thus bracketed by
the constraints of beam loss on the one hand and phase space density on the
other.

The most commonly proposed scheme to accomplish many turns of injection
has been to inject N; turns into the horizontal plane of a ring used expressly
for injection, transfer this accumulated beam to a storage ring after first
interchanging the horizontal and vertical phase planes, and repeat the process
N, times for a net multiplication of the linac current by N1 X N2. For
convenience, we assume N; = N> = N and write N2 = S, the total number of
turns injected into the first ring and destined for any one final storage ring.

Investigation of injection schemes at ANL has begun to incorporate
detailed space charge effects using numerical simulation.® The results so far
confirm the expectation that space charge effects complicate the injection
problem, and more dilution seems necessary to avoid excessive beam loss. The
means to increase the dilution allowance are, however, very limited.

Allowed Dilution

The dilution allowance may be written
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where €ep = the emittance of the stored beam and £ is the emittance of the
linac beam. The total number of injected turns is also the ratio of the overall
current of the beam stored in the ring (ISR) to that out of the linac (IL).

The average stored current, based on the space charge limit, is

= . ) . 2 . B .
ISR = K+ Av €sR (BY) B - BF R
where the value of K is about 100 if the average magnetic field (B) is expressed
in Teslas and the emittance is expressed in mr-cm. The expression gives the
same average current for a given fill and different azimuthal beam distributions
(i.e., bunching factors, BF) as long as the corresponding value of the tune shift
is used.

The dilution may now be written

1
2

N (TN R
Av-B-BF BY g

"The variables in this expression are subject to numerous constraints. As

noted above, €5R is constrained by the final focussing requirementsf Much
consideration of the normalized linac emittance (By EL) has Ted to rough
agreement about the minimum feasible; though reductions are not impossible,
they are expected to be very difficult. Multiple front ends and other concepts
have raised the Tinac current to the point where economics may be the Timiting
factor. The tune shift and bunching factor should not be too small to

achieve cost effectiveness in the storage rings. Thus, a small average field,
or large ring radius, may be the most useful possibility for increasing the
dilution allowance.

) If there were a more important reason for keeping the ring radius small,
this means of providing a Targer dilution allowance could not be used. From
the results of the storage ring group at the workshop, it appears that such

a reason could be avoidance of the longitudinal microwave instability. The
potential conflict stems from the dependence of the Keil-Schnell threshold
current® for this instability on the momentum spread of the stored beam,

which is related to the ring radius in the following way.
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As the ring circumference is increased, so tends to be the length of the
beam contained in it. This requires increased longitudinal compression to
reach the final beam length determined by the short pulse duration needed to
drive fusion pellets to ignition. Additionally, efficient focussing
constrains the momentum spread in the compressed beam to some upper limit; and
for a given upper 1limit, conservation of phase space in the longitudinal plane
requires that the momentum spread before the final compression must decrease
as the amount of compression is increased. Thus, enlarging the circumference
of a ring tends to require storing beam with smaller momentum spread, raising

the concern that the stored beam will be unstable.
The storage ring parameters generated at the workshop use relatively high

average magnetic fields, apparently to avoid the instability by maintaining
adequate momentum spread ﬁn the ring. As shown in Table I, however, these
designs may be easily adjusted to larger ring radius, lower magnetic field,
fewer turns of injection, and larger allowed dilution without changing

the momentum spread (or the final compression factor). The changes are made
by adjusting the bunching factor, tune shift at the space charge limit, number
of rings, and number of bunches per ring. As seen in Table I, all of the
changes that have been made are non-controversial.

Discussion

The revised parameters show that phase space dilutions by more than a
factor of 2.5 can be provided for the systems considered at the workshop. Initial
studies of injection in the presence of strong space charge forces® permit
optimism that the allowance of this much dilution will result in acceptably
small beam loss. In fact, the ease of reducing'the injected turn requirement
to a relatively small number suggests that one or more of the other significant
parameters of the systems are not optimal and invites consideration of further
parameter changes. Alternatively, one could simply rejoice at the prospect of
an easier injection task, and that it is not mandatory to employ schemes that
call for additional rings for injection, multiple ring filling ejection, and
transfer, etc. Nevertheless, these schemes appear to be technically realistic,
if confined to reasonable limits, and the most immediate question may not be
technical feasibility but cost. Thus, it could be profitable to return to
a higher degree of difficulty for the injection probiem, if this allows changes
that significantly reduce the overall cost.
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In the systems studied, the linear accelerator is the obvious subject
for cost reduction attempts. Most obyjously relevant to the injection problem
is the beam current, which was taken to be 0.3 A. For cases B and C, the peak
power needed to accelerate the beam is 3 GW. A reasonably optimistic unit
cost for rf power is 0.1 $/W. The resultant $300 M price for the beam power
component of the rf requirement suggests that it may be advisable to Tlower the
current to cut the cost, and accept the corresponding increased difficulty in
the injection problem.

Reducing the total accelerating voltage of the Tinac would not only reduce
the rf costs, but all other linac costs as well. In the context of the fusion
pellets considered at the workshop, one would keep the ion kinetic energy and
shorten the Tinac by increasing the jon charge state.

Table II compares some parameters for a Case B system (3 MJ, 10 GeV)
using U+2 with the previous U+ system. Halving the linac cost and increasing
the cost for rings probably brings the total cost down.

In addition to the space charge effects or charge state that were regular-
1y considered before the workshop, the effect of the charge state on the
longitudinal instability must also be taken into account. The systems studies
at the workshop were guided by the dependence of the Keil-Schnell threshold
current, which varies inversely with the charge on the ions. It appears,
however, that the Keil-Schnell threshold criterion is irrelevant for HIF
storage rings because of the low velocity of the ions, which results in a
large capacitive contribution to the complex inpedance. This makes the stored
beams unstable with a modest resistive impedance component.® The amount of
momentum spread required for stabilization would result in excessive chromatic
aberration in final focussing and/or impractical ring parameters. Stabilization
by providing compensating inductive impedance also appears inapplicable.
Because the impedance provided by any physical feature of the ring will depend
on the frequency, such compensation would not stabilize all of the relevant
modes.”  Therefore, the risetime of the instability rather than the threshold
current appears to be the governing consideration.

Fenster® finds that the risetime may be expressed for the purposes of
systems studies in the following convenient form

_ 2Ry Z, (sec)

t 7
AvesR 2ﬂZr8 C

rise
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Zr is the resistive contribution to the longitudinal impedance (2 m !) and
AV is the tune shift at the space charge Timit. In the examples given in
Table I and Table II, the problem has been looked at in terms of the values

of Zr needed to achieve t = 0.01 sec. Since the beam is accumulated in

rise
a fraction of this time (about 2 msec), the values of Zr given in the tables

should substantially overestimate the requirement.

Summary

Some basic issues involved in injecting the beam into storage rings with
the principal parameters of those studied at the workshop have been considered.
The main conclusion is that straightforward adjustments of the storage ring
parameters makes injection easy. The largest number of injected turns is
fourteen, and the phase space dilution allowance seems adequate to ensure
very small beam loss during injection. The adjustments also result in lower
bending magnet fields, and high field superconducting magnets (e.g., 5 Tesla)
are not necessary. The design changes do not necessarily affect the Keil-
Schnell criterion for stability of the longitudinal microwave instability,
although that criterion appears to be irrelevant. Because the beams are
expected to be unstable, but with slow growth rates, the vacuum chamber
impedances required to give equal risetimes for the various designs are
compared for systems posing various degrees of difficulty for injection.

Finally, the impact of the parameters on cost is noted, and a system is
considered that cuts the length of the linac in half by using doubly charged
jons. Aside from the possible net decrease in cost, the system using doubly
charged ions required fewer injected turns (due to the same changes made fc:
the other revised systems) and a slightly lower resistive impedance per ur. .
of length than the comparison U+ system.



358

TABLE I

Comparison of Revised Parameters (NEW) with Those

Suggested at Conclusion of Workshop (WS)

A =238, g = +1, IL & 300 mA, B‘YEL=].5 um-rad,
Ap/p = 2.8 x 10™*% (FWHM, beam stored in ring)

CASE A CASE B CASE C
NEW WS NEW WS NEW WS

E (MJ) 1 3 10

T (GeV) 5 10 10

Bp (T-m) 158 224 224

te (ns) 20 40 70

1,y (kA) 10 7.5 14.3

Ty (m) 1.25 3.485 6.1

Total Compression, LC 49 49 49

Av 0.25 .068 0.25 .115 0.25 0.19

BF 0.5 1.0 0.5 1.0 0.5 1.0

ecp (um-rad) 57 60 55 60 61 60

Nop 4 9 6

h 4 2

Ny, 32 35 18 36 12

R (m) 156 49 326 81.6 382 95.1

tice (s€C) 0.01 0.01 0.07

Z. (2 m!) 2.14  2.24 1.63  1.15 1.68 .968

B.(T) 1.01 3.2 0.69 2.7 0.59 2.4

ISR(S-C.L-) (A) 6.4 5.8 8.5 17 8.1 4

Iep (avg) (A) 3.2 5.8 4.25 17 4.1 24.3

Iep (exit) (A) 45 41 60 120 57 170
10 20 14 57 14 81
2.6 1.9 2.98 1.61 3.3 1.35



E (MJ)

T (GeV)

Bp (T-M)

Tf (nsec)
IaV(kA)

1 b (m)

LC

v

BF

€sr (um-rad)
N
h

SR

Ny
(Nb)min
R (m)

t (sec)

rise
Z, (em™ )

B (T)

Isp (scL) (T)

Icp (avg) (A)

TABLE I1I

Comparison of 3 MJ System for u*2

with U* System from the Workshop

+2

112

15

50

o

57
12

24
15
112

.93

12.5

6.3

21
2.5

.25

10

40

3.485

0.01

+1

224

49
115

60

81.6

17

57
1.6
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Definition of Symbols

o

average magnetic bending field = Eg

bunching factor in storage ring

maximum allowable dilution per 2-D phase plane during injection
number of bunches from each storage ring

nominal beam current on target

linac beam current

peak stored current at space charge limit

average current of stored beam

peak beam current at extraction

total compression of beam bunches beyond their length
when stored at the space charge Timit

final Tength of each beam bunch

total number of beams on target
number of beams required by transport power Timit

number of storage rings

total injected turns per storage ring

average radius of storage ring

nominal duration of beam pulse on target
risetime of longitudinal microwave instability
120 =

resistive impedance of storage ring vacuum chamber
per unit of length

emittance cof 1inac beam
emittance of beam stored in ring

betatron tune of storage ring
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STUDY OF INTER-BEAM INTERACTION IN INJECTION
PROCESSES AT THE SPACE CHARGE LIMIT

H. Takeda and S. Fenster
Argonne National Laboratory

1. TINTRODUCTION

Augmenting a particle simulation program originally by I. Haber,! beam
dynamics of the injection process into a storage ring is studied. Although a
real storage ring recently designed employs various kinds of magnetic elements,
the essential features of its beam dynamics are determined by the quadrupole
doublets. The lattice structure of the storage ring consists of 20 FODO periods.

Figure 1 shows the lattice, and Table 1 shows the storage ring parameters.

The quadrupoles are assumed to be thin. Thus, by obtaining an FODO
transport matrix for one period starting from beam injection point I, acceptance

ellipse parameters N are calculated at I for both x-x” and y-y~ planes

17Pay”
(j=x,y) for a given phase advance per period. In this paper, we discuss single
plane (xx”) injection. We set the beam emittance ellipse parameters for the

y-y~ plane (aBy’BBy) equal to the acceptance ellipse (uAy’BAy) and take the
center of the beam ellipse in the y-y” plane at the center of the beam transport
system. Thus, the beam ellipse in the y-y” plane is exactly matched, regardless
of its emittance, so the beam ellipse in the y-y” plane has the same periodicity
as the storage ring elements. Thus, the four-dimensional efficiency and dilution
of the injection process are equal to the two-dimensional ones in the x-x” plane.
We wish to check whether beam loss or phase space dilution can occur due to

multibeam envelope oscillations dependent on the beam stacking method in

injection.

The program keeps track of beam loss for a given aperture of a transport
line; a special method accounts for septum losses. Chamber wall image force is

not included in the calculation, and the septum has thickness equal to zero.
2. BEAM STUDY

We will briefly describe here the circle coordinate transformation® which
is convenient for optimizing beam shape parameters. For a given injection point
I in a storage ring, it is always possible to find a coordinate system so that
the accéptance ellipse at I is a circle. The transformation from x-x“ coordi-

nates to circle coordinates is a function of I.
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They are given as:

r BN

1 )
BAI
T = Physical —— Circle
o
AT ——
JE BA]:
[ "Far )
1 Bar 0
T = Circle —— Physical
*AT 1
e
| "Par "Par)
where aAI’BAI are acceptance ellipse parameters at I.

The following results are obtained by varying mesh size, beam size,
and time step length by factor of two, The result is independent of these
factors. All éalculations were done with 1024 macro particles for each injected
turn., The time step for the particle pusher is 1/5 of each lattice period.
Thus, 100 time steps make one turn around the ring, The initial particle dis-
tribution is chosen as K~V for each injected turn,

1. . .
a). Four turn, tune v, = 5+ Z—lnjectlon

This tune gives a phase advance at injection point I after one turn of
the storage ring of (SXS6O+-9O)O. Thus, in Fig. 2-1, we see the acceptance at
point I of the ring filled with the incident beam at position 1; it is expected
to come to position 2 after ome turn, It clears the thin septum due to betatron
oscillation with zero loss, The dilution of this complete injection is theo-
retically calculated to be 2.0 without loss. Figure 2-~2 shows the result for
zero current of this injection scheme. Figure 2-3 shows the result with 1. mA
in each beam. A total of four turns reaches the space charge limit of 4, mA,

The two figures correspond at time step 400,

1. . .
b). Five turn, tune vX =5 +-Z injection

As is seen in Fig, 2~1, there is a hole in the center of x-x” acceptance
at point I in four turn injection, If we inject a beam in the center of the

acceptance at the first turn followed by bumping of the equilibrium orbit, we
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can inject five turns as seen in Fig. 3-1. Theoretically, the dilution of this
injection is calculated to be 1.60 without septum loss. Figure 3-2 shows the
result for five turns with zero current. Figure 3-3 shows the result with 0.8
mA each beam. A total of five turns reaches the space charge limit of 4 mA.

The two figures correspond at time step 500,

c¢). Four turn, tune v, = 5 injection

This tune gives a phase advance at injection point I after one turn of
the storage ring as (SX360)0. Injection is performed as follows. First, the
equilibrium orbit is bumped locally at I such that it is two beam widths to
the right of the septum. Inject the first turn. Bump the equilibrium orbit at
I toward the left of the septum by the full width of the beam. Inject the second
turn. Subsequent turns are injected the same as the second turn. Figure 4-1
shows the acceptance and beams at I. Theoretically, the dilution of this in-
jection is calculated to be 1.57 without septum loss. Figure 4-2 shows the
result for four turns with zero current. Figure 4-3 shows the result with
1 mA in each beam. A total of four turns reaches the space charge limit of

4 mA. The two figures correspond at time step 400,

3. SUMMARY OF CONDITIONS AND RESULTS

Scheme a b c
Phase Advance/Period 94,5° 94,5° 90°
Quadrupole Thin Lens Power* 0.44776 1/m 0.44776 1/m 0.43116 1/m
No. of Injection Turns 4 5 4
Acceptance O 0.73661 0.73661 0.70711

BAx 4.67707 m 4,67707 m 4.920 m
Acceptance €ax 25 mr cm 25 mr cm 25 mr cm
Beam dp 0.36831 0.36831 0.20676

BBx 2.33854 m 2.33854 m 1.4386 m
Emittance €. 3.125 mr cm 3.125 mr cm 3.98 mr cm
No. of macro particles/turn 1024 1024 1024
Beam loss due to septum 30 203 403
Beam loss by wall#** 105 75 0

Total loss/Total beam 3.30% 5.43% 9.84%
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Acceptance sAy 3.125 mr cm 3.125 mr cm 3.125 mr cm
Bean aBy -0.73661 -0.73661 -0.70711

BBy 4.67707 m 4.67707 m 4,920 m
Beam Emittance sBy 3.125 mr cm 3.125 mr cm 3.125 mr cm
%

Lens power = 1/focal length.
**%*Vacuum chamber cross section is assumed as 14 cm x 8 cm.

The beam Xe+l is assumed to have 8.5 MeV kinetic energy.

4. DISCUSSION

We notice that, for the beam at the space charge limit, although the
turns are deformed in phase space due to mutual beam interaction, they can still
be identified individually. A ring large enough to contain the beam with space
charge artifically turned off suffers losses on the septum and on the walls at
full current. The total magnitude of the loss and its partition among wall and
septum both depend strongly on which injection scheme is used. The septum
losses differ by a factor of 10, and the best scheme in that regard suffers from
significant wall depletion. Scheme b illustrates a trade-off: the incoming
current is 20% lower than that of Scheme a, but the septum losses are eight

times greater.

The next step is to add wall image forces to the program to make it more
accurate. The present results are probably accurate enough to prove that injec~-
tion schemes cannot be ordered in efficiency and dilution or evaluated properly
without this type of computation. The space charge effect is so significant in
these high-efficiency, low~dilution injection processes that two-plane vs. one-
plane injection schemes may exchange places in merit. We have considered only
schemes that have 1007% efficiency with zero space charge. Dilution can be
improved by accepting losses, but quantitative determinations will require

study of a wider class of schemes.
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Fig. 2-2
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Fig. 3-1
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FIGURE CAPTIONS

The storage ring is represented by a circle, with focusing and de-
focusing quads indicated. One period consists of two units drift
space (2x1.64m) followed by a thin defocusing (x) quad, one unit
drift space, thin focusing (x), and two units drift space.

Injection scheme of four turn, v, = 5.25 is shown in circle coordi-
nates in x-x“ phase space. The acceptance is represented by a
circle. Each beam is represented by an ellipse.

x-x“ phase space at injection point I for four turn v_ = 5.25

. . . . . . X

injection with zero current. This figure shows beam Phase space at
time step 400.

x-x“ phase space at injection point I for four turn v, = 5.25
injection with a total current 4 mA. This figure shows beam phase
space at time step 400.

Injection scheme of five turn, v, = 5.25 is shown in circle coordi-
nates in x-x” phase space. The acceptance is represented by a
circle. Each beam is represented by an ellipse.

x~-xX“ phase space at injection point I for five turn v_ = 5.25
injection with zero current. This figure shows beam %hase space at
time step 500.

x-x~ phase space at injection point I for five turn v, = 5.25
injection with a total current 4 mA. This figure shoWs beam phase
space at time step 500,

Injection scheme of four turn, v. = 5.0 is shown in circle coordi-
nates in x-x” phase space. The acceptance is represented by a
circle. Each beam is represented by an ellipse.

x-x“ phase space at injection point I for four turn v._ = 5.0
injection with zero current. This figure shows beam %hase space
at time step 400.

x-x“ phase space at injection point I for four turn v, = 5.0
injection with a total 4 mA. This figure shows beam phase space
at time step 400.

The code on the scatter plots in Figs. 2-2, 2-3, 3-2, 3-3, 4-2, and 4-3
indicates the number of macro particles per printing bin; we have not, as
yet, used these details.
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phase space plot for 4 turn injection,

0 mA.

Each beam current

5+ 1/4.

-

X

X Vs. X
tune v

Fig. 2-2.

rad)

A
o
e
B
; g . .
+q- - . - J..L»c...u;,ua....._-.L...;.-.f-....-._-. PO
t . ' 1
" | ! | |
)
| i t ~ _ 1
] ] 1 (2] 1 ]
" | " . | !
] ¢
! | ! ) | |
. i \
- o - - decdeny beden deedrhdr e adecdradonqocdteme
. - | |
] _ I | 1
! ! | | _
1 o~ |
' | | _ i
] 1 i \O t |
1 i 1 . { !
| i | 4 i '
[ ] | i. ﬂl._l B , |
-4 - .“. « = JtlLflJlllllJ TL-oJut.‘vv.&.:l.‘olAl' - ® u .
| 1 : 1 ]
1 [} (| | 1
i 1 1 , I 1
" { | 2861 X | ]
" O ] X « - 1
I | L.dr.&.u RO A-3: § n i
} t %V Ll RS I ~NIDT U o= (AR | t
v, | [ < iU ¥ O wl ._rl_.(a:.rr | |
[ ] i ) U 2 =0 MPLeadl Ot M | [l
PAr. + e UL el IiNe m = o' $O Gd o demdoenqeodan Lo ue
1 | WX P20 VO el et | i
t _ e X KHPY.».J_L .,L{Fra_r i I
I i 4J1V.Hpnﬂ.2 . “ I
[ - : L8 L N {
N H ! i D m ' Il —— : i - ! ]
1 1 ] mr.La..J—: a
] | 1 . LN BETITT) !
1 | ' LA ST Mo Ty > b. mo
v, 1 o mu L h w4 o) e
> + - - CELAL B B e Y.U.r.—\L,nlJI-L..:_JLHu oy - > -
] | ] 4 2T M e Y G, T ]
\ i 1 Ft..EKL..FG:..A I~ a ., 1
] . ] LN R YT e, B IR YT i ) u- (Y )
I | ] I.An..,.K?.lGJﬁ | |
] ] [ERR N T S I _2.: 1
} i i f~ b :
1 | | ] [
| “ t 1 !
|- 1 ] '
- +* - - [ B e s L 1 o "t a o ode=ga=dar.nss Lo o
1 { | | '
! 1 ' i |
i 4 ! ) i
] ] 1 ] i
! | i _ '
t 1 ! '
t t | | 1
1 ] | | !
1 i , 1 . ! , !
oy - - - " ._n-a....o._.c..-uJuy..u'..-n..-a.w-l._-v..- e~
) i | . 1
t | ' | '
' ! i ) 1
\ [} ¥ i 1
t ' ) } i
1 ! ! 1 1
1 1 [} ]
1 i ' “ !
' | b
taw - ) nso;ft;vu;nc.‘c_..._.on..cnulsfot.hnl.ﬁun t e * e

=
o
U >
0
)
-

e et Attt LR R R TR T &



373

ion,

1
0 mA.

injec

EFEach beam current

=5+ 1/4.

x vs. x~ phase space plot for 5 turn
X

tune v

T S it e e A Rt T

e et e s T B Ty

N
[}
.

15 3++5

L oGwMp
fEIKLEKETES

LAV

x ES

LS

UnALkd2-

Pk X
-~
A

P m e m e m e m e — —— —e e~y —~ = =6 L HF

GBI ML Qe mmmm b o mmm g 4

31F1LHIDC

o)

1)

<

L

n

- .
<y N

:-.»Jauc

4emy ol

q- LR e

e T

<+

33J0U7

19.37

=X

+(mrad)

.. T

4
*
[}
T
1
.

*11.62

[N

£p1
E_

4HH

v =5 2KIPM
JR--

DELZE —LEIRG TOHLAS
AJICK--CIL]

1i

LI R

)

e

JLIFFILS
N F

N

e —

FJHYT e o g

il e e

b A LogN N |

ERela)
ZCh

L]

DN JHAL YV

5

435—+

TMPCOT

=a

Aot

s b e e

i

“ s = e o

- - % 5 -

- e e em e A e ¢

tr
>

Lg5(c™

=)

O it Tt e SR



374

ion,
0.8 mA.

4
]
]
™
e
o=
]
==
H
B3N
BN
o
N U
=
o o
YWoa
0
4
(o=
— U
Qa
5]
O]
9]
o -
[aRES
0~
—
O]
0 4
o
LN
(a8
]
\
X N
>
0w
> a
o]
W

Fig. 3-3.

B el

>
1
1
]
t
|
]
1
I
]
+ o=
]
)
1
[}
)
]
1
+ -
t
i
1
]
[}
I
]
)
i
-4 -
I
]
1
~—
]
\
)
|
PO
i
1
1
1
]
|
1
I
1
PO
|
]
1
1
1
-1
]
¥
E I
1
1
]
]
]
]
]
]
1
E

s i B B e i

[]
L]
iR

-1

»
L
-

LT

&
I oy
In
NT =
. L
(= ©
b .
o
«
1
1
i
- .y .
t
1
1
|l
|
'
]
|
'
.- -+
|
1
1
i
1
'
\
i
. o &
1
1
L
1
[}
1
i
'
1
LA I I

4.
worr

+ -

+

u;:("_

allk JJ+

*=T-33 I

cle———= Rl S ety B

T U s g

[]
1

M3
2J1

4,56

o e b e m e mmm— e e ———

B T T TRy

« ma = s d

- % e e

+
[]
I
[]
.

a

SN
R
wut

O s e et et Y 3

%

~
[¢]
2

~



ion,

t

injec
0 mA.

Each beam current

375
hase space plot for 4 turn

5.0.
O i ittt e e T Ty S

-

X Vs. X p
tune v

Fig. 4-2.

1N
v
W<o®
\LE
i 8
. . ~
a-.on-.-n_.ﬂ.un-..-c-m-ﬂ.._-nncn-_- e to® e pdearae 4
! 1
] 1 [} ]
! 1 ' i
! nyy | '
! oY ! i
| o | _
| o0 _ h
) = ! 1
Y e s Ve e 4" N e maw e @ - -« v ® - m "> . w et e ¥ aeneeow - o+
t 4 4:. il t 4 '
' ) i i
! ] t 1
' g 1 '
! [o2¥] 1 |
h ol ! t
T 1
1 (o] 1 '
; ! =i ! 1
® T me N e ® W 4Ry n'-_! LRI T I I - N +* ® s P a0 o
| ! i
1 . "
' ' }
I _ } 3
t t
- _ | I
T DAY ! !
A NapAU D 1 ! !
. T a LT Ml | 1
LA A ™o Y - W+ a0 - s FT e e e+
A e R A O] 4 1 t
L e It I TN I R TLIE T 1 !
Wt oon - - Wy e T o 1 |
R N e B W o W R s L) T ' _ X
tre— At g P TR OV o b} - B LR bt B 2
R N I T (e 2 4.68 7' 03 (cm)
LI N e W) [a I BN W Ry BN r 1 1
1 A w ey ¥ WEx o A (I _M_. O
i S ERERY yindu ) I i
|J||J||11|Jnt|wvb_.l+.:h. XU e % ® " Mg e £ ® o oeeog ey
4 oo P R ! |
i i Wit 1 1
1 U T in | )
| LaLI A e I ]
1 LA i '
] 1 t i
' ) ' 1
| ) 1 1
ll 1 . Lot 1
n..-v._va...q....un._..c._lﬁ..—-v‘-|‘u.1.\ » " 3 e "« r" s e aawrE ey
i 1 [ ]
i 1 1 i
1 | ] ]
| 1 1 t
! \ ' 1
i 1 [ n
1 i ' |
' y 1 ' i
1 X ] 1 i 1
l..u.-_v|4,.rtunlLll41+4|-J-.‘vcf||-n|:-v-..covt-o..:ob
1 t '
[l Ll i i
) 1 . t
| 1 \ )
I ' ' |
1 1 | '
! 1 1 1 +
1 1 | 1 1
1 ! f ] 1 )
* bw = ||.4ll .vl..ll_.llllr4||1||4l',||lloltlx+||l- " e LA 4




376

injection,
1 mA.

x vs. x~ phase space plot for 4 turn

4-3.

ig.

Each beam current =

5.0.
D bk Bt e e et e s

tune Vv

=3

N

.~ . %
|
1
1
|
i
1
t
tv.q.
|
1
i
t
b
1
. a4
I
1
|
1
1
I
1
|
)
- . %
|
t
1
+
1
1
'
)
> -+
!
]
|
1
[}
l
1
1
v
- v +
|
1
1
'
T
1
1
|
I
-
!
l
b
1
[
1
1
1
1
- 4

3

.« e q e

B i T 2
L]

-3 ——

[}
= I
-
cul L
k]

- r o

* nu

¥y ~a

I s (8]

\ -~ o

) ' IR

b g e e g =

|

|

!

t

i

‘

i

i ]

PR TR A I T S

1

1

i

1

1

i

L

1

1

P S [

1

|

]

1

\

1

i

1

'

-

NTOK e

+ =X~

B I B

5=

Pe—mm e mm

P

g

#4545 -

—iz

205LLHY

3=

«(mrad)

3

.
3
.
.
a
.
[
———
.
*

RS 104

NAMVIFL

e Rt R i

T

1
'
)
|
1
1
1
L R
'
1
'
'
'
t
!
!
i
P I B S
1
1
[l
'
\
'
'
'
|
- v et e e

o

t
1
|

a

A

a

e
1

1

]

]

1

|

t

|

_?I"l -
b

1

1

i

1

1

“

[ B B
1

1

1

1

1

]

t

:
P S
T

+

1

4 .68

1

[ L
1

]

1}

1

1

T

]

1

1

FS e e o=
1

]

]

]

_

|

e e -
_

1

!

]

!

]

__
[

T AT It ettt b e i et 3

~J



377

FINAL TRANSPORT IN VACUUM -- SUMMARY

K. Brown (SLAC), E. Colton (ANL), S. Fenster (ANL), A. Garren (LBL),

I. Haber (NRL), I.

Hofmann (Garching), J. Lawson (Rutherford),

S. Penner (NBS), and J. Peterson (LBL)

INTRODUCTION

Those considering final transport in vacuum
believe that the main problem is the effect of
space charge on the final focussing design. It
was thought best to approach this from two di-
rections:

1. Assume uniform charge density in the
axial and transverse directions in order
to modify the zero space-charge designs.

2. Evaluate the designs taking account of
non-uniform densities by simulation and
other methods.

CONTRIBUTIONS

The participants carried out a number of
relevant studies which are included in these
proceedings, and which are briefly summarized
here:

1. Design and chromatic correction of final

focus beam-1ine at zero current, by

K. Brown and J. Peterson. The beam Tline
is made up of three half-wave sections
that include dipoles and sextupoles in
the first two.

arranged in pairs at betatron phase

The sextupoles are

intervals of 180 degrees in order to

suppress their contribution to geometric
aberrations. If chromatic corrections
are not needed, the third section can
stand alone. The corrections increase
the momentum acceptance by a factor of
two, permitting a 3% spread onto a

4 mm target.

2. Effects of third order aberrations in

the above beam line were evaluated by
E. Colton, and found to be negligible.

3. Beam line with space charge. The same

beam-Tine, without dipoles or sextu-

poles, was modified by A. Garren to take
account of space charge. Also procedure
was proposed for calculation of dispersion

in the presence of space charge.

4. Spherical aberration from non-uniform

space charge. If the space charge
density is non-uniform, it causes a vari-
ation of the focal length of the final
quadrupole multiplet between the center
and edge of the beam. An estimate of
this effect by J. D. Lawson shows that

this effect could be serious.

5. Numerical simulation of final transport
The first
example replaced the final quadrupoles

have been made by I. Haber.

with a single thin lens, the second was
Use of K-V distri-
butions confirmed the envelope integra-

that of paragraph 3.

tions used in 3. Use of a non-uniform
distribution showed some worsening of

performance.

6. Coherent Space Charge Instability.

Analytic calculations by I. Hoffman
show that stability thresholds are

considerably reduced when the hori-
zontal and vertical emittances are

unequal.

CONCLUSIONS

Problems remain in the design, evaluation,
and optimization of final vacuum transport beam
lines due to the combination of large values of
current and momentum spread. At present a
reasonably conservative estimate of allowable
momentum spread is about X 1% until a chromatic
correction system with space charge is demon-

strated.
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CALCULATIONS OF MAJOR 3RD ORDER GEGOMETRIC ABERRATIONS
FOR FINAL TRANSPORT LINE

Eugene Colton
Argonne National Laboratory

Kar1+Erown and Jack Peterson have presented a Final Transport Line for

10 GeV U ". The system consists of three 1/2 wave quadrupole sections and three
dipoles. Furthermore, the system has been chromatically corrected to
second-order utilizing two families of sextupoles.

The system was designed to produce a final 4mm radius spot in the
center of a 5m radius_reaction chamber for a beam with a geometrical )
emittance of 60 x 100 7 m-rad in both transverse phase planes; the starting
ellipses in the phase planes are upright, viz
yl

X

2.94mr-—2;;;—-
_

N

—— 5.1 mr

AN

2.04 cm 1
1.177 cm
X, = 2.04 cm Yo = 1.177 ¢cm
Xy = 2.94 mr Yo = 5.1 mr
The final transfer matrices, e.qg. C S
c' S!
-0.197 1.11 x 10-3
are in the x plane (Horiz.)

1.41 x 10-2 -5.07
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~0.3413 1.6 x 10-%
and in the y plane (Vert.).
7 x 1073 -2.93

where the primes denote differentiation with respect to s. So the system
is point to point and waist to waist (S = C' = Q).

The third-order aberration coefficients for the system can be
calculated by integrating the first-order functions over the transport.

An aberration coefficient for a quadrupole system is given by (see
Steffen p. 52)

Se Se
q = S(s,) [ c(s) f(s) ds - C(se) [ S(s) f(s) ds
6} 6}
where se is the end of the beam (the central trajectory propagates in
the +s direction), and f is the driving coefficient for the aberration .
Since the system is point to point (S(se) = 0), we rewrite Eq. 1
S
e
q=-C(s,) [ S(s) f(s)ds
6}

The Transport run indicates that the large heam envelopes occur at
very large S values (i.e., are built up only by the initial angles),
therefore, we only consider the aberrations due to the 1n1t1a1 angles
X, and yé and not those involving the initital beam sizes X, and Yo-
Tﬁe problem is reduced to a modest exercise of evaluating four
aberrations instead of twenty.

The terms are
3 e

13y - L 3 2 2 1 0?2

(x[x;%) Cls) 5 ({ S, (K" - 75K 5,7) ds
2 s S

(X‘X'_y' ) = =C (S ) es [_X KSIZ_lKIISZ_ S! -t

0 Yo MEN g x [z (KS)" - 2K %)-s 50 (Ks) + k'S )] ds

3 e

' - 3 2 , 2 1 ve 2y
(y1yy™) C(sg) 3 g 5,7 (k)" - 75 K 5,°) ds

S

] 2 ] —
(vx2%y8) = € (s.) g s, [ (ks:? - Lyng 2y =S, S% (K} + K's )] ds
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0 in a field free region

where K

n

and K é%— in a quadrupole where g is the field gradient.

we integrate the terms involving K" once by parts and assume K' = 0 at s =0

and at se
Se 2 Se 3 |
[ K S, ds = -4 [ K's, S, ds
o] O
S S
e 1] 2 2 e ] [} 2 2 [}
g K"S, sy ds = -2 g K (sxsxsy S, sysy) ds

The final expressions for the aberration coefficients

S
3y . _ 3 € 2 12,2 yic 3 q
(x]x37) = - 5 C(s) g [KS, = $.° + 5 K'S,” 5] ds
se
1 |2 - l 2 I2 1 }
(x[x yoo) = - > cx(se) g [K(sX sy -2sxsxsysy)
: ‘o 2 2« o1
+K'(S, S, 5,7 Sy sysy)] ds
Se
3y 3 22,2 ie 3o
= = +_
(y[y0 ) 5 Cy(se) £ (KSy Sy 5 K sy Sy) ds
Se
200y 1 2 o 2 oo
(y1%)y,) > cy(se) g [K(S) 5,7 - 2sxsxsysy)
+K'(s 25 S - 55'S )] ds

X yy XXy

(2)

(3)

(4)

(5)
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Equatinns (2)-(5) are integrated to give the 3rd order aberrations -
contributions are non-zero only within the magnetic elfements. We ignore

the three dipoies of the system and integrate over the twelve
quadrupoles. For simplicity we approximate the fringe field behavior
of a quadrupole by linear functions i.e., the K value is assumed to behave

as shown

K
} The gradient is constant with value
2
eff
Kax TOr 2] < >~ - Tg

where Qeff = quadrupole effective

length and rg = bore radius

and the gradient changes linearly when

2
eff +

L
eff
- g <|2|< 5 s

2

0f course we maintain the same integrated strength as for a square edge magnet:

- 2r,)
B/ + 5 (2rg+2ry)],

o=

v - _ 2
[ oKde =Ko Seep = Koo [(Ceff

- 00

so in the central regions K = Kpax> K' = 0 and in fringe regions

KmaX L

K'=-—"% -
ZYB To]

K 2
- _Mmax eff |
=g L gl e K
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Each quadrupole was subdivided into fifty intervals and Eas. (2)-(5) were
evaluated numerically for an interval

A+ (zeff + 2rB)/50 and ¢ = A-x/K

The S and S' functions were taken through each section of quadrupole
by the standard transform

S cos ¢

sing
vE | [

= for a focussing quad

St :Vfﬁ-sin¢ cos ¢ Sé

sinh S

_VT 0

= ‘ for a defocussing quad

S “\/ K sinhg¢ cosh ¢ SO

where the starting values of the S and S' functions were taken from the
TRANSPORT output atg = -%¢f/2 and transformed back tog = - (Leff/2+ rg)

Equations (2) to (5) reduce to a summation over the contributions
from twelve quadrupoles

12
qg= 3 Agjy for each aberration

The contributions from each quadrupole to the four aberrations, as well
as the final results are listed in Table II. The coefficients are small
as calculated by this method - the major contributors to (x[xg§3) are
quadrupoles 3, 6 and 11 where the beam is 50 c¢cm wide horizontally. For
the extreme rays
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xé = 2.94 mrad, yé = 5.1 mrad
Ax] = (x|x63) x63 = 4.67 mm
bxy = (x|x6y62) xéyéz = 1.59 mm
by, = (yiy(')?’) yc')?’ = 0.31 mm
by, = (ylx(')zyc')) xc')zyc') = 1.58 mm

In view of the expected distribution functions, most xg, Yo
values will be small; since the aberration contributions are cubic in
angle the geometric aberrations cause a negligible increase in final
focus size. The results as found in this quick analysis should be
verified with a ray tracing program.
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TABLE I. QUADRUPOLE DATA

QUADRUPOLE  ACTION  g(T/m) Lot (m) "b(m)
1 HF 1.8966 1.0 0.15
2 VF -3.6847 1.0 0.15
3 HF 5.8519 2.0 0.3
4 VF -7.1923 2.0 0.3
5 VF ~7.1923 2.0 0.3
6 HF 5.8519 2.0 0.3
7 VF -3.6847 1.0 0.15
8 HF 1.8966 1.0 0.15
9 HF 1.8097 1.0 0.15
10 VF -3.5971 1.0 0.15
11 HF 5.8879 2.0 0.30
12 VF -7.8457 2.0 0.30
TABLE II. ABERRATION CONTRIBUTIONS
ABERRATION (mm/ (mr)3)
'3 1,1 1 1c
QuADRUPOLE  (X1%57) (x|x0y02) (ylyo3) (y)xozyo)
1 2.08x10-8 -0.73x10-8 -3.33x10-8 +6.0x10~8
2 1.414x10-4 6.40x10-4 +4,73x10-4 +1.17x10-3
3 5.88x10-2 3.79x10-3 4.59x10-5 +5,45x10-3
4 ~7.654x10-5 2.20x10-3 +2.37x10-4 +4.,78x10-3
5 -0.30x10-3 2.18x10-3 +2.36x10~4 +4,85x10-3
6 5.82x10~2 3.78x10-3 +4,63x10-5 +5,52x10~3
7 1.428x10°4 6.41x10-4 +4,73x10~4 +1.16x10-3
8 2.099x10-8 -0.73x10-8 -3.31x10-8 +6.02x10-8
9 1.976x10-8 0.76x10-8 -3.18x10-8 +5.61x10-8
10 1.467x10-4 6.54x10~4 +4,77x10-4 +1.19x10-3
11 6.657x10~2 4.16x10-3 +4.88x10-5 +5,94x10-3
12 1.511x10-4 2.73x10~-3 +3.03x10~4 +5,79x10~3
TOTAL 0.1839 2.078x10~2 2.34x10-3 3.585x10-2
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CHROMATIC CORRECTION FOR THE FINAL TRANSPORT SYSTEM

K. L. Brown (SLAC) and J. M. Peterson (LBL)

I. INTRODUCTION

The final transport and focusing of the
heavy-ion beam onto the fusion pellet in vacuum
is complicated by several non-linear effects —-
namely, chromatic (momentum dependent) effects,
geometric aberrations, and space-charge forces.
This paper gives an example of how the chromatic
effects can be nullified, at least to second
order. Whether third- or higher-order terms are
important is not yet clear. Space-charge
effects are important but are not considered

here.

IT. THE NEED FOR A CHROMATIC CORRECTION SYSTEM

Consider the problem of bringing a 10 GeV
U4+ beam from the end of a FODO-type transport
lattice and focusing it onto a 4 mm radius
pellet. Let the emittance in each transverse
plane be 60 « mm-rad. We take for the values of
the betatron functions at the end of the
transport Tattice By = 6.93 m and ey =2.31m
(corresponding to a 4-meter FODO period with 60
degrees phase shift per period). The matched
beam spot at this point is 20.4 mm (horizontal

radius) by 11.8 mm (vertical radius).

To match this beam to the 4 mm pellet
(Bx =8y = 0.27 m) at the center of a
5-meter-radius reaction chamber, it is
convenient to use a half-wave optical system
consisting of four quadrupole magnets as shown
in Figure 1. This focusing array was devised

using the TRANSPORT program.’

1K. L. Brown, D. C. Carey, Ch. Iselin, and F.
Rothacker, "TRANSPORT, a Computer Program for
Designing Charged Particle Beam Transport
Systems", SLAC 91, (1973 Rev.), NAL91, and CERN
73-16.

TRANSPORT beamspot radii

LATTICE 20.4 mm x 11.8 mm
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Figure 1. A Half-wave Section Matching the Beam from

a 4-meter FODO Transport System to a Round,
4-mm-Radius Target Pellet

This half-wave matching section, although
achromatic in first order, has significant
second-order chromatic coefficients:

Coefficient Contribution to Spot
Radius for 1%ap
(x:x'ap) = 2.02 mm/
(mrad-%) 5.9 mm
(y:y'ap) = 0.369 1.9

where the symbol (x:x'ap) represents the
coefficient multiplying the input horizontal
angular width x' and the momentum spread ap of
the beam in the second-order expansion for the
horizontal radius x at the pellet, et cetera.
These coefficients indicate that a momentum
spread of more than 0.5 percent will seriously
It would
be advantageous for a high-current accelerator

degrade the focal spot at the pellet.

system to be allowed an energy spread of several
percent. Thus we are led to consider a system
for correcting the chromatic aberration in the

final transport.

ITTI. AN EXAMPLE OF A CHROMATIC-CORRECTION SYSTEM

It is common in synchrotron/storage ring
technology to reduce chromatic effects by the
use of sextupole magnets at points of relatively

high dispersion. Such arrangements produce



momentum-dependent focusing effects which can
cancel, to first order, the chromatic effects of
The extent to which this
technique is useful depends on the strength of

the basic lattice.

the second and higher-order effects produced in
the dipole and sextupole magnets.

Methods have been deve]oped2 for
introducing the sextupole magnets in such a way
that the net second-order geometrical
aberrations are relatively small. The basic
strategy is to use pairs of sextupoles with
half-wavelength separations so that their
higher-order effects tend to cancel. As an
example of such a chromatic—correction system,

consider the arrangement shown in Figure 2.

This system consists of three half-wave
sections with each section being optically like
The last half-wave
section is exactly the one shown in Figure 1.

that shown in Figure 1.

The first half-wave section has the same
qguadrupole arrangement but has in addition two
dipole magnets to create dispersion and two
sextupole magnets to produce momentum-dependent
The
second half-wave section is a mirror image of

focussing in the two transverse planes.

the first -- i.e., it has identical elements but
in the inverse order. With this symmetry the
higher-order effects of the sextupoles tend to
cancel. The amount of dispersion required is

such that the beam width due to momentum spread
is about the same as that due to the transverse
Note that

the beam is focused to a 4-mm round spot at the

emittance at the sextupole magnets.

sx SY B2 Sysy

B=bend magnet
Sx, Sy =sextupole magnets

Figure 2. A 3A/2 Chromatic-Correction and Matching Section

2K. L. Brown, "A Second-Order Magnetic Optical
Achromat", SLAC-PUB-2257, 1979.
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end of the first half-wave section as well as at
the pellet.
convenient in that it allows the cancellation of

This sharp secondary focus is

the higher-order aberrations to be somewhat
independent of the exact location of the
sextupole magnets.

The TRANSPORT program was used to find
magnet parameters such that the coefficients
(x:x'ap) and (y:y'ap) became negligibly small
(on the order 10—5 The
most important remaining second-order

mm per mrad-percent).

coefficients that affect the beam size at the

pellet are:

Coefficients Contribution to Spot
Radius (ap = 1%)

(x:xap) = 1.24 x 1072 0.25 mm

(x:ap2) = 2.86 x 102 0.03

(x:xx') = 2.75 x 1072 1.65

(x:yy') = 2.46 x 1072 1.48

(y:x'y) = 4.26 x 102 1.47

(y:xy') = 0.99 x 10-2 1.03

(y:yap) = 0.84 x 1072 0.10

These coefficients were evaluated under the
approximation of “square-edge" magnetic fields
—— i.e., negligible fringe fields at the ends of
the magnets.

This chromatic-correction system was
evaluated using the TURTLE3 program, in which
individual rays are traced using matrix elements
good to second order for each component of the
transport line. The results are shown in Figure
3, in which the rms horizontal and vertical
widths and the fraction of the particles
striking the 4 mm-radius pellet are plotted as a
function of the momentum half width. In
transverse phase space, the particle densities

used in these calculations were uniform in x-y

3K. L. Brown and Ch. Iselin, CERN 74-2, “Decay
Turtle", 1974.



and in x'-y' spaces out to the the elliptical
boundaries (x/a)2 + (y/b)2 =1 and

; ' 2
(x70,)% * (y'/0))% = 1.

The plots in Figure 3 show that the
chromatic effects in this corrected system are
relatively small for a momentum spread of Tless
than £ 2 or 3 percent. That there is some
spreading of the beam with no momentum spread
and consequent loss at the 4 mm radius target is
attributable mostly to the second-order
geometric aberrations produced by the
sextupoles. The question of how much these
second-order geometric terms can be reduced by
alternative arrangements of the lattice has not

been pursued.

To illustrate the efficacy of this
chromatic-correction system, similar ray-tracing
calculations were made for the simple
one-half-wave matching section without chromatic
correction (Figure 1) between the end of the
transport lattice and the 4 mm pellet. The
results are plotted in Figure 4.

Comparison with Figure 3 shows that this
chromatic-correction system improves the
momentum acceptance of the final transport by
about a factor of 2. It shows also that for a
momentum spread of less than one percent the

chromatic correction is probably unnecessary.
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Figure 3. The Momentum Sensitivity of the 3A/2 Chromatic-

Correction System
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Figure 4. The Momentum Sensitivity of the n/2
Matching System (without Chromatic Correction}

IV. SUMMARY

We have illustrated by means of an example
that the inherent momentum sensitivity of a
simple, four-quadrupole-magnet final transport
for focusing a heavy-ion beam on to a small
pellet can be improved through the use of a
particular arrangement of sextupole magnets.

The relative importance of third- and higher
order terms in such a chromatic—correction

system is not yet clear. Preliminary

4,5

estimates have given inconsistent results;

further analysis is in progress.

One of the weaknesses of this chromatic
correction system is that it does not easily
lend itself to the inclusion of space-charge
effects. Subsequent to this work, new optical
arrangments have been developed which appear to
be more amenable to the inclusion of both
chromatic and space-charge corrections in the
same system. However, no significant results in

this regard are now available.

4. Colton, private communication.

5J. Spencer, private communication.
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Coherent Space Charge Instability of a Two-Dimensional Beam

Ingo Hofmann
Max-Planck-Institut flir Plasmaphysik

Space charge induced coupling between different degrees of free-
dom can be responsible for emittance growth or transfer of emit~
tance from one phase plane to another. The underlying instability
mechanism is coherent if it depends primarily on the electric
field due to the collective motion, in contrast with an incohe-
rent growth that can be described as a single particle effect.
Such coherent phenomena become increasingly important if one
studies beams where the space charge force is no longer negli-
gible compared with the external focusing force, as in Heavy Ion

Fusion applications.

In this note we present results of analytic calculations on the
coherent space charge instabilities of a beam with initial
Kapchinskij-Vladimirskij distribution and unequal emittances,
rsp. average energy in the two transverse phase planes X-p, and
y-pyn We note that in computer simulation calculations evidence
has been given for rapid emittance transfer to occur if the ini-

1’2). We have

tial emittances €yt Ey are noticeably different
not attempted to make a quantitative comparison of our results
with those from computer simulation. The main purpose of this
study is to give some insight into the instability mechanism,
the dimensionless parameters that characterize the situation and

the growth rates one may expect to find.

Dimensionless Parameters

For the round beam case with equal emittances, which was studied
by Gluckstern 3), stability is described by one single parameter,
the space charge depressed tune v/vo. For the anisotropic beam
three parameters are required, instead, which we have chosen to

be

1 P. Lapostolle, this workshop

2 R. Chasman, IEEE Trans.Nucl.Sci., NS-16, 202 (1969)

3 R.L. Gluckstern, Proc.of the 1970 Proton Lin.Acc.Conf.,
Batavia, p.811
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v w2 a

o« = < tune ratio; I = —g intensity; n = — excentricity
v Y b
X X

) 2
with “p = 4q2N/(v2ab) the "plasma frequency"” and a, b the x, y
semi axi of the elliptic cross section uniformly charged unper-
turbed beam. The tune depressions are found as

2 2
v 1+ n v 1+ n
X_ Yy  _

2 ! 2 2
vox 1T+ n+1 voy 1+ n+ In/a

with Vox! voy the zero intensity tunes.

Results

The dispersion relation has been calculated by integrating the
Vlasov equation along unperturbed orbits (details see elsewhere4).
Eigenmodes of the perturbed electrostatic potential V can be
written as finite order polynomials in x, y with a distinction
between "even" and "odd" (as describing the symmetry in the angle
if elliptic coordinates are introduced):

even odd mode
X Y dipole
2+A 2
X 5Y Xy guadrupole (envelope)
3 2
X +A3xy y3+B3x2y sextupole

4
X +A4x2y2+C4y4 x3y+B4xy3 octupole

etc.

Anisotropy lowers the stability threshold considerably. Instabi-
lity occurs as a result of (linear) mode coupling or depression
of :2 to zero and negative values. Modes that are stable in a
round beam for arbitrary tune depression, like the sextupole
mode (Fig.la), can become unstable with anisotropy. A general
rule of stability in terms of n, & has not been found. It may be
of interest to note that we have calculated a number of cases
and found that imbalance in energy as well as in emittance can
give rise to instability. As a general feature, however, insta-~
bilities with noticeable growth rates were found only if the
tune in one of the directions is sufficiently much depressed.

A lower bound of .75 for the two depressed tunes seems to be
qguite safe from this point of view. Future work should consider

non-KV distributions and r-z ellipsoidal geometry.

4 I. Hofmann, to be published
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The normalized mode freguency ¢ = w/vx is plotted against
intensity I. In case of complex solutions Re ¢ is shown by

a dashed line and Im o (instability growth rate) by a dotted
line. Examples are given for even modes and for different
sets of a, n, which are readily converted into the ratio of
emittances, ex/e = nz/a, and the ratio of single particle

. R { 2
energies EX/I:.y = n"/a“.
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Numerical Simulation of Space Charge Aberrations in Final Focusing¥*

I. Haber
Naval Research Laboratory

For a sufficiently intense beam, the size of the final spot
will depend not only on the design of the final focussing system but
also on the detailed distribution of the beam entering that system.
In particular, any deviations from a uniform bean cross section give
rise to non-linear space charge forces which can defocus the beam.
Because space charge forces increase in relative importance as the
bean expands, aberrations becone most significant when a bean,
already near the space charge 1imit, is propagated st an expanded
size in the final lens system.

Actual quantitative calculations of the importance of space
charge aberrations can be a difficult task since the very nature of
the phenomenon involves the self-consistent evolution of the bean in
its own non-linear space charge forces. The behavior of the system
can therefore be quite sensitive to the details of the distribution
of the entering beam. In addition, the number of possible lens
designs is quite large. Accordingly, a few sample simulations have
been performed with the intent of discovering the likely importance
of space charge aberrations. Preliminary results indicate that these
space charge non-linearities can significantly affect final spot
characteristics.

In order to examine system scaling and to test the
limitations imposed by the numerics, a series of simulations was run
using a simple idealized focusing system. This system was formed by
allowing a symmetric beam to expand in its own space charge forces
and then passing the beam through a lens system which is focussing in
both planes. The entering symmetric beam was obtained by placing an
appropriate strength quadruple at the mid plane between an F and D
lens of the thin lens AG transport system in which the beam was
propagating. While a strong thin final lens, focusing in both
planes, does not exist in practice, such an idealized lens was
assumed for the simulation. '

Computer simulations performed previouslyl1], have shouwn that
intense beans with non K-V distributions can propagate down an
alternate gradient channel with little anittance growth. Figure 1 is
a contour plot of the vertical phase space at the spot when the
self-consistent non K-V distribution obtained from one of these
simulations was used as the input distribution. While the simulation
was run in normalized units, for 10 GeV singly ilonized uranium ions
transported through an alternate gradient system with 50 percent lens
fill and a 1 T pole tip strength, the simulation corresponds to an
approximately 1 kA bean at an rms emittance of 7.5 cn-mrad. The
final lens focal length, chosen to be the same as the focal length of
the lenses in the AG system, is then 6.4 m, and the 90 percent spot
size is 1.6 mm. By comparison, Fig. 2 is a similar plot of the spot
resulting when a K-V beam, with the sane initial rms emittance and
radius, is focused in the same way. The 90 percent spot size in this
case is 0.7 mm.
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A more realistic focusing system, consisting of six thin lens
quadruples, was provided by A. Garren. The design was generated by
altering the one described elswhere in these proceedings so as to
consist of thin lenses and thereby simplify the simulation. The lens
system is designed to bring a beam of U+l ions fram the output of a
60-24 AG system with an emittance of 6 am-mrad and a current of
0.78 kA (electrical) down to a 4 mm radius spot 60 m away. The
transport line period is 4 meters and the lenses are placed at 2.5,
16.5, 29, 40, 50, and 54 meters from the center of the last lens
which has half the strength of the others in the transport system.
The quadrupole gradients relative to the gradients in the transport
system are -0.412, 0.330, -0.2434, 0.1667, 0.3334 and -0.5177
respectively.

Figure 3 shows the vertical phase space at the spot. Since
the starting beam distribution was K-V, the non elliptical shape of
the spot phase space distribution indicates that small imperfections
in the initial distribution have grown as a result of traversing the
focusing system. Since any actual beam entering a final lens system
will likely have much larger deviatons from a K-V form than the
simulation, significant deviations from the calculated spot
characteristics are possible. Simulations have in fact been run
which seem to verify the possibility of major aberration generated
spot growth.

Since only a small number of simulations have been run thus
far, the systematic sensitivity of lens design to space charge
aberrations has not been explored. However, significant effects have
been observed. It may therefore be necessary to preceed any
extensive design of final lens systems with a program of simulations
coupled to some actual measurements of beam characteristics.

¥ Work supported by the U. S. Department of Energy
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SPHERICAL ABERRATION FROM NON-UNIFORM SPACE-CHARGE

J. D.

Lawson

Rutherford Laboratory

As an illustrative example of the effect of
non-uniform space-charge, we calculate the
spherical aberration coefficient of a lens,
which has its focusing power reduced by a
space-charge distribution that is slightly non-

uniform,

n=ny-an=> > x<a (1)

]
(e}
-
>
v
o1}

where n is the density and a is the beam radius.

For a density distribution of the form given
in equation (1), the outer rays will be brought
to a focus before the inner rays, since the
defocusing effect of the space-charge will be
less than it would be if an were zero. We
consider a system such that, when an = 0, the
space-charge just doubles the focal length of
the lens. This represents a "tune depression"
factor of 1/2. The space charge is assumed
localized at the Tens.

If the lens focal length is fo’ then the
"focal length" of the space-charge contribution
is - 2fo
of radius a incident on the lens, all rays will
meet that axis at a distance 2f0 from the lens
at an angle a/ZfO. For finite an, the outer

when An = 0, and for a parallel beam

rays will travel at an increased angle,
(a/ZfO)(l + an/2n). At the focus for rays
near the axis, the spot size will be aan/2n.
Setting this equal to Cse3, where CS is

the spherical aberration coefficient of the
combined lens and space-charge, we get

3
(2fy)
— ;. (2)

S a2 2n

The figure below illustrates the argument.

no aberration

lens

with aberration

[°°

axis

R m jT
° "

We estimate this effect first for a periodic
FODO lattice. For thin Tenses with spacing L
and tune 60° without space charge, f = L, and
the maximum g function value is 3.46L. If space
charge depresses the tune to 24° then g = 8.2L,
and a =/se where ¢ is the emittance/r. From
equation (2) we then have

2

L™ an
Cs =2en (3)

Taking L = 5m, ¢ = 6 x 10~ mrad and

an/n = 0.1, we get Cg = 2 X 10* m/rad
=2 X 10—2 mm/mr3.
e = a/s~ 1 mr, the effect here is negligable.

3

Since ax 50 mm and

Secondly, for the final focus case the
circle of least confusion is
1/4 Cse3 =1/4 a(an/n). This suggests a
serious effect, (several mm even for
an/n = 0.1). This conclusion is pessimistic,
however, since the space-charge is not
concentrated at the lens; it becomes most
effective only near the focus, where small
angular deflections have relatively little
effect. Nevertheless, it is clear that future

consideration is needed.
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Studies of a Beam Line for Transport to a Target
A. Garren

Lawrence Berkeley Laboratory

Introduction

An example beam line for transport of a 10
GeV U+4 beam from a periodic lattice to a 4 mm
target has been designed by K. Brown and J.
Peterson for the zero space charge case.] Two
variants of this line exist: a straight 60 m
four quadrupole module without chromatic
corrections, and a line with three of these
modules including dipoles and sextupoles for

chromatic correction.

As an approach to some of the problems of
final vacuum transport of intense beams, this
note describes calculations to modify the beam
line of Brown and Peterson to take account of
space charge, and to assess its performance with
respect to momentum spread and intensity
variation along the bunch.

Secondly a computational program is outlined
for design of the sextupole chromatic correction

system of beams with space charge, including a
way to obtain their dispersion.

Beam Line Without Sextupole Corrections

The beam Tine to be considered is exhi-
bited in Fig. 1 and Table I. On the left is a
periodic FODO cell lattice, to the right a
transport channel that focusses the beam onto
the target. The cells are 4 m long, with 1T m
The

gradients are such as to produce ny = 60 degrees

long quadrupoles and 1 m long drifts.
betatron phase advance at zero current.

The system is intended for the 10 MJ case:
+
U 4 K.E. = 10 GeV, target radius a = 4 mm.

The current I is 780 A (electrical), which

depresses the phase advance to p = 24°. (Many
such beams are required to deliver the needed

total energy).

Table 1 Lengths and quadrupole gradients of the last half
cell and final focus transport line for 10 GeV,
U*4 beams at three current levels.
Gradient (T/m)
Element  Length (m) I =0A 390A 780
Q=0 3.194 x 1074 6.387 x 1074

Qb/2 0.5 -34.44 -34.44 -34.44

L 1.0
QF/2 0.5 34.44 34.44 34.44
L1 2.0

Q1 1.0 1.84 -5.55 -14.86
L2 13.0

Q2 1.0 0.0 5.33 9.53
L3 11.5

Q3 1.0 -3.64 ~5.50 -7.16
L4 10.0

Q4 1.0 0.0 7.39 4.95
L5 8.5

Q5 2.0 5.91 5.96 5.14
L6 2.0

Q6 2.0 ~7.88 -7.58 -8.53
L7 5.0
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The following calculations were performed,
using the SYNCH computer program:

1. Periodic solutions to the equations for the

beam envelope radii a,» ay

2
d ax’ y + K a £

42 24 3 a
S a X

were obtained for the cells. Here

K = (dB/dx)/Bo, EX y are the emittance areas divided

cell transfer matrices are obtained from the
final values of rays with initial values (1,0)
or (0,1), and then the tunes are obtained from
the matrix traces.

3. The envelope equations (1) are tracked
through the channel to the target, using the
cell periodic solutions as starting
conditions. An optimizing routine adjusts
the gradients to obtain the desired

conditions at the target:

by, ay = ay = 4 mm, ay = a} =0
2 Additional constraints were added to 1imit the
q = 4rp an _1.788 x 10~/ -4l (2) maximum beam radii. Two quadrupoles were added,
A62Y3 A(BY)3 so that the maximum radius along the channel

where N is the number of ions per unit length
and 1 is the current in amperes.

2. The tune depression is calculated as

increased only from 25 cri in the zero-current
line to 35 c¢cni in the niodified Tine with 780 A.

The principal results are shown in Table II.

follows. Single particle rays are integrated
using
. Chromatic Behavior of the Example System
dz(x,y) + (i K - Q \ (x,y) = 0 An approximate estimate of the increase in
ds2 \ Ax,y(Ax * Ay}/ ’ ’ spot size to be expected from the final doublet
Table 11 Properties of 10 GeV, U*4 beams in FODO cells

and final transport channel at three current levels
Current (electrical) 1 0 390 780 Amp.
Space charge parameter Q 0 3.19x10-4 6.39x10~4
Cell phase advance u 60 36.7 24.4 deg.
Cell beam radius max. amax 1.99 2.51 3.06 cm.
Cell beam radius min. amin 1.20 1.55 1.91 cm.
Channel phase hor. ux 180 115 91 deg.
Channel phase vert. Hy 180 152 156 deg.
Channel radius max. ay 24.8 28.7 35.5 cm.
Channel radius max. ay 16.1 30.0 30.4 cm.
Target beam radius a* 0.40 0.40 0.40 cm.
Relative velocity B 0.291
Relative momentum By 0.304
Magnetic rigidity Bp 56 T-m
'Emittance/w E 60 mm-mrad



ignoring space charge may be obtained using the

thin Tens approximation. If the beam has a waist
at the target and is nearly parallel at the
doublet entrance, it can then be shown* that the
B-function at the target depends on momentum

deviation & = Ap/p as

80(8) = B [ 1 - 48 + (M3 6/80)2]  (5)

where M is the transfer matrix from doublet

entrance to target, By = Pgle, and

[0 7 ¥ 79, )

My = L+ &+ yo(L (6)
Here L is the distance from the final lens to

If
the maximum & is taken to be that which doubles

B (40% increase in ro), and we take the mean

the target, and & is the doublet separation.

of the horizontal and vertical values of
2
M12 we get

*Specifically one sets MH = 0 in both

planes. The 62 term is Tlarger than the & term
if 5 > (8,/L)° = 107 for the example beam
line.
Table III
Momentum deviation
Q = 0:
Radii at channel entrance ay
(ax'=ay'=0) ay
Radii at target position: ay
ay
Waist position
(from target) Sx
Sy
Radii at waist ay
ay
Q = .0000639:
Radii at entrance ay
ay
Radii at target ay
ay
Waist position Sy
Sy
Radii at waist ay

Ap/p
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v 2
sl = 0
P

28/(L + ) (L + %)

)
/ max

For the example beam line L =6 m, £ =2 m
and (Ap/p)max = +0.011%

To estimate the chromatic effect of the
example beam Tine more accurately, beam en-
velopes were tracked through the system for

In this calculation K
-1

of f-momentum particles.
in Eq. (1) is made proportional to (1 + &)
and Q to (1 + c)_z.
inexact in that the denominator of the space

The calculation is

charge term should contain the effective size of
the beam due to superposition of the different
momentum components. However the space-charge
term is more important than the emittance term
at places where the beam sizes are large, and
there the dependence_of ay and ay on

momentum is relatively small. Hence the
results, shown in Table III, may not be too

inaccurate.

Effect of Momentum Error on Channel Performance

~0.01 0 0.01
.020 .020 .012 m
.012 .0120 .012 m
.0072 .0040  .0073 m
.0044 .0040  .0043 m
~0.04 0 +0.04 m
-0.1 0 +0.1 m
.0038 .0040  .0043
.0041 .0040  .0040
.0307 .0306 .0306
0190 .0191 .0192
.0235 .0040  .0199
.0054 .0040  .0037
-1.0 0 )
-0.1 0 +0.1
.003 .004
.005 .004 .003



It was assumed that each momentum con-
stituent was matched in the cells —- this
accounts for the variation of radii a, a

y
For the zero space

at the channel entrance.
charge case the horizontal beam size has
increased from 4 to 7 mm at the target for = 19
momentum error, the vertical size hardly at
all.
factor of 2, while from Eq. (5) one predicts a
factor 1.4. For 780A the area at the target i

increased by a factor of six.

The spot area a, a increases by a

Thus the theoretical momentum acceptance for
zero current is about * 1% , for the channel
at

The increased sensitivity at 780A may not

example 0.7% at zero current and about 0.2
780A.
be directly due to space charge, but rather to

increased chromaticity, which varies as 9 KiBi
It may be possible to reduce this effect by more

i

careful design of the channel.

Sensitivity to Current Level

The change of the beam radii at the target
as a function of current was calculated by
tracking envelopes through the channel whose
quadrupole gradients were fixed at values to
focus the 780A beam to 4 mm radii at the

target. As with the momentum dependence
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calculations, matched envelopes in the periodic
lattice were taken as initial values in the
channel. The results, Table IV, show higher
tolerance to current than to momentum
variation. For example the current must be

depressed about 20% to produce a 50% growth of

spot-radius.

Evaluation of Example Beam-Line

The resulting beam-line appears satisfactory
in that it produces the desired spot size, the

beam dimensions are reasonable, and it is not

too sensitive to current variations. However
its momentum acceptance is very small and it may
behave badly with more realistic distributions.
Work is now in progress to produce a superior
channel. The main ideas are to increase the
density of quadrupoles so that their focussing
effect will dominate the space-charge effect, to
produce beam envelopes that are on the average
more symmetrical, and to avoid very small

intermediate waists, such as that near Q3.

Dispersion in Beam with Space Charge

A beam Tine with sextupole corrections was

also calculated by Brown and Peterson.] It

Table IV Dependence of Spot-Size at Target on Current
-5
Q, = 6-387x10 (1, = 780A)
Q/Qo ax(mm) ay(mm)

0 64.1 26.0
0.1 51.5 27.1
0.2 40.1 27.7
0.3 30.2 24.8
0.4 22.5 19.0
0.5 16.9 14.0
0.6 12.6 10.3
0.7 9.12 7.69
0.8 6.42 5.88
0.9 4.62 4.66
0.925 4.35 4.45
0.95 4.16 4.26
0.975 4.05 4.12
1.0 4.02 4.00
1.025 4.06 3.92
1.05 4.17 3.87
1.075 4.33 3.85
1.10 4.53 3.86
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consists of three modules 1ike the channel shown ? /

. . . ax . K - Q X =% (9)
in Fig. 1 with the center one reflected. dsz Ax Ax + ay o

Dipoles and sextupoles are placed in the first ’ ’

two modules for chromaticity correction. In d2Y . K Q Y -0 (10)
this section an approximate method to calculate dSZ ay Ax * ay h

dispersion in beams with space charge will be
outlined, which should be useful in calculating

sextupole corrections.

Suppose each momentum component of the beam
has a K-V distribution with ellipse axes ays
ay. Let there be a rectangular distribution
in momentum deviation & = ap/p, -A < & < A. If
the dispersion (to be calculated) is n, then the

horizontal beam dimension will be

where p is the local radius of curvature and X,
Y are taken relative to the center of the beam.
Decomposing the horizontal motion relative to
the center of each momentum constituent,

(1)

X=x+n3s6,

gives the following equations in place of Eg.(9);

2
A,=a,+n -4 (8) d“x Q
X X — + { K- x=0 (12)
ATA +a)
ds2 Ax Ax * ay
We treat the resulting beam as a uniform- >
. . ) . d™n Q _1
density ellipse with axes Ay ay. Single - > + (K - K_TK;_I—E_T n= (13)
particles will then follow the equations S x Y
~ T I
= T T T T
L
— 30
; P 10
—~ -
S -7 g \
— - Q5
I —~Q4 \
T S Q 4
X N
O -
7~
2 = ok - ——=— N
2 \\\ P -
o - ™
:3 Q3 120
Q6 -
S 10
! | | S|
0 20 40 60

Gradient T/m

Path length (meters)

Final Transport System for 10 GeV, Ut4Beams. Beam envelopes
and quadrupole gradients designed for zero currents (dashed curves,
open bars) and for 780A (solid curves, cross hatched bars)

Beam is focussed to 4mm radius waist at 60m, the target position.

Fig. 1



Equations (10), (12) lead to the envelope equations

d2aX an eXZ
+ Ka, - - = =0 (14)
d52 X Ax Ax * ay ai
dzay q eyz
- Ka - =0 (15)
d52 y Ax+ ay ay3

The beam evolution is traced by simultaneously
integrating Eqs. (13), (14), (15) with A

given by (8).
obtained by also integrating Egs. (10) and
(12).

periodic solutions in a, ay, and n.

Single particle behavior can be

For a periodic lattice one must find

It is assumed in the above derivation that
the momentum of individual particles does not
change significantly and that particles do not
move longitudinally to parts of the bunch with
very different momentum spread A during the
period of interest.

After carrying out the integrations, one
should estimate the true charge distribution
resulting from superposition of the beamlets and

402

estimate the non-linear forces arising from this
distribution. If these do not seem serious, it
may be possible to apply sextupole chromatic
corrections. To calculate these, appropriate
non-linear kicks can be applied at the sextupole
locations and a set of single rays traced
through the system corresponding to a small s
value together with a non-zero initial value of
either x, xl, Yy, or yl. The initial and

final values of these rays give the second order
transport coefficients Tij6’ where i and j =

1, 2, 3, 4.

the largest of these coefficients to zero.

The correction consists of reducing
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FINAL TRANSPORT IN GAS AND PLASMA*

C. L. Olson
Sandia National Laboratories
Albuquerque, New Mexico 87185

I. Introduction

There exist several possible schemes for final transport of the heavy
ion heam through the reactor chamber in the presence of a bhackground gas
or plasma. The optimization of the transport process depends significantly
on the heavy ion beam parameters. Since the first HIF workshop,l the de-

2~4 It was the purpose of

.’.

sired HIF parameters have changed considerably.
the working group on final transport in gas and plasma' to examine and
assess the various transport schemes in view of the new HIF parameters and
other recent developments.

At the first HIF workshop in 1976, parameters for several HIF targets
were given.1 One target used a 40 GeV U beam at 100 TW, and the other
three used a 100 GeV U beam at 600 TW. Since that first workshop, the
desired HIF parameters have changed due to an improved understanding of

2=4 e

deposition physics and the natural evolution of target designs.
trend has been toward lower ion energies and higher ion currents. At
this workshop,4 three new pellet parameter sets were proposed: the de-
sired HIF beam parameters were 5 GeV U at 100 TW, 10 GeV U at 150 TW,

and 10 GeV U at 300 TW. This evolution -of HIF parameters is summarized

in Fig. 1.

*Work supported by U. S. Department of Energy

TMenbers of the working group on final traunsport in gas and plasma: K. A.
Brueckner (LJI), H. L. Buchanan (LLNL), Z. G. T. Guiragossian (TRW), R. F.
Hubbard (Jaycor), J. D. Lawson (Rutherford), E. P. Lee (LLNL), D. S. Lemons
(LASNL), C. L. Olson, Chairman (SNL), W. B. Thompson (UCSD), D. A. Tidman
(Jaycor), and S. S. Yu (LLNL).
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Because of these parameter changes, and based on our investigation of
the transport regimes, several new conclusions have resulted. The main
conclusions, as substantiated in this paper, are as follows:

1. The "1 Torr window”" is essentially closed for 5 GeV U. For 10 GeV U,
use of this window may be considered; for higher energies (> 15 GeV),
prospects for the use of this window improve substantially.

2. A new optimun transport regime lies in the 107* Torr - lO_3 Torr
lithium pressure regime. In this regime, which is consistent with
the HYLIFE lithium waterfall reactor concept,5 the HIF beam(s) prop-—
agate in an essentially unneutralized state, and plasma and gas
effects are just beginning to be important.

3. If the ion energy decreases any further (< 5 GeV), or if the charge
state increases much above unity (Z>> 1), or if the ion atomic mass
number decreases significantly (A << 238), then it rapidly becomes
necessary to provide neutralization by some means (e.g., co-moving
electrons, gas or plasma background, etc.).

In the following, we will discuss the basic transport effects, and the

basic transport pressure regimes that have led to these conclusionms.

2 Basic Transport Effects

The basic transport effects associated with HIF beams as a function of
pressure are summarized in Fig. 2. The pressures considered vary from lO_6
Torr to lO3 Torr, and the effects listed cover the fundamental areas of
concern for HIF transport. The effects are conveniently grouped as space
charge effects, atomic physics effects, zero—order plasma effects, and plasma
instabilities. FEach of these effects will now be briefly discussed.

Space charge effects include space charge spreading, charge buildup at

the'pellet, and the effects of space charge electric fields at the walls.
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Space charge spreading effects may be envisioned by considering the case of

a paraxial, zero emittance beam that is focused in the axial (z) direction
from an injection radius R at z = 0 to a point at z = L. Due to radial space
charge spreading, the beam radius at z = L will not be zero, but will have

a finite value L hin® The radial equation of motion for an ion at the beam

edge is relativistically (in CGS units)

YMr = 2ezI/(Ber) (1

where M is the ion mass, e is the magnitude of the charge of an electron,

is the ion charge state, I is the (unneutralized) ion current, v, = Re is
the ion axial velocity, c is the speed of light, Y = (1 - 82)—1/2, and a
dot (°) denotes d/dt. Rewriting (1) as
t Tmin
/ l9/at(ar/an)] (r/ayae = [ @/nar (2)
o] R

where K = 2e2I/(BcYM), and noting that (dr/dt)/(dz/dt) = -R/L at z = 0, and

dr/dt = 0 at z = L, we find that the particle current Ip (Ip = I/&) is given

by
3
I = B vy Mc3  RZ 1 (3)
p 422 e L2 ,Q,n(R/rmin)
If Thin is set equal to the pellet radius, then Ip represents that current at

which space charge spreading effects will just begin to cause the beam to miss
(spread larger than) the pellet. If we consider beams conposed of ions with
energy éi and particle current Ip given by (3), then the number of beams N re-

quired to achieve a power P at the pellet is N = Pe/(IpEi), or
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)

83(y-1)(y) A% Rr? <Mpc3/e>2

4Pe 22 12 4nR/rpg,

(4)

N

where A is the atomic number and Mp is the mass of the proton (M = AMp). In

practical units, this is

N

4o P(TW) 2
) 3 2
B7(Y-1)(Y) A

N = (1.36x10° In (R/rpy,) (5)

.|
ro

The mon-relativistic results analagous to (1)-(5) are obtained in the limit

vy -1, (Y-1) - 82/2; these results have been frequently discussed in the
literature, and at past workshops.l_3 Note that for the non-relativistic case,
N scales as (E/A)2 (L/R)2 (l/é&s/z) and that there is only a weak logarithmic
dependence on Thin®
Result (5) is plotted in Fig. 3 for uranium (A = 238) for the case of

= 0.2 cm, and L = 10 m. Note that for 30 GeV U+l,

o]
H

100 TW, R = 10 cm, Toin

1 is sufficient. For 10 GeV UTY, N = 10. For & < 5 GeV or Z> 4, then

2
]

N Z 100. Note however, that by changing parameters to R = 20 cm and L = 5 m,
N decreases by a factor of 16. In any event, the trend is clear that for low
energies (Ei < 5 GeV) and high charge states (Z’Z 4), a substantial number of
beams is required.

It should be noted that the radial equation of motion (1) omits the
effects of beam pinching (which reduces radial spreading) and the effects of
finite emittance (which increases radial spreading).. Beam pinching due to the
self-magnetic field of the beam reduces the radial force in (1) by a factor
1/Y2. For 10 GeV U, Y = 1.045 and l/Y2 = 0.916, so pinching effects would re-
duce the beam spreading force by only ~8%Z. Finite emittance effects have been

6

considered in conjunction with space charge spreading effects by Garren- and

Lawson.7 For this case, the beam envelope equation analagous to (1) is
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a*r/dz? =[K/@c)?1/r + € 2/1° (6)
where € is the (unnormalized) transverse phase space emittance. Equation

(6) readily integrates to give

2[R/ (Be)?] fn (R/rp;) = (RP/L2) = e¥/r 2 7

Result (7) is the same as result (3), but with the R2/L2 replaced by (R2/L2)C,

where the correction factor C is
- - 2/n2 2 2
C=1- (L°/R)(e"/rp ) °) (8)

It follows that in (5), N increases by the factor C_l. The limit C = 0 means
that the beam radius at z = L equals Tnin due to finite emittance effects alone,
and any space charge spreading will cause the beam to spread more and miss the

pellet. The limit C = 1 means emittance effects are negligible, which requires

€ K (rmin)(R/L). For R = 10 cm, Toin = 0.2 cmy and L = 10 m, € << 2 cm mrad

is required to make emittance effects negligible; if € 1 cm mrad, then N in
Fig. 3 should be increased by 33%. We conclude that finite emittance effects
may increase N significantly above that given in Fig. 3.

Other space charge effects include charge buildup at the pellet, and
possible field emission from the transport tube walls due to the large space
charge fields. Charge buildup effects may be roughly evaluated by assuming
all of the beam charge is deposited on a sphere of radius roin® The resulting

potential ¢ is

¢ = Ip‘i!tb /rmi (9)

n

where ty is the beam pulse length. e¢ may be compared with Ei to estimate
the importance of charge bulldup. The radial space charge field Er at a wall

of radius Rw For an unneutralized beam (of radius R < Rw) is
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B, = 20%/(BeR,) (10)

Field emission from the wall may become a problem for E. > 200 kV/em. If

there is a single beam inside the accelerator, then this can be a real problem.8
On the other hand, for final transport, if the number of beams N is greater than
or equal to that given by (5), then E. as given by (10) is typically too small
to cause field emission problems.

Space charge effects for various HIF parameters are given in Table 1 for
the case of P = 100 TW and a total energy & = 1 MJ. Case 1 (100 GeV ™) is
typical of the parameters suggested for HIF at the first workshop.l For this
case, only 1 beam is needed and space charge effects are almost negligible.
Case 2 (10 GeV U+1) is typical of the parameters suggested at this workshop.
Note that space charge effects are now important, several beams are needed,
E. is large (if only 1 beam is used), and e is significant. Case 3 (1 GeV U+l)
represents parameters for pellets similar to those optimized for light iomn
fusion (LIF). Here we see that space charge effects are dominant, field
emission would definitely occur for 1 beanm, e >> é&, and conventional accel-
erator technology could not be employed. A reasonable conclusion, as was the
consensus at the end of this workshop, is that the ion energy should be about
10 GeV U+l, and no lower. This energy permits conventional accelerator tech-
nologies to be exploited, but at the limit where space charge effects are
significant.

Returning to Fig. 2, we now comment briefly on other transport effects.
Atomic physics effects relevant to HIF transport include ionization of the
background gas by processes induced by the beam ions, stripping of the bean
ions to higher charge states by the background gas, and scattering of the

beam ions by the hackground gas. Upper bound estimates for the ionization

and stripping cross sections of relevant ions (Xe,U) in various gases
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(HZ’ NZ’ Li, Ne) were given by Gillespie et al. at the third workshop;9

those results were used in the estimates in Section 3. A summary of atomic
physics needs for HIF transport was given by Yu at the second workshop,lo
where the inportance of knowing the effective charge state of the ion was
noted. It should be emphasized that more exact calculations, and data, are
still needed to make accurate estimates of the relevant ionization and
stripping cross sections.

Zero—-order plasma effects include charge neutralization, current neutral-
ization, and more recently, the knock—on electron effect of Hubbard et al.11
It is usually assumed that charge mneutralization occurs on the time scale of

the plasma frequency w of the background plasma [w , = (4ﬂnee2/m)l/2 where

pe 2

n, is the electron density and m is the mass of an electron]. While this is
roughly true locally inside the beam, a consistent overall picture of charge
neutralityv for an isolated HIF ion pulse drifting in a gas has not been
established. Similarly, complete current neutralization is typically assumed
(at higher pressures) and this has been used as an initial assumption for in-
vestigating, e.g., the filamentation instability. More recently, it has been
found that the decay of the return current toward the end of the pulse leads
to a sizable net current with significant pinch forces that can result in
anharmonic emittance growth. These effects have been studied by Yu et al.,12
and Brueckner,13 who have found them to seriously affect the focussing of HIF
beams. The knock—-on electron problem arises from beam ion collisions with the
gas that produce a flux of forward—-directed electrons with velocities higher
than those of the ions. 1If a sufficiently large current of knock—on electrons
is created ahead of the beam, this current will ionize the gas ahead of the

beam, and eventually result in a field frozen current that can subsequently de—,

focus the ions. These effects will be discussed further in Section 3.
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There is a constant concern that plasma instabilities may ultimately
prevent HIF transport. To date, the most important instabilities appear to
be the "wriggle" instability, the ion-electron two—stream instability (beam
ions/plasma electrons), and the filamentation instability (for a current

neutralized beam). As noted by Thonpson,14

the "wriggle" instability is
an electrostatic kink instability with a growth rate of the order of the
bean ion plasma frequency Wy [Wy = (4Wn622e2/M)1/2]. For very low pressures,
where Z = 1, the growth rate is very low, and this instability should not be
a problem. At higher pressures, Z increases quickly, but so does the plasma
background density which tends to inhibit growth of this instability. The
two instabilities that persist, and are important in determining the "1 Torr
window™” are the ion electron two-stream instability and the filamentation in-
stability; these will be discussed further in Section 3.

In summary, Fig. 2 presents an overview of basic HIF transport effects

as a function of pressure. Note that at low pressures relatively few effects

exist, while at high pressures a large variety of phenomena come into play.

3. Transport Regimes

A summary of reactor schemes and HIF transport regimes is given in
Fig. 4. 1In the center of the figure, we have plotted particle current vs.
1oglo[p(Torr)] and show the operating regimes relevant to 5 GeV U+1 (as will
be discussed below).

Reactor schemes split into four categories with somewhat arbitrary
pressure limits as follows. For very low pressures (p < lO—4 Torr), dry
wall reactor schemes must be employed and the required standoff distance is
relatively large. For moderately low pressures (10—4 Torr < p < 1073 Torr),

5

the HYLIFE liquid lithium waterfall reactor scheme’ is applicable (since the

vapor pressure of lithium is 10™% Torr at ~400°C and 1073 Torr at ~450°C).
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For pressures fron 10_3 Torr to ~1 Torr, there exist several wetted wall re-
actor scenarios. For p > 1 Torr, the gas density begins to be high enough to
offer some wall protection by the absorption of radiation and alpha particles
from the pellet blast.

Four HIF transport regimes are also identifiable, as indicated in Fig. 4.
These regimes are:

"1. Ballistic transport in hard vacuum (p < lO—4 Torr)

2. Ballistic transport in moderate vacuum (10™% Torr < p < 1073 Torr)

3. Ballistic transport at "1 Torr"

4, Self-pinched transport at 1-50 Torr
Each of these regimes will now be briefly discussed.

Ballistic transport in hard vacuum (p < 10_4 Torr) - By ballistic trans-

port is meant that after the final focusing magnet, the heam ions are directed
toward and simply drift to the target. Ballistic transport in hard vacuun is
characterized by n, <K Ny where n, is the plasma density and ny, is the beam den-
sity. The advantages of this regime are that the transport calculations are
straightforward (space charge and magnetic field forces must be included), there
is essentially no beam stripping, and there is essentially no plasma physics in-
volved (as compared to the other transport regimes). The disadvantages of this
regime are that it requires a dry wall reactor with a large cavity, punp down of
the reactor between shots may be difficult, space charge beam spreading effects
limit the current per beam (as in Fig. 3), and charge'bgildup at the pellet may
have significant consequences. Alternative neutralization schemes (such as co-—
moving electrons) might help to alleviate the last two disadvantages.

Ballistic transport in moderate vacuum (10—4 Torr < p < 1073 Torr) -

Ballistic transport in moderate vacuum is the new "first choice" for HIF trans-

port because for this regime most plasma complications are avoided and yet
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a favorable reactor scenario exists. This regime is characterized by n_ < e

P
The advantages of this regime are that it is compatible with a compact reactor
scenario (the HYLIFE lithium waterfall reactor conceptS), charge neutraliza-
tion is just beginning, beam stripping effects are just beginning, differential
pumping in the magnetic lens port should be relatively easy, and most plasma
complications (knock-on electrons, anharmonic emittance growth, filamentation,
etc.) are avoided. The uncertainties for this regime are that classical trans—
port for n, < 0y has not been studied in detail yet, the ion—electron two-stream
instability is present but estimates of its saturation effects indicate that they
should be small, and there may not be sufficient charge neutralization at the
pellet. Further study is needed to clarify these questions.

Several relevant pressures for this regime are indicated in Fig. 5 for
the case of 5 GeV Ll in lithiume. Without assuming any neutralization, the
current remains limited by the space charge result (3). Stripping is just
starting, and only a fraction of the beam will go from U+l to U+2. As the
beam passes, collisional ionization will create a plasma with density
N, x Ty at a pressure near the middle of this regime. Scattering is negli-
gible. We conclude that plasma effects should be small, but that the regime
0~ 0y, merits nore detailed investigation.

P

Ballistic transport at "1 Torr" = This regime is named in reference to a

search for a propagation window near 1 Torr. This regime is characterized

by np >> 0y, and plasma effects play a dominant role in determining the trans—
port properties. The advantages of this regime are that it offers some wall
protection and that the pump down of the reactor chamber betweén shots is less
severe than for the vacuum regimes. The disadvantages are numerous. Stripping
is severe, anharmonic emittance growth can be serious, and the transport pro-

perties are sensitive to the distribution of beam charge states. To permit
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propagation, the parameters must be chosen to simultaneously avoid the ion-
electron two—stream instability, the filamentation instability, the knock-on
electron problem, and multiple scattering effects. Also, differential punp-
ing in the final magnetic lens may be difficult.

The "1 Torr window” is shown in Fig. 6a for the case of 5 GeV U injected
into neon, and in Fig. 6b for the case of 10 GeV U injected into neon. These
al? =0.2cmn, L =5 m,

results were calculated by Hubbar for R = 10 cm, r

min

plasma electron temperature T _(r ) = 100 eV, Z = 10, and a beam longitudinal

min gas

velocity spread sz /(Bc) = 0.005. The loci shown have the following meanings.
The two-stream instability is collisionally quenched to the right of the two-—
stream locus. The filamentation instability will gro& less than 5 e-folds for
parameter values below the filamentation locus. For currents below the knock—on
electron locus, the beam will not spread by more than Taine oSimilarly, for

pressures below the scattering limit: the beam will not spread by more than roin®
It should be noted that many approximations must be made in deriving such loci
(such as the effective ion charge state, the fraction of knock-on electrons in-
side the beam channel, etc.). However, these loci do represent the best current
estimates for the various effects considered.

Note that in Fig. 6, for 5 GeV 1], the window is effectively closed. For
10 GeV U, the window is enlarged; for higher energies;(}lSGeV),15 the window
is enlarged even more. Since the total current required to achieve a given
beam power decreases as the energy increases, and since the maximum current
per beam in the 1 Torr window increases as the energy increases, this means
that the number of beams required to achieve a given power decreases quickly as
the energy increases. We conclude that for 5 GeV U, the window is effectively

closed; for 10 GeV U, use of this window may be considered; for > 15 GeV U,

prospects for the use of this window improve substantially.
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Self-pinched transport at 1-50 Torr — For self-pinched transport, the

HIF beam(s) would be focused to about the pellet radius at the input to the
reactor chamber. The beam would ionize the gas and propagate in a self-
pinched mode through the reactor chamber to the pellet. This regime is char-
acterized by n, >> ny. The advantages of this regime are that substantial

gas protection of the wall is possible; the mode is insensitive to scattering,
filamentation, and the two—~stream instability; and small reactor beam ports
would simplify the differential pumping. The disadvantages are that knock-on
electrons may be a problem, a counter—streaming electron beam may be needed,
and the concept has not been tested experimentally. Nonetheless, this concept

is interesting, and recent work on it is reported by Yu et al.16

4, Recommended HIF Transport Research Areas

Based on the above conclusions, highest priority is recommended for
studies that would insure the success of ballistic transport in the moderate
vacuum regime (10™% Torr - 1073 Torr). This includes detailed studies of
the stripping and ionization cross—sections for this regime, basic HIF trans-
port studies (omset of charge and current neutralization) for the case n, S 0y,
and studies of the saturation of the ion/electron two steam instability for
the case n, S oy, (to insure that the effects are negligibly small on the HIF
beam). Experiments to specifically investigate these effects are highly
recommended.

If the final acceleration parameters dictate that neutralization must be
used, then other areas of study that should be investigated include neutrali-
zation by use of co-moving electrons, self-pinched mode propagation, and

further work on the "1 Torr window.’

5. Conclusions

The main conclusions of this study are as follows:
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1. The "1 Torr window"” is essentially closed for 5 GeV U. For 10 GeV U,
use of this window may be considered; for higher energies (> 15 GeV),
prospects for the use of this window improve substantially.

2. The new first choice for HIF transport is to use ballistic trans-—
port in moderate vacuum (10™% Torr - 1073 Torr). This regime is
consistent with the HYLIFE reactor scenario, and plasma and gas
effects are just beginning to be important. Further research on
this regime is highly recommended.

3. The use of essentially unneutralized beams for HIF transport is a
great simplification that should not be abandoned if at all possible.
This means that to minimize the number of beams according to (5), it is
desirable to keep Y high, ¥ low, and A high. For & < 5 GeV, Z>> 1,
or A << 238, it rapidly becomes necessary to provide neutralization by
some means (e.g., co-moving electrons, or a gas background such as
occurs in the "1 Torr window").

We conclude that a reasonable HIF baseline transport scenario would be to

use 10 GeV UML in the moderate vacuum regime (107* Torr - 1073 Torr lithium).
This scenario is relatively simple, it is consistent with a realistic reactor

scheme, and it can be recommended with a relatively high confidence level.
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THE LIGHT ION FUSION EXPERIMENT (LIFE) ACCELERATOR SYSTEM FOR ICF*

Zaven G.T. Guiragossian
TRW Defense and Space Systems Group, Redondo Beach, CA 90278

ABSTRACT

A Light Ion Fusion Experiment (LIFE) accelerator system is under study
as a driver for ICF. The system consists of separate functional elements.
Light ions are extracted from a pulsed cold plasma source and accelerated in
multi-grid and multi-aperture accelerator structures, with provision for
strong compression of beam pulses. D or He ion beams, 20 kA, 1-10 MeV, will be
made to ballistically propagate in 10-4 torr gas by externally generated co-
moving electrons which provide space-charge and current neutralization. The
propagation method is relevant to the Heavy Ion Fusion program and helps
to reduce the large number of heavy ion beams entering a reactor to a mana-
geable few. The system is also a useful test bed to perform several propa-
gation experiments in the near term. The reactor requirements in Heavy
Ion Fusion and LIFE are identical.

*
Work performed under the auspices of U.S. DOE, contract No. DE-AC08-79DP40109
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INTRODUCTION
(1)

as a driver in ICF, and a study is now in progress to validate some of the

A novel Tight ion-accelerator system was conceived at TRW to serve
key concepts in the system. The LIFE accelerator system is different

in many respects from the mainline light jon driver approach at Sandia
Laboratories(z) which consists of magnetically insulated diodes to produce
MA level beam currents and propagate in preformed plasma channels, typically
in a 50 torr ambient gas pressure. Because of the differences to be
described, the LIFE system can best be viewed as an alternate-back up to

the 1ight ion mainline system and also as a useful test bed, to perform se-
veral propagation experiments in the near term which are relevant to the
Heavy Ion Fusion program. Such propagation experiments appear to be criti-
cally needed to provide the experimental feedback on detailed ;gartie]e-
in-cell" simulations such as the one presented by D.S. Lemons( for the
LASL-TRW collaborative effort.

CONCEPT DESCRIPTION

The LIFE accelerator is based on the use of separate function hard-
ware elements and the system is optimized to fulfill the requirements of
an ICF ion beam driver, Considerations of potentjal ICF reactor scenarios
and the state-of-the-art in pulse power technologies have also been made
in the conception of the LIFE system. Separate hardware provisions are
made to provide the following functional elements:

1. Generation of Intense Cold Ions: A pulsed intense cold plasma

ion source is under development in which plasma induction occurs

by pulsed RF power coupling in a large area. Ion extraction is
timed to occur in the near afterglow regime of the piasma, about

2 us after RF power is terminated. In this regime, ion density

is high but ion temperature has cooled by ion-neutral atomic colli-
sions. Light ions, D or He at densities of n; = 5 x 1O]2cm'3,

and temperatures of Ti ~ 0.1 eV can be obtained over a 2 m diameter

area by T M4, 1 ms, RF power at 300 kHz,
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Intense Beam Acceleration: The LIFE accelerator concept is based

on beam stacking by a multi-aperture multi-grid accelerator struc-
ture in which each beamlet is channel focused by shaped electro-
static fields. A different example of this principle is the recent
MEQALAC accelerator system by A.W. Maschke.(4)
of Jp = 1 A/cm2 are extracted and accelerated in a multi-grid
sector with constant applied voltage, V7, over a pulse duration of

Current densities

tp ~ 1 us. Beamlets are further accelerated in a following sec-

tor with time dependent applied voltage, Vo + V(t), such that

V0 =V + V2 is the final energy of particles in the beam front.

V(t) = Vo [(ty/to - t)2 - 11, for t < to where t, is the flight

time of the slowest particles at the beam front, in post-acce-
leration ballistic drift., Typically, a total current of IaCC = 20 kA,
constant to within a few percent will be accelerated with Vo ~ 1 MV
and V(t)max ~ 10 MV, for 0 < t < tp. Beamlet extraction and initial
acceleration must be performed with constant applied voltages to
preserve a well defined perveance condition and Child's law at the
level of the plasma sheath. In this sector with Vi ~ 0.3 MV, beamlet
optics are designed to focus extracted beams of rp ~ 6 mm down to

a few mm, so that paraxial optics will apply in the subsequent time
dependent acceleration. An example of the multi-aperture electro-
static focusing accelerator structure is shown in Figure 1. The
optics of radial apertures as the one shown or hole geometries are
under investigation with use of the codes(S) EGUN and EBQ. Figure 2

presents the manner whereby the accetator structure is energized.

Strong Time Compression: Provisions are made to program strong time

compression of beam pulses at the Tevel of 100:1 or 50:1, to deliver
1-2 MA beam currents at a target as 1 us, 20 kA beam pulses from

the accelerator are compressed to 10 ns in a ballistic transport
distance of 10-15 m. Strong pulse compression is not feasible in
single gap diode accelerators without introducing also strong beam
defocusing effects; for these, pulse compression is confined to the
level of 3:1 to 5:1 and MA currents need to be accelerated in order
to deliver MA beams at targets. Accordingly, one of the main ad-

- vantage in the LIFE system will be the use of relatively Tow power
technology to energize the multi-grid accelerator structures. A

(6)

flexible, programmable and highly efficient pulse power method
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is conceived by I. Smith for this project whereby the desired V(t)
waveform can be tuned with a few tenth of a percent regularity.

Focusing: In addition to beamlet channel electrostatic focusing,
the accelerator grid planes are spherically shaped with a radius
of 10-15 m to provide the radial focusing of the entire beam.
Provisions are made independently to apply systematic corrections
of trajectories by shaped electrodes, both as a function of beam
pulse time and overall beam radius.

Current Neutralization: The provision of current neutralization of
intense 1ight ion beamlets will be made at the exit end of the
accelerator structure. It is required to produce co-moving and
co-located electron-ion beams in order to have space-charge and

current neutralized ballistic propagation over distances of 10-1? T
7
of the single and multiple scattering of ions off the nuclear cou-
Tomb field and jon energy straggling due to atomic ionization of a
medium produced the 10'4 torr requirement, so that 1-10 MeV D

or He ions will not spread more than + 2 mm in 10 m of transport in

in an ambient gas pressure of 10-% torr. A detailed calculation

No gas. Therefore, beam neutralization by the ionization of ambient
gas at 0.1 - 1 torr pressures is not acceptable and externally
prepared co-moving electrons must be provided to the ion beam.

The alternate propagation scheme is through pre-formed high return
current plasma channels which are not considered here. A method of
generating co-moving electrons is sketched in Figure 3. These
electrons must become co-located with the ions within 20-50 cm of
travel, otherwise the electrostatic field among electron and ion
beamlets will raise the temperature of electrons causing a pressure
which 1imits the amount of ballistic focusing of ions. Co-location
is made possible by cusp magnetic fields which fan out co-moving
electrons to quickly mingle with the ion beamlets and become trapped
in their potential wells. A special test bed is being prepared at
TRW to address experimentally the issues of current neutralization
of intense and energetic ion beams.

Beam Power Profile Shaping: The flexibility in the LIFE accelerator

concept in principle makes it possible to deliver a desired beam
pulse profile from each beamline while providing also a strong beam
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pulse compression at the target focus. Ordinarily, in a multi-
beam target compression arrangement each beam would be programmed to
fi1l a specified portion of the power profile, so that the totality
of beams but no each beamline provide the power shape desired by
target designers, Starting with one of the target design cases
presented by R.O. Bangerter$8) a smooth power raise from ~ 10% to
100% in 14 ns and flat top for 6 ns (see Figure 4), the time
varying acceleration voltage waveform in the LIFE system can be
programmed(g) according to the shape displayed in Figure 5 to de-
Tiver also a current amplified beam of 66:1 at the target focus,

as shown in Figure 6. The accelerator will produce a nearly
constant current source of 20 kA and in the above case, each beam-
line will impart 60 kJ energy at the target. A configuration of

34 beamlines is envisaged for a 150 TW, 2 MJ, 300 TW/cm2 LIFE
driver.

STRONG BEAM PULSE COMPRESSION TEST

Since strong beam pulse compression is one of the key features of
the LIFE system, a small scale experiment was performed at TRW using most of
the ingredients in the concept, to explore some of the issues of technical
feasibility and hardware requirements. The experimental setup is given

(10) The time varying

in Figure 7 and details are reported elsewhere.
acceleration voltage waveform was shaped by a 20 channel circuit, to
accelerate and pulse compress Het jons up to 7 keV. A beam current of 0.6 mA
was extracted at constant voltage and subsequently, a 1 us duration pulse
compressing voltage was applied in the following accelerator grids. The
pulse compression time focus was located 66 cm downstream from the end

of the accelerator. After careful shaping of the time varying voltage
waveform, the 1 us beam pulse was compressed to 8 ns at the time focus.
Figures 8 and 9 show a collection of measurements in the temporal behavior
of the detected beam current as a function of axial position from the
accelerator. Voltage waveform tuning was accomplished by a variety of
diagnostic techniques including the behavior of the beam itself. Once

the desired waveform was tuned, highly reproducible results were obtained
over long periods in time. No attempts were made to provide externally



431

current neutralization electrons or to design a good spatially focusing
accelerator structure. The achieved beam pulse time compression is
125:1 in 66 cm of travel.

A test facility is being upgraded at TRW to scale up these measure-
ments to the 500 keV level with 500 A, 1 us, He' beams produced in a pre-
prototype LIFE accelerator system.
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ION BEAM PROPAGATION SIMULATIONS

Don S. Lemons
Los Alamos Scientific Laboratory

INTRODUCTION

A series of numerical particle-in-cell simulations of ion beam
propagation have been performed with the LASL two-dimensional electro-
magnetic code, CCUBE.1 A few results for each of two different simula-
tions are presented. They are intended to illustrate plasma effects
relevant to 1) ion propagation in a relatively dense plasma background,
and 2) ion vacuum propagation with co-moving electrons.

PROPAGATION IN PLASMA BACKGRQUND

Ion propagation through a background gas sufficiently dense to
result in plasma production necessary to charge and current neutralize
the beam but tenuous enough to avoid serious degradation of beam
quality is a possible propagation mode for inertial confinement. 1In
this mode ballistic ion beam propagation and focusing is a possibility
provided the beam ion-background electron two-stream instability
remains harmless. This issue along with the effects of incomplete
current neutralization is investigated in the first simulation.

The simulation was performed in r,z cylindrical spatial coordi-
nates which were dijvided respectively into 50 and 150 grid points.
Spatial dimensions of the simulation grid and the unperturbed ion beam
envelope are shown in Fig. 1(a).

The ion beam is injected at t = 0, from the LHS of the simulation
grid. Beam ion speed is given by B = 0.548, beam ion to electron mass
by mb/me = 50, and beam-to-background plasma.density by nb/ne-= 10-1.
These and other dimensionless simulation parameters are listed in the

Fig. 1 caption where Vt denotes thermal speed, and the subscripts "b",

h
"i", and "e" denote beam ion, background ion, and background electron

parameters.

Work supported by U.S. Dept. of Energy under Contract W-7405-ENG-36
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The beam rises to full strength and propagates across the simula-
tion in about 200 plasma periods, w;i. During this time the beam first
becomes charge and current neutralized (0-10 wp ) begins to 1ose
current neutralization and, consequently, magnetically pinch (~ 100 w )
and develop axial modulations in the beam density and velocity, a resu]t
of the nonlinear development of the ion-electron two-stream instability
(100 ~ 150 wéi).

Figures 1(a)-1(b) are respectively r - z and v, -z phase plots of
the beam ions after the beam has propagated across the simulation grid,
the two stream instability has saturated and magnetic pinching is

active. Spatial dimensions are in units of c/wpe, time in units of
-1

. . _ o _ a2\"%
W and velocity in terms of Bzy where BZ = Vz/c and y = (1 BZ)

For the initial beam and background plasma parameters, the ion
electron two-stream growth rate (wI) and group velocity (vgr) are given
by wy = 0.0695 wpe and Vgr = 0.643 BC. These parameters correspond to
a factor of 10 growth in wave amplitude at the point 10 vgr/wI or
50.6 c/wpe, a distance which according to Figs. la-1lb is associated
with large one-dimensional beam density and velocity modulations. Wave
saturation by trapping of the beam ions occurs at about this point.
After saturation the background plasma is observed to heat at a rate
consistent with a transfer of beam energy to plasma energy of 17%.
This transfer is in line with the prediction of a single wave two-stream

heating mode],2

which given the present simulation parameters is 20%. No instability
produced deflection of beam particles in the radial -direction is
observed.

Magnetic pinching of the beam occurs in part because the neutral-
izing background electron stream depletes the e]ectron.popu1ation in
the region of beam injection and electrons initially outside the beam
cannot efficiently current neutralize the beam. This boundary effect
was not anticipated but nonetheless results in a gross distortion of
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the beam. The resulting beam envelope is in general consistent with

the ion beam envelope equations derived by Wright.3

VACUUM PROPAGATION WITH CO-MOVING ELECTRONS

Vacuum or near vacuum ion beam propagation is also an attractive
mode since uncertainties involved in beam plasma production and insta-
bilities are avoided. In this case, active current and charge neutral-
ization are necessary for ballistic propagation. This may be achieved
either by beam electron pickup or the injection of comoving electrons
as proposed in TRW's Tlight ion driver.4 The ion electron charge
separation at injection which is a feature of the Tatter scheme
provides considerable electrostatic energy which initially goes into
the electrons. How and whether this energy is transferred to the ions
in amounts which can inhibit ballistic focusing is a subject of con-
tinuing investigation.

It is, however, easy to estimate the electrostatic energy involved
for a typical parameter. Assume an infinite sheet of ions and an
infinite sheet of electrons both with thickness & and density n
separated by a distance A. The electrostatic energy per electron (W)
due to the charge separation is then given by W = Znezné(A + 2/3 6).
For n = 1010/cm3, §=5mm and A =3 mm, W= 2.86 keV, a significant
amount of transverse energy is equally partitioned with the ions.

Electron motion within self-electrostatic fields is illustrated by
the numerical simulation of the simultaneous injection into a vacuum of
three pairs of cylindrical concentric hollow ion and electron beamlets.
The simulation was performed in r,z coordinates on a grid of 80 by 100
grid points. Figures 2(a) and 2(b) are respectively ion and electron
r,z phase plots 24.5 w;i after injection. Spatial dimensions are in
units of c/wpe. Initial beam velocities are given by B = 0.0728,
mb/me = 3670, and beamlet charge densities were initialized to provide
for zero net charge within each beamlet pair. Other parameters are
listed in the Fig. 2(a)-2(b) caption.

The ion time scale, w;}, is too long in this simulation to observe
jon motion. In contrast, the electrons are propelled into large excur-
sions from the ions both axially and radially by electrostatic forces.

The heads of the electron beamlets remain intact because beam charge
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densities are initially zero and rise exponentially to their full value

3 -1
in about 20 wpe‘
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CONVECTIVE AND NONCONVECTIVE ION BEAM FILAMENTATION INSTABILITIES

Richard F. Hubbard
Jaycor

ABSTRACT

The electromagnetic filamentation instability is expected to occur in
heavy ion beam fusion target chambers. For a converging beam, the instability

is expected to be convective with group velocity v_ approaching the beam

g
velocity Vb until the beam is ~10-50 cm from the target. The number of
e-foldings NY is estimated by integrating the local growth rate along the
beam trajectory. For a cold beam, the result agrees with the initial value
problem solution of Lee, et al. Detailed numerical solutions to the full
dispersion region predict somewhat lower values for Ny. Close to the target,
vg+ 0, and the instability is effectively nonconvective, with NY proportional
to the pulse length. If a realistic conductivity model is used (c~(Zb/R)2),
the number of e-foldings in the nonconvective region is generally smaller
than NY in the convective region. Thus, any appreciable deterioration in

beam quality is more likely to occur while the beam is in the convective

region.
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I. INTRODUCTION

The electromagnetic filamentation instability may play an important role
in determining allowable operating parameters for heavy ion fusion (HIF)
systems. If allowed to grow to large amplitudes in the target chamber, self-
magnetic fields arising from this instability would cause the ion beam to
break into several self-pinched filaments or beamlets, possibly resulting in

an unacceptable deterioration in beam focussing quality.

Theoretical analyses of this effect have attempted to predict the number
of e-foldings NY of the electromagnetic field amplitudes using linear stability
theory. Hubbard and Tidman] and Hubbard, et a12 estimated NY based on a local
dispersion relation (hereafter referred to as the "local approximation") which
showed that for ballistic focussing systems, transverse beam heating reduced
NY to acceptable levels (NY;SS) in most cases appropriate to HIF reactors.

3,455 which treated perturba-

However, calculations by Lee, and his co-workers
tions as an initial value problem gave somewhat higher estimates of NY and Tled
them to the conclusion that filamentation instability defocussing may not be

easy to avoid.

Previous calculations with the local approximation centered on the regime

where the axial group velocity v (measured in the laboratory frame) is much

g
less than the beam velocity Vb' In this nonconvective regime, NY is proportional
to the pulse length, and the perturbations do not propagate in the laboratory
frame. In this note, we examine the convective instability (Vgggvb) in more

detail. OQur conclusions can be stated as follows:

1. The local approximation predicts that vg;=vb when the conductivity
is Tow. NY can then be estimated by integrating the growth rate y(z) along the

beam trajectory. For a ballistically focussed beam, the resulting NY agrees
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with the initial value method for a cold beam and is smaller by a constant
factor 0.31 for a sufficiently warm beam. Detailed numerical solutions to the

dispersion relation tend to lie midway between the warm and cold beam results.

2. The instability is almost always nonconvective when the beam is near
the pellet for HIF systems with ballistic focussing. The group velocity

increases monotonically with distance z' from the pellet.

3. The Tower NY and the claim of nonconvective instability predicted by

the local approximation]’2

was due in a large part to assuming a constant o
throughout the target chamber. If a more realistic conductivity model is assumed,
(G~R-2 where R is the beam radius), maximum nonconvective growth occurs at

~10-50 cm from the pellet, and the values of NY are comparable with (but usually

somewhat smaller than) those occurring in the convective regime.

4. Both the Tlocal approximation and the initial value method thus predict
NYz,S for highly stripped high current beams (e.g., charge state sz 70, beam
particle current sz 2 kA). However, we believe that macroscopic self-
magnetic fields arising from the ion beam or from "knock-on" electrons are
likely to Tead to unacceptable ion orbit deflections in this regime. In
particular, we recommend using H2 or He at ~1 torr to reduce Zb to ~20.

In this regime, NY can be <2 and filamentation can be avoided.
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IT. REVIEW OF FILAMENTATION MODELS

The local approximation]’2

is based on the dispersion relation for
electromagnetic waves generated by a shifted Maxwellian (f-~exp (—(vz-vb)z/ZAv§
- vj/ZAyf)) ion beam with beam plasma frequency wy,, average velocity Vb = B¢
and thermal velocity Av, propagating in a resistive medium with scalar

conductivity o.

v2

->

H(ksw) = 0 = k% - w? + w2 |1 - Do £, 2(8,)) - 4mino (1)
Ayi

Here £, = (w - ky, Vb)/vﬁf k;Av, and Z(£,) is the plasma dispersion function.

b)
Except for the conductivity term, Eq. (1) agrees with Davidson, et a1® in the
k;;= 0 limit. An additional term proportional to k, is negligible in the
regime we are examining. The unstable mode is purely growing (wr = 0) for

ky = 0. Approximate solutions in the hot beam regime(|£d<< 1) and cold beam

regime (|gy|>> 1) for k, = 0 are

c2(k2 - k2)
vy = Im(w) = 0 4 s (2a)
|Eb|<<] -'i'ﬂ+4'ﬂ'0'
and
Y = Buy . (2b)
]gb|>> 1
Here,
kO = (L)bvb/AVJ_C (3)

is the maximum unstable wave number, and
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k2c? (
0
ns—— Z(Eb) + Eb Z|(£b)> (4a)
/2 KLAYL
noo= /g KAk Ay, (4b)
lgb|<<]
n o= 21 wp (klc/kOAvJ_)2 . (4c)
I-Eb|>> 1

Eq. (2b) is valid only when Bup>> 410 AYL/C)Z.

The axial group velocity for k, =0 1is

_ %y at/an _ "V (5)

Y9 T 3%, T T 5ki3w, 7+ 4mo

Clearly, vgssvb for - in>> 4mo, leading to convective instability, while for

- in<<4mo, v_ > 0, and the instability is effectively nonconvective. In the

g

. . nc
nonconvective regime, N

Y, hot -
position z' (with respect to the pellet) and rp is the pulse length. Close to

y(z') T where y is the average growth rate at

the pellet, Av, and o are both large, and vg +~ 0 over a wide range of system

parameters.2

3,4,5

The initial value method™’ '°~ predicts that for ballistic focussing,

field ampiitude Az (L/(L-z))% where L is the chamber radius, and

a=2, (&) {L b m—e} (6)
b *Rg” |BY, m.ci/e) M :

Here R0 is the beam radius at entry (z = 0). The number of e-folding is thus

&n (E?) (7a)
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i (LDSOL) n (ll:_-z—> (7b)

Here w, is the beam plasma frequency at z =0, and v = (1 -8%)

0
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III. LOCAL APPROXIMATION IN THE CONVECTIVE REGIME

We can recover the Lee, et al result (Eq. (7)) to within a numerical

factor if Vg > Vy and Z, is constant. For [n[>> 4mo, Eq. (2a) for a hot beam

can be integrated to give

* *
c ~] z k 2 fZ '
NY’hOtNK f dz'v(z') = »/%- V—J'( - k_:) dxav, (z') 5 (8)
0 b 0 0

where z* is the approximate position at which the instability becomes noncon-

vective. In the absence of scattering, the thermal spread AYL(Z') increases
1

from its value AV g = AYL(Z = Q) according to
Av (z) = AYLO(RO/R(Z)) = AYLO L/(L-2) (9)

Noting that maximum growth occurs at k; = ko/vﬁ?, Eq. (8) can be integrated

to give
NC =§_.%EZ; kOAYLO L n (L/(L-2)
y,hot 3 7 37 Vb
wp L
= 0.31] EO n (%—_7*) (]O)

Eq. (10) therefore reduces to the Lee, et al result (Eq. (7)) in the non-

relativistic 1imit except for the numerical factor 0.31.

In the cold beam 1imit, the same procedure gives exact agreement with
the initial value method. Noting that for Zb constant, y(z) = meo(Ro/R)

= meo(L/L-z),the growth rate is integrated as before to give

w L
c _ bo L
Wocota = ¢ AN (‘“) - (1)
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IV. CONVECTIVE VS. NONCONVECTIVE INSTABILITY FOR om R-2

We have previously c1a1‘med2 that even though Eq. (6) allows vg to vary
from 0 to Vb’ typical HIF parameters give - in<<4mo, and vg<< Vb‘ This led
us to conclude that nonconvective instability was the more important, and that
N given by Eq. (10) was a reasonable estimate for the number of e-foldings.
However, the calculations in Refs. 1 and 2 assumed that conductivity o was con-
stant everywhere in the target chambeir. When values of ¢ appropriate near the
pellet are used, vg<< Vb almost everywhere in the chamber. However, for typical

7,8 that

ballistic focussing systems, we expect from classical transport models
o is several orders of magnitude lower near the chamber wall than at the

pellet. We expect the instability to be convective in this regime with Vg¢=vb‘

In the region where R(z) exceeds a few centimeters, o is approximately
linear with density Ng- Direct ionization by the beam probably predominates,
e o~ne~R'2(z). If 0 = OO(RO/R)2 = oo(L/(L—z))2 is assumed everywhere, the
position z* where the instability changes from convective to nonconvective is
given by n(z*) =~ 4no(z*), or

2~2
m k0C

)/—7— @ Ko (&Y [7(L2%) = 4m g, (

‘l_

= (12)

—

Here a=0.5 = KL/k The boundary z* is thus

o
z* =P (4 {E; aBOoA!o ]/3} L . (13)
kaoc

The situation is illustrated in Figure 1 which shows typical regions of
convective and nonconvective instability. Since n~R and 0~R'2, the transition
region where vg.,% V, is quite small. Eq. (13) predicts (1 - z*/L)~0.05 - 0.1

. 2 . . .
in most cases. For o~R © maximum growth actually occurs in the convective
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regime where n = 8mo and vg = %— - However, we expect that detailed beam

transport code results to show that o(z) will probably increase faster than
R™2 in the z=z* region due to avalanching and then increase more slowly with
R as the plasma becomes fully ionized near the pellet. Thus, maximum growth

may well occur in the nonconvective regime.

The following scenario can therefore be constructed. In the canvective
regime, perturbations are carried along with the beam until they arrive at

z~z*. The number of e-foldings N§ accumulates according to Eq. (10) or (11).

As the beam continues to propagate, perturbations are rapidly left behind as

vg becomes small. The number of e-foldings is then obtained by calculating

v(z') from Eq. (2) and taking Nscczy(z')r Filamentation defocussing will

D’
be determined by the larger of the two NY's.

As an example, consider a 2 kA, 20 GeV, 10 nsec Uranium beam with Zb = 20,

, _ 1n-4 _ . - 1012 =1 - * ’
AV_LO/Vb =10 7, R0 10 cem, % 10" s ', and L = 500 cm. Then z*~<470 cm,

c _ C _ c . nc -
and Ny,hot = 1.4. Note that Ny,co]d =3 Ny,hot' The calculation of NY is

somewhat arbitrary since maximum growth does not occur in the nonconvective

regime. If we choose z = z* + 0.2 (L-z*), then v_~0.25 Vb’ and NgchO.SS.

g

N$ hot > N$C in this example, but the difference is less than a factor of 2.

If Zb = 70 (which is typical of Ne at 1 torr instead of H, or He at 1 torr)

then z* = 480 cm, = 5.8, and N$C = 4.5. We have calculated N$ and

Cc
Ny,hot

nc . s c nc
NY for a variety of HIF parameters; in most cases, Ny,hot>Ny,hot but the

disagreement is usually less than a factor of 2. In general, Ngc > N$ hot

can be obtained by increasing the ratio of the pulse Tength rp to the beam tran-

sit time 1, = L/Vb or by changing the details of the conductivity model. The

L
most dangerous nonconvective instability occurs at some tens of centimeters

from the pellet where 0'1 (and hence Ngc) may be an order of magnitude higher

than the value near the pellet used by Hubbard, et al.l:2
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Beam convergence does not play a role in the nonconvective regime, so
one might expect approximate agreement with Lee's calculations for a non-

converging finite-pulse beam.3 For a warm beam of length rp, the number of

e-foldings predicted by Lee is

T
-2 _]) ;R

< (g (14)
v,hot L m

N

b

where T, = k*c?/4wo, and & = k®Av] /B%wf. (Note that he defines Av, to be

v2 larger than our value.) Substituting the definitions of Tn and EL gives

‘wé RZc? k2c2

“ Aot Tp - (15)

p

Ny,hot~i

[ 4moavi

This upper 1imit agrees exactly with Eq. (2a) in the nonconvective limit

(4nc >> - in).
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V. NUMERICAL SOLUTIONS TO FILAMENTATION DISPERSION RELATION

, . . . o o -
Since the Tocal approximation predicts that Ny,hot/Ny,cold = 0.31,

independent of model parameters, we expect that numerical solutions to the
full dispersion relation (Eq. (1)) will Tie between the limits given by
Egs. (10) and (11). We have carried out such a calculation, numerically in-

tegrating solutions to Eq. (1) from z = 0 to z = z* as given in Eq. (13).

Figure 2 summarizes the results of such a calculation for a 1 kA Uranium

beam with Z, = 18.1 (He at 1 torr), 8 = 0.4, &v,/V, = 2 x 107, L=5nm,

R0 = 10 cm, and 0, = 10H 5'1. The figure plots the "exact" growth rate

. c _ L . .
yex(z), accumulated e-foldings Ny,ex(z) = é dx yex(x)/vb, and plasma dispersion
function argument ]Eb(z)l verses distance z from the chamber wall. The value

= -.|~ > 2 [} % - C O
k;y =2.5cm =2.5 k0 was chosen to maximize Ny,ex(L z*) "Ny,ex‘ Since

= 2.0 1ies near the average of NG

|gb|,v1, it is not surprising that NS v, hot

Y,exX

= 1.0 and N§ cold = 3.3. Eq. (13) is usually adequate for estimating z* since

Iab(z = zﬂ] is almost always less than 0.5; z* =480 cm for the above example.
The rapid drop in y and |£b| as z»L is seen in all ballistic mode propagation

examples we have investigated.

: c c c :
Figure 3 plots Ny,hot’ Ny,co1d’ and Ny,ex verses k,; for the example in

c
v,cold

(kJ) is quite

Figure 2. The variations in the analytical estimates of N is entirely

. . . c
due to small changes in z* as k, is changed. The peak in Ny,ex

c

: o
broad, and in all cases, NY’eX;QO.S Ny,co1d‘

Figure 4 plots the three estimates of N$, the beam change. state Zb’ and
the convective - nonconvective boundary z* verses pressure in torr assuming
Helium in the target chamber. Zb was estimated using a variation of the Yu,
et al mode1,7 and the calculation will be described in more detail elsewhere.

We assume g, = 3 x10° Zg, which again comes from assuming that direct
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ionization by the beam is the dominant process, and other parameters are as in

. (of . . . .
Figure 2. Ny,ex is maximum for ka’O'25 k0 in all cases, and begins to look

b2 50. This high charge state is reached at much

lower pressures (below 1 torr) for heavier gases such as Neon. Again, N

c
dangerous (NY’eivS) for Z

c
Y.eX
c

v,cold in all cases.

is almost a factor of two lower than N
Two factors which have been omitted from our analysis may further reduce

C
Y.ex’

Using a variable Zb(a) s,Zb(L) in the numerical integration would obviousTy

L.

N First, the constant Zb assumed was the upper limit calculated at z

reduce N$,ex somewhat. Also, filamentation growth ceases for modes with

Kk, S m/R(z) as the beam approaches the pellet since the unstable wavelength
exceeds the beam diameter. At pressures below a few torr, this effect
probably causes convective growth to cease before the beam reaches the convec-
tive/nonconvective boundary at z = z*, For example, in the 1 torr case,
the condition R = m/k; is reached at a distance z = 450 cm from the wall

for k; = 3 cm which is smaller than z* = 479cm. Ni’ex(z = 450 cm) is only

1.8 instead of our earlier estimate of 2.0. The two effects cited here may
reduce N$ by as much as a factor of two at Tow pressures; the reduction is
much smaller for Zb,3 50 or higher beam currents. The dotted 1ine in Figure 4

shows the effect of cutting off NS when the unstable wavelength exceeds

YseX
R(z). The dashed 1ine gives an estimate of the nonconvective number of

e-foldings Ngc’ which is always less than N$ ox for a 10 nsec pulse.
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V. CONCLUSIONS

The local dispersion relation for the electromagnetic filamentation
instability predicted to occur in heavy ion fusion target chambers will be
convective until the beam is a few tens of centimeters from the target.

Upper and Tower Timits on the number of e-foldings of the field amplitudes
(Ni) in the convective regime are given by Egs. (10) and (11) for ballisti-
cally focussed beams. Numerical integration along the beam trajectory of the
full dispersion relation solutions (Eq. (1)) give estimates of Ni,ex which
are near the average of the upper and Tower 1imits. Close to the pellet, the
instability is effectively nonconvective, and the results of Hubbard and
Tidman1 generally apply. However, Nic is usually lower than Ni, and hence

the most serious deterioration of beam quality will usually occur in the

convective regime.

The calculation by Lee for ballistic mode filamentation is assumed
I£b|>> 1, and the local approximation agrees exactly with Lee's result in
this cold beam 1limit. However, numerical solutions to Eq. (1) indicate that
|£b|~41 in most cases, leading to estimates of Ni,ex which are somewhat Tower.

The inclusion of a variable beam charge state will further reduce N$ ox?® @S

will cutting off NY at the point where the beam radius becomes less than the
unstable wavelength. Thus, the local approximation leads to the same scaling

3’4’5, but -our detailed numerical estimates of

as the method of Lee, et al
the number of e-foldings are typically a factor of two lower. Also, the
local approximation agrees with Lee's method in the high conductivity

(nonconvective) Timit in which NY is proportional to the pulse length.
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Fig. 4 indicates that the most promising way of controlling filamenta-
tion growth is to minimize the beam charge state Zb' For a variety of
reasons, recent reactor scenarios have involved somewhat lower beam ernergies
(~10 GeV), higher currents, and heavier gases (e.g., Neon). This will make
it difficult, if not impossible, to keep Zb low unless the chamber pressure
is lTowered significantly . The higher beam densities associated
with these scenarios further increase filamentation growth rates for the
ballistic propagation mode in~1 torr gas-filled reactors. However, both
pinched-mode propagation in gas-filled reactors and ballistic mode propaga-

3 torr) Lithium waterfall reactors are much less

tion in low density (< 10~
susceptible to filamentation instability and may have other important

advantages as well.
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LIST OF SYMBOLS

Plasma dielectric function
Perpendicular and Parallel wavenumbers
Frequency

Beam velocity

Transverse beam thermal velocity

Plasma dispersion function with argument 5b
= (w =k, )/ 72 k8,

Electrical conductivity
Beam plasma frequency
dZ(Eb)/dEb

See Equation (4)
Parallel group velocity
Pulse length (temporal)
Beam charge state

Chamber radius

Distance from the chamber wall

Number of e-foldings of e-m field
Nonconvective number of e-folds
Convective number of e-folds, |£ |<<|

Convective number of e-folds, |£b|>>l

Convective number of e-folds, numerical solution to
full plasma disp. relation
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Beam radius
Values at injection

Location of transition between convective and noncon-

vective regions (v_ =% Vb)

g
Beam particle current



Figure 1.

Figure 2.

Figure 3.

466
FIGURE CAPTIONS

Approximate locations of the convective and nonconvective regions
of filamentation instability for a ballistically focussed heavy ion
beam. For most of the beam trajectory, the group velocity vggzvb,
the beam velocity, so perturbations are convected with the beam.

However, close to the target, v_ decreases rapidly due to an increase

g
in conductivity and transverse beam temperature. Perturbations pile

up locally, and the instability is effectively nonconvective. The
transition between the two regions is defined by the position z*

at which vg =L Vb‘

Filamentation growth rate vy, number of e-foldings N$ ex(z), and

plasma dispersion function argument |£b| = v/ {E'kiAvL, plotted

verses distance Z from the chamber wall. We assume a 20 GeV

~

Uranium beam with charge Zb = 18, Ib = 1 kA, initial radius RO= 10 cm,

v, o/Vp = 2 x 1074, L = 5 meters, ky = 0.25 k, = 2.5 em™!, and

g=10 (RO/R)2 sec™!. The growth rate is calculated numerically

using the full dispersion relation (Eq. (1)), and N . (2)

= v;] j.zy(z‘) dz' is integrated only up to the transition point z*
0

defined by Eq. (13). Since |g |<2.6 everywhere, N$ ox 15 Sub-

stantially below the |gb]>> 1 cold beam Tlimit.

Variation of the three estimates of Ns based on Equations (1), (8),
and (11), verses kL/ko’ where kO = wab/Ach is independent of z
if Ly, is constant. All other parameters are as in Figure 2. The

R o .. e g i
small variation in Ny,co1d is entirely due to changes in z* with k;.

The exact numerical solution N$ ox has a broad peak centered on

k, =0.25 k0 which 1ies near the average of the cold and hot beam'



Figure 4.
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analytical estimates. The cold beam estimate agrees with the Lee,

et al results for a converging beam.

Beam charge state Zb’ location z* of the convective-nonconvective
transition region, and the three estimates of N$ as functions of
the chamber pressure in torr, assuming Helium. The increase in the
number of e-foldings with pressure is due entirely to the increased
beam charge state, which increases both Wy and . The dotted line
shows the effect of cutting off the integration of Nsx at the point
where the unstable wavelength exceeds the beam radius. The dashed
line is an estimate of Ngc taken slightly into the nonconvective
regime. The variation of Nsc with pressure is reduced considerably

by assuming oA,Zé. Note that NY‘z 5 is considered dangerous.
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Figure 4
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Abstract

A major concern in the use of heavy ion beams as igniters in pellet
fusion systems is the vulnerability of the beam to the transverse flamenta-
tion instability. The undesirable consequence of this mode is the transverse
heating of the beam to the extent tha£ convergence on the pellet becomes
impossible. This work considers the case of a beam injected into a gas filled
reactor vessel, where finite pulse length and propagation distance play an
important role in limiting growth. Two geometries are analyzed: a non-
converging case where the radius af injection is nearly equal to the desired
radius at the pellet, and a converging casé in which the injection radius
is large and the beam is pre-focused to converge at the target. It is found
that a cold beam will be severely disrupted if the product of the magnetic
plasma frequency and the propagation distance is much larger than unity.
This product may be lowered by dividing the energy of the original beam
into many (=50) individual beams arranged to converge simultaneously at the
pellet, however this represents a significant engineering complication. Even
if this product is large, growth may be limited to about six e-foldings
if enough transverse velocity spread is added that the latter half of the
pulse propagates in pinched equilibrium. The disadvantage of this mode is,
however, that much of the pulse is Tost to thermal expansion.

Introduction

Among the critical issues confronting the use of heavy ion beams as
pellet igniters is whether such a beam can propagate through the reactor
vessel to finally achieve a spot size of the order of 1 mm on the pellet.

Assuming the beam can be directed to strike the target, this final spot
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size will not be obtainable if the beam has been subjected to any of various
instabilities which transverse1ybheat it at the expense of its longitudinal
energy. The most serious of these appears to be the filamentation insta-
bility, in which modes of transverse wave number k can grow with character-
istic times v = 4wa/c2k2, where o denotes the conductivity of the background

plasma. The use of a low pressure (n, = 1012) vessel environment and/or many

g
(~50), simultaneous, low current beams would allow each beam to be magnet-
ically stiff and hence stable over the entire distance of flight. This
approach, however, places constraints on the reactor system and suggests the

examination of unstable growth in the high pressure (n, = 1016) regime. This

g
report is a summary of the results of a more comprehensive treatment given

e]sewher‘el’2

of filamentation growth in converging and non-converging beams
of heavy ions in a background plasma of finite conductivity.

The basic mechanism of the filamentation 1hstabi11ty is that a beam
which is given small transverse mode structure will separate into small
beamlets as the result of the attraction of parallel currents. If the beam
is moving in a background plasma such that charge neutralization can occur,
each beamlet will continue to self-pinch until its magnetic pressure BZ/8w
becomes equal to the transverse thermal pressure Yn (1/2 mvthz). If we
define n to be the ratio of thermal pressure to pinch pressure for a filament
in the instant just after the perturbation, we conclude that n =1 should
be required for successful propagation. For n <1 the filament will pinch
at a rate,( £2) proportional to the square root of the ratio of the magnetic
force per unit length to the mass per unit Tength. A maximum growth rate

occurs for a filament whose radius is less than or equal to the magnetic

skin depth of the pulse and takes the valueg)max = Qp - (4'nq2n/YmC2)1/2
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where € is just the magnetic plasma frequency divided by Yc. If the beam
is to propagate a distance L, then the total number of e-foldings of growth
is as= S)bL. In light of these observations, we can take « and n as two

dimensionless characterizations of the beam and its filamentary tendencies.

Non-Converging Case

1

In the previous treatment of the non-converging beam* the equilibrium

distribution function f, = ”oF(X) H(T) H(Tp-T) and the equilibrium vector
potential A, are perturbed by the form

(f1, Ap) =exp [i(k-r -2z -wr] = exp [i(k.r) +gl, (1)

where z is the longitudinal variable measured from the reactor wall into the
chamber and 7=t - z/gc is a convenient transformed time such that pct is a
longitudinal distance into a pulse of duration Tp S measured from the head.
We have assumed YA, = 0 and have let H(t) represent the step function. The

resulting dispersion relation is

“iwt, = 1+ T (k,9) (2)
2 2 F(v)
where I (k,) = fd % -~ 5 R (3)
T~ o(a- kev/pc)

giving a growth exponent of
g(,7,2) = igz - (7/Tm) (1 +T) (4)

Several velocity distributions have been studied, the most convenient

being the single pole approximation to the Maxwellian:
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S is)

Fs= |, (5)

where &(k) = kvth/(JEbigc). The dispersion relation becomes

2 -
fwry = 1 #f— + 15 2 (6)
2
b
If v1is held fixed and the growth factor g, given by Eq. 4, is maximized

with respect to z we obtain

1 T b
Inax [z = 1]+ < (7)
max 62 Tm— 62Tm

It is interesting to note here that the mode number dependencies of 7. and
5 leave Imax independent of k at fixed v. Further, if we assume a parabolic
profile for the beam current density Jb and a conductivity independent of r
and arrange the thermal velocity so that the beam pinches half-way back from
the head (specifically we require that n=1 at 7= Tp/2), then

T

P 6
Imax <22 N (8)

5" Tm

If n=1 we obtain marginally severe growth but have sacrificed the first

half of the pulse to rapid expansion.

Converging Beam

We consider next a geometry in which the pulse converges from a large
radius at z = 0 to the chosen target radius at z = L. We perturb away

from straight Tine converging particle orbits. The unperturbed system
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is characterized by EZAO = 0 and distribution function fo which is of finite

extent and uniform in the tranverse plane, f, is normalized to density

0

n, at Z = 0. The problem of characterizing fo is simplified by noting that

V=y(l-2z/L)+ -EE r (9)

is an integral of the unperturbed motion which displays the assumed convergence

at z = L; thus we consider f, = n F (V). The density at arbitrary z is then

w o

The mean squared thermal velocity is then

2 2 1 2 2 s Vipl0)
Vth(Z) = IX -<’X>| ——(1_—5—)?/le F(’\L) —(].—_TE.)Z_ , (11)

where V%h (0) is the initial mean squared thermal velocity assumed independent

of r.

~

To parallel previous work we have

of
R ATREE LS NN - (12)
9A 4wJ
2, 4re M _ bl _ 2
MU 2 R --4nq5fdyl : (13)

We proceed in the conventional way by formally solving Eq. (12) for fl:
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zZ !
- .98 dz_ .
f1 = f10 - n fo sc (Ut ) |

(14)

where fig is the initial disturbance carried along the unperturbed orbits.

Recall that both V and v were constants of the motion; hence if we introduce

u(z) = (1 - %)'1 we can write Eq. (9) as

V=v/u(z) + %5 r = constant

Then any point along an unperturbed orbit can be described by

We then select a perturbation with r dependence of the form

TkeVL
(A Jbl) < exp(ik‘ru) = exp [ig-rou t— (u'" - u)l

to obtain the perturbed distribution function with proportionality

constants A1 and Jbl:

gn L u | ikeVL
= - Wy oﬂ du T : . ~ - '
f1 - f1o (YMC k3 )/ % Ay exp Livker + —= (u'-u)] .

(16)
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The perturbed current is then
Jy - Jy = qec /dzx (f, - f1o)
1 10

ikaVL

qzsn Lu2 u
- W 2y :,e OF du' i -
S S 2 /dY‘E 3V Ay exp [‘“‘if+

(U'-U)} (19)

We may reverse the order of integration and integrate by parts on V to get

v = = 2 (Y A
— > (Jb _ Jb ) = a du' A'(u-u') F, (20)
c 1

2 2,2
= Q
where o4

(4nq2nw/YMc2) L

>/
]
—
j o
]
j s
~——

/\fz .
F d°V F(V) exp(-ireV) .

If we now apply the assumed form of Eq. (17) and the definitions above to
Eq. (13) we obtain for the perturbed field

2 ) 4y —=
UA+T_A 22

m
T ck™u

(21)

5]
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Finally if we define an amplitude X proportional to the perturbed density,

and a source S as

b = 4 -
X = J and S = J s
ck2u2 bl ck2u2 blO
then Eqs. (20) and (21) can be written as
2 [ Y A
X=S+a du' A' (u-u') F (22)
1
2 0 _
u- A+ T a—T—A = X (23)

Cold Converging Beam

We first solve Eqs. (22) and (23) for the cold limit, where

A )
F(V) = 6(V) gives F(A\) = 1. Then differentiation of Eq. (22) twice gives

2
%X=O’2A * (24)
ou

If we further let Tnf_'o either because ¢—0 or k— o then Eq. (23) becomes
u® A = X . (25)

1 2,1/2
W (26)
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The cold converging beam thus displays algebraic growth with distance rather
than the exponential growth found for the straight beam. The magnitudes of
growth, however, are quite similar over the distances of interest.

When T, is finite growth is reduced. This can be seen by application of

the Laplace transform in the variable

~ a) .
x='fx dr e PT
0

and similarly for A. The system (22) and (23) combine to give

I SR L
272 ;
ou u o+ P
The WKB solutions, good for large «, are
: /‘u W e B VA = oy
X, =exp|[z+t « = .(28
: 1 <u'2+pv)”2> L+ (14 pr)/?
m m
We take the initial conditions to be
0 T< 0
d
X{u=1) = and-ga X (u=l) = 0
1 >0
2
urT

> 1 and

We can approximate the inversion integral in the 1imit of e

%} <« 1 with a saddle analysis to obtain X « exp [g] where
m
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g:.‘zi[1+1n(%)]+ a]nI:u (:—)1/2} . (29)

m

The gross consequences of a non-constant background conductivity may be
obtained by using a model in which conductivity rises as the inverse square
of beam radius

Tm = Tm(u:'l) U2 = Tw U2 . (30)

This is viewed as an attempt to model generation of conductivity proportional

to beam intensity. Eq. (27) becomes

2 2 ~
?__2X=————-—-————2 a X, (31)
au u (1 + pt )
W
with WKB solutions
aln u
Xi =~ exp | t 0t o) 172 (32)
: P
A saddle analysis of inversion integral yields X « exp (g) where
1
> 2/3
g=3 |5 (&) “mu T (33)
W W

which is exactly the cold non-converging result withS2bz — o 1n u.

Warm Converging Beam

Solution of Eqs. (22) and (23) for arbitrary choices of F(V) is in general
quite tedious, but we may obtain the overall features by the use of a single

pole form of F(V). This procedure yields
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AN
F,o=exp [ - K({u=u')] (34)

where K is a constant proportional to the thermal velocity. It may be shown

that an arbitrary F(V) can be approximated in single pole form with

oF
-4 - gi dy Ek ) (35)
2 2L k¥

[t is this fact that lends wide applicability to this somewhat unphysical form,

for now Eq. (22) can be written as

=S +c12J/.u du' A'(u-u')e -K(u-u*) . (36)
1

When the factor exp [K(u~1)] is absorbed into X, S, and A, the equation returns

to its cold form (already solved.) We can write the solutions

-K(u-1)

X =X o1q © (37)
For a Maxwellian profile K =aé .
In the Timit of Tow conductivity (Tm—*-o), we use the results of
Eq. (26) with o large to get:
X = UQ’ e—a6(u—1) (38)

Note that, in contrast to the straight beam case in this 1imit, the growth

here reaches a maximum at u =-% . This feature appears consistently

in the warm beam analysis and is due to transverse phase mixing of beam
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particles. As a result we should expect total growth of a warm beam to
be somewhat less than the growth of the corresponding cold beam case. For
instance, if we consider the case of 7, finite we can proceed as before
with the exception that, following the saddle point evaluation, we maximize

the warm growth rate

9warm = Jcold ~ @b (u-1) (39)

with respect to u, k, and r. We find that growth is a maximum for k=0, u=w,

T=Tp but with the product uk finite. Defining the quantity Q = @n/24, we

find

max Q

2. .411/2
9rax = 2 20 | Q= (QB+1)}/% 4 1n((Q ) 1>

1 - %— 2 forQ » 1

2Q

2001n(2) -1] for Q < 1
Q

Observe that growth is less than the cold beam value of 6/n for all

values of a and n.

Finally, for v = w2 e proceed as before, but find that g, ., can be written

only as an implicit function of Q. Maximum growth still occurs at T= ™
however, and is found to be everywhere less than that for the converging, con-
stant conductivity case treated above. In particular, for Q << 1 we can

approximate




485

It is obvious that the last two expressions are similar, at least in

leading approximation, hence we adopt the general form
_ b
o f (an/24) (42)

where the specific form of f depends on the precise situation. With the above

results of Eqs. (40) and (41) we can characterize f in two limits

f(an— o) =1 (43)
f(an— o)=—?—r—]{1na—1]+c}

The constant C depends on the specific model but can be taken as approximately
2.2. C(Clearly, a non-converging beam must have m=1 in order to propagate

in equilibrium, giving only a few e-folds of growth during transit. For a
converging beam, however, mincreases proportional to (r/q2 where q is the
effective ijon charge. For the beam to pinch at the peliet, n must be

unity there. At the wall then, n must be much smaller and bounded by

= (c/qz) /(v/qz) (44)

Ty 5-npinch min pellet

where the minimum is taken over the converging profile. There is considerable
growth, then, early in transit and it can be approximated when the conductivity

ratio is high from Eq. (43):

N (o/q
Smax = 2 In (v/q

2

)
zpel‘et ¥ 2.2 (45)
)min
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Values of aless than unity could not yield large effects under extreme
assumptions on conductivity development. Conversely it seems unlikely
that a« >5 could be tolerated even if cr/q2 varied by only a factor of 10.
One suspects that a« = 3 represents an effective bound for the converging
beam. From our definition of « =QpL we should expect, then, a maximum

transported energy of

w< @om) (576 (%) (E§> ° (46)

where A and Z are the atomic mass number and stripped charge for the beam
particles, Ry is the rms radius of the beam at z=o0 and L is the chamber
radius. The beam is assumed to have a parabolic profile with edge a, = J§—R0

and central density n = ZIb/qﬁCﬁaZ. If we take v, = 10 ns, A/Z = 4,

P
Ro/L = 1072, and B= 0.3 we find

W< 0.021 M)

A total of 50 beams would be required to put 1 MJ on the target placing

formidable complications in the way of reactor system design.
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KNOCK-ON ELECTRONS IN THE TARGET CHAMBER
R. F. Hubbard, S. A. Goldstein, and D. A. Tidman

Jaycor

Macroscopic magnetic fields arising from currents carried by the beam
ions or by secondary electrons play a major role in determining the ion beam
spot size. In a gas-filled target chamber, it has been generally assumed
that the bare ion beam current Ib is almost balanced by a return current Ip
which is carried by low energy secondary electrons. The resulting net
current Inet is thus positive, leading to a magnetic field Be > 0 which
either weakly deflects the ions inward (ballistic or converging mode propaga-
tion) or pinches them more strongly into a thin, pencil-shaped beam (pinch

mode propagation),]’2

However, we have pointed out recently that fast secondary electron may

3 Particularly dangerous are those knock-on

alter this picture considerably.
electrons with axial velocity v, > sbc, the beam velocity, since they may
outrun the beam and set up a defocussing channel ahead of the beam. These
electrons, which are produced by nearly head-on collisions between beam ions
and both free and bound background electrons, are sufficiently numerous to

alter the magnetic field substantially, and in many cases will probably

reverse its direction.

Although some knock-on electrons are produced in all beam-plasma systems,
they normally play a very small role. However, several unusual features
make it possible for the knock-on electrons to exert a large influence on
heavy ion beam transport. First, the cross section for producing these
electrons scales as the square of Qb’ the beam atomic number, so the knock-on
current produced by a Uranium beam is almost four orders of magnitude larger
than that produced by a proton beam moving at the same speed. Second, the

relatively high knock-on electron energy (> 45 keV for Bb = 0.4) allows these
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electrons to propagate as a nearly collisionless "beam", even in the presence
of moderately high self-fields. In addition, if a substantial fraction of

the knock-on current does get out ahead of the ion beam and can be charge
neutralized by collisional ionization, the resulting field Be will usually

be sufficient to pinch the electrons to a radius comparable with the ion

beam radius. This means that the front portion of the ion beam will encounter
a pre-existihg Be < 0 magnetic field which deflects the ions outward.

Finaliy, because of the rapid rise in conductivity produced by the arrival

of the ion beam, this field may persist throughout the beam pulse. The

total scenario is illustrated in Figure 1, which shows knock-on electron

orbits and the pinching magnetic field.

It is not yet clear whether knock-on electrons will lead to a deteriora-
tion in beam spot size for a given set of system parameters. The problem
involves complicated spatial and temporal dependences plus self-fields whose
sign may not be known. However, in this paper, we will use some simple
analytical models developed in our previous work, and will defer until Tlater

a more detailed description of this complex phenomenon.
ESTIMATES OF KNOCK-ON CURRENT

A crude estimate of the knock-on current Ik(> Bb) carried by electrons

with axial velocities greater than the beam velocity Bbc can be made from

T 3

the total coulomb cross section for scattering by > 2-1n the beam frame.
This cross section is given by
2 52
) ™S Zb

0 -
w2 " ’
By

(1)

A - ) 3
where re and Zb are the classical electron radius and beam atomic number,

respectively. Note that electrons scattered through an angle greater than
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m/2 in the beam frame are knocked forward with axial velocities which exceed

the beam velocity. The total number of knock-on electrons ﬁg/z produced after

A
the beam propagates a distance z is ﬁb NeZ0r /23 where Nb = NbLb is the

total number of beam ions, Lb is the beam pulse length and n_ is the density

e
of background electrons. If Bk-1.38b and Lk are the characteristic velocity

~ /2

and Tength of the knock-on "beam", then N = NeLp=N (Ly + (Bk/Bb - 1)z).

The total current carried by these electrons is Ik = -Bk ec Nk and can be

written
B T'n 20
- "k "be“"n/2
I(>3) = , (2)
k' 2 Bb + (Bk - Bb)z/Lb

where TL is the beam particle current. The second term in the denominator
is a correction for the finite beam pulse length and becomes important when

Z z,Lb.

At pressures of 1 torr or greater, the current predicted by Eq. (2) can
be quite large in some cases. Neglecting the finite pulse length correction,
and setting Bk/Bb = 1.3, the ratio of the knock-on current to the beam par-

ticle current for a Uranium beam can be rewritten as

-5 A
I,>T) 9.7x107°pz7Z
X< k - (3)
I B

Here p is the pressure in torr and ?g is the number of electrons per back-
ground gas atom (or molecule). For a 20 GeV Uranium team propataing 1 m in
1 torr of He, Ik(> %0==Ib. However, for a 10 GeV beam propagating in 1 torr
of Ne (which is typical of most recent reactor scenarios), Ik(> %) is

increased by a factor of 20. Since‘Tb is typically 1 kA, it is ciear that
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the knock-on current will often approach or exceed the Alfven current

IA =17 B Y (kA) after propagating less than 1 m. If a substantial fraction
of this current can get out ahead of the beam and become charge neutralized,
it will tend to be strongly pinched by its own magnetic field even if the

radius of this knock-on beam is initially large.
KNOCK-ON BEAM RADIUS AND ION ORBIT DEFLECTIONS

As a result of the collisional fonization process, knock-on electrons
acquire a transverse velocity YLk which is comparable in magnitude with the
axial velocity ok Thus, the knock-ons would quickly fly out to a large
radius Rk in the absence of self fields. However, as soon as the knock-on
beam is charge neutralized, the self magnetic field will tend to pinch the
beam to a smaller radijus. If Ik(> %) is less than the Alfven current, the
knock-on beam radius can be estimated by assuming that beam to be in a quasi-
static Bennett equi]ibrium.3 If the knock-on beam emittance is constant,4
RkAYLk is constant, where AYLk is the transverse thermal velocity of the
knock-on beam. In a Bennett equi]ibrium,4 (Ayfk/sﬁcz) = - q Ik(z)/IA. Here
Ik(z) is calculated from Eq. (2), and o is the fraction of that current which

gets out ahead of the ion beam. For a converging beam in a chamber of

radius L, one can eliminate AYLk to get

v, (0) Ry (0) -1, 2
R (2) = B, — (-9 ol (2) . (4)

This expression is valid only for |a Ik| < IA' If the knock-on beam
current exceeds IA’ v E drifts tend to focus the beam to a radius smaller
than the ion beam radius. Otherwise, the knock-on radius is usually a few

times the ion beam radius.
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Only that fraction of the knock-on beam current which lies inside the
ion beam radius can contribute to the defocussing magnetic field. For a

radially uniform knock-on beam, this effective current is

R, (z) 2
£y - b
IE (Z) =0 Ik(Z) W . (5)

It is important to note that for ballistic focussing, it is possible to

have In < 0 through the entire ion beam pulse so long as the resulting

et
ion orbit deflections are sufficiently small. In our previous work3, we
numerically integrated the standard paraxial envelope equation for the ion
. _.eff
beam using Inet'Ik
demonstrated that for propagation in He at 20 GeV, there could be a severe

< 0 to estimate the ion beam spot size. That study

deterioration in spot size for a 1 kA ion beam at pressures above a few torr.

If the defocussing magnetic field present at the front of the ion beam
pulse is frozen in by the high conductivity, it is possible to make a simple

analytical estimate of the attainable spot size. If the ion beam is assumed

to be cold, the minimum spot size for a constant IEff iss

(Ry/L)?

Rmin = Ro XP \= 55— - (6)

RC is the initial beam radius, and K is the generalized perveances. which. for

a charge neutralized heavy ion beam in the field produced by Iﬁff is
6.41 x 1078 z, 187"
K= - - (7)
A (Yb' 1)2
Here IEff is measured in amps, and A = 238 for Uranium. Note that

y%? - 1 .= g2 for the mildly relativistic ion beam. Equations (6) and (7)
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can be combined to give an estimate for the maximum allowable effective
knock-on current in order to reach a given spot size Rmin

6 2
7.8 x 10 RO ABb

. > (8)
Lzzbln(Ro/Rmin)

Ieff
k ,max

Note that this current is determined primarily by the focussing angle RO/L--'10°2
and is only weakly dependent on Rmin' For typical parameters, IIEf;ax

less than 1 kA. For purposes of making simple estimates, IEff can be taken

l is

to be the value at the midpoint of the trajectory (z = LL).

As an example, consider a 10 GeV, 1 kA Uranijum beam propagating a
distance L = 5 m in 1 torr of Ne, and assume R0 = 10 cm and L, = 100 cm.
Eq. (2) predicts that I (> g , 2=2.5m) is - 22 kA. Assume that 10% of
this amount produces a charge-neutralized knock-on beam ahead of the ion
beam (i.e., a = 0.1). For Bk/Bb = 1.3, I = 6.7 kA, and thus Eq. (4)

predicts R, = 7.2 cmat z =3l (assuming AYLk(O) = 0.55 Bkc). Since Ry =5

cm at this point, IEff = (- 2.2) (5/7.2)% = - 1.1 kA. However, the allowable
eff . _ ) )
Ik,max predicted by Eq. (8) for R = 0-2 cmand Z, = 70 is only - 760 A.

Thus, the desired spot size could not be attained if the defocussing field
is frozen in. It is clear that since both o and Rk cannot be estimated
accurately, changes in their assumed values could easily reverse this conclu-

sfon. If a I, is reduced from 2.2 kA to 0.22 kA (which could be produced by

k
lowering the pressure or reducing the assumed value of o), then Iﬁff would

be reduced to only 11A, and the effect of the knock-ons would be negligible.
NET CURRENT REVERSAL BY THE ION BEAM

According to the model we have been developing, the front end of the

ion beam pulse experiences an effective net current Iﬁff (< 0) determined by
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the total knock-on current and beam radius. It is of critical importance to
determine how quickly (if at all) this net current can be reversed by the
positive ion current. We define £ as the distance from the ion beam head
back into the pulse, and gcr as the distance from the beam head at which the
net current is reversed (i.e., et (gcr) = 0). For Eep << Ly, only the
front portion of the beam experiences the defocussing field, and the knock-on
electrons will probably have only a minimal effect. For gcr"Lb’ most or
all of the jon beam pulse experiences an outward deflection. For ballistic
propagation, this can be tolerated so long as the effective knock-on current
1ies below the critical value given in Eq. (8). However, pinched mode
propagation obviously requires a small value of gcr since the pinch requires

Be > 0.

The net current can be estimated from a circuit equation of the form

3 (T - c _ = eff
3 (L Inet) = ZBbﬂRZG [ Inet * Zy I, + I , (9)

with all quantities functions of £. The exact form of the inductance term

—~

L depends on the details of the circuit model. We take R as constant and
T~1. An upper limit to Ecp CaN be found by retaining only the Zb TB term
on the right hand side of Eq. (9) and assuming the following forms for TL

and o:

o(g) = o, + A 15 g2 . (10)

This corresponds to direct ionization by a linear ramped pulse. With the

initial condition Iiff(g = Q) = Iﬁff (0), Eq. (9) can be integrated and
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solved for Inet = 0 to give

o - 4ng,IR? A IEff (0)
g2 R -1 (11)
b

cr
Zbc

In order to make numerical estimates, we assume that the jonization

cross section o, = 10']8 Zé 8'2 en? (based on Gillespie, et a16)

4

- , and that

the conductivity is given by7o = 1.8 x 107 neT;%. The resulting nominal

value for A is

3.2 x 10° 2¢ -1

A, = (Amp-cm-sec)

0 3% n2p3 . (12)
Te R,8

2
Note that A = % QJJ
dIbdg
Figure 2a plots Ecr versus Iiff(o) for a typical converging beam with

=1

B, = 0.2 (5 GeV), Z, =70, Ry =5 em, L=1,T. =4 eV, and 0y = 1010 s

e
Curves are plotted for A = 0.3, 1, and 3A0, allowing for an order of magnitude
variation in conductivity. Figure 2b contains similar plots for 8 = 0.4

(~20 GeV). It is clear that Ecr is extremely sensitive to small variations

in conductivity (or A) and IEff . Unfortunately, neither quantity can be
estimated with great precision. Figure 2 also indicates that in most cases,

the current will be reversed close to the ion beam head (£_..6 < 10 cm), or

cr
else the defocussing field will persist throughout the pulse (Ecr‘z Lb‘~100
cm). Since the minimum effective knock-on current necessary to prevent
field reversal by the ion beam is typically 102 A for these parameters, we
expect the defocussing field to persist throughout the beam pulse at

sufficiently high pressures if even a modest amount of self-pinching occurs.
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For pinched mode propagation, the background gas may be completely

stripped and conductivity may exceed 10%% s™1. For illustrative purposes,

we consider a pinched beam with Rb = 0.2 cm, B
=1

0.3, IB = 20 A/cm,
-1

Z, =70, and o, = 10° s Assuming that o(& = 20 cm) is 10*5 s™', the

resulting A is 1.25 x 10%! (A-cm-sec)'1. For L = 1, Eq. (11) predicts that
the defocussing field will destroy the pinch if Iﬁff > 1.5 kA. However,
since Rb is so small, the inductance term L should probably be increased by

at>1east a factor of 2, thereby proportionally reducing the allowable Iﬁff.

One can be cautiously optimistic that at pressures below 1 torr in Ne the
defocussing field can be reversed near the head of the beam, but this field

reversal becomes much more uncertain at higher pressures.
DISCUSSION AND CONCLUSIONS

It is virtually certain that heavy ion beams will produce massive
quantities of knock-on electrons for target chamber pressures above 1 torr.
We have shown that the magnitude of the resulting current is more than
sufficient to pinch the knock-on beam in most cases, assuming that a sub-
stantial fraction of this beam actually gets out ahead of the ion beam
pulse. Although at Teast some of the ion beam experiences this defocussing,
the overall effect on beam propagation is minimal if fié]d reversal induced
by thewion beam occurs near the beam head. Our simple model for studying
this field reversal process has not been conclusive owing to uncertainties
in conductivity and in the radius of the knock-on béam. For ballistic
mode propagation, ion beam induced field reversal is not necessary so long
as the net knock-on current lying inside Rb does not exceed the limit giveh
crudely in Eq. (8). However, field reversal must occur quickly for pinched-

mode propagation to be viable.
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There are several factors which we have not yet discussed which could
modify the model we have presented considerably. First, electric fields
present inside the ion beam may prevent knock-on electrons from getting out
ahead of the beam. As long as the stripped ion beam current is not exceeded
by the current carried by fast electrons, the inductive field EZ will be

negative. Hence, knock-ons inside the ion beam will actually be accelerated

forward to higher energies. This will tend to neutralize quickly the
space cha§ge at the head of the ion beam (especially for a ramped pulse),
so any electrostatic fields near the head of the ion pulse will probably

be greatly reduced.

Yu8 has pointed out that the self pinching of knock-ons cannot occur

until the knock-ons in the channel ahead of the beam become space charge
neutralized. The distance for achieving neutralization must be longer

than the mean free path for ionization given by

e o= — (13)

Here o, is the ionization cross section and is typically (1-5) x'10'18 cm?

depending on the gas specie and knock-on energy (20-100 keV). For Ai > 20 cm
(as is typical of Ne at 1 torr), the beam will travel a considerable

distance into the chamber before self-pinching begins, and Iiff

will be sub-
stantially reduced. However, by raising the pressure or using a more

readily ionized gas, Ai can be reduced to a few cm or less, and self-pinching
is more likely to occur. 1In addition, for self-pinched ion beams propagating
in > 10 torr of Ne, knock-on current densities will be sufficiently large

to induce breakdown or avalanching even if the beam is not initially pinched.
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An additional feature which we have not discussed is the possible
enhancement of conductivity by energetic secondary electrons at energies
above the 1 eV bulk plasma produced by a large rad1us ballistically focussed
beam. Such an enhancement would probably prevent the ion beam from reversing
the knock-on field under any circumstances. However, if the resulting frozen
net current 1ies well below the 1imit set by Eq. (8), field induced ion orbit
deflections and anharmonic emittance growth2 might actually be reduced
below what has been calculated in the past. Since the estimated temperature
inside a pinched beam is expected to be 100 eV, one would not expect sub-

stantial conductivity enhancement by energetfc secondary electrons.
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FIGURE CAPTIONS

Knock-on electron orbits as seen in the laboratory frame.
Electrons which outrun the beam produce plasma channel ahead of
the beam with a magnetic field Be < 0 which pinches the electrons
and causes them to execute sinusoidal betatron orbits. This
field will persist at least part of the way into the ion beam
pulse (shaded area), thereby deflecting jons outward. In many
cases, the ion beam will reverse the magnetic field at some
point, leading to a region where electrons are magnetically
expelled. The case illustrated is somewhat unusual in that

field reversal, if it occurs at all, will usually occur within a

few centimeters of the beam head.

Critical distance from the beam head gcr verses effective knock-on

eff

current Ik (0), lying inside the ion beam at £ = 0. Parameters

assumed in Fig. 2a are for a converging beam with By = 0.2 (5 GeV),

—

Z, =70, Ry =5acm, L =1, Te = 4 eV, IS = 20 A/cm and Oy = 10t°

5'1. The nominal value Ao is based on-the estimate in Eq. (12)

and is a measure of how fast the conductivity builds up as a

result of the rising beam. If IEff(O) is sufficiently small, Eer

is a few centimeters or less, and knock-on defocussing will not
effect most of the ion beam pulse. Equation (11) is used to

estimate Ecr‘ Figure 2b is a similar calculation for By = 0.4.
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FOCAL SPOT SIZE PREDICTIONS FOR BEAM TRANSPORT THROUGH
A GAS-FILLED REACTOR

S. S. Yu, E. P. Lee, and H. L. Buchanan

Lawrence Livermore Laboratory

ABSTRACT

Results from calculations of focal spot size for beam transport
through a gas-filled reactor are summarized. In the converging beam mode,
we find an enlargement of the focal spot due to multiple scattering and
zeroth order self-field effects. This enlargement can be minimized by
maintaining small reactors together with a careful choice of the gaseous
medium. The self-focused mode, on the other hand, is relatively insensiti&e
to the reactor enviromment, but is critically dependent upon initial beam
quality. This requirement on beam quality can be significantly eased by the

injection of an electron beam of modest current from the opposite wall.

Work performed by LLL for U. S. DOE under Contract No. W-7405-Eng-48
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I. SUMMARY OF RESULTS

Results from calculations of focal spot size for heavy ion beams
transported through a gas—-filled reactor are summarized below. Three
transport modes have been studied. The first is the ballistic mode where
beams are injected through large portholes (15 cm radius) to converge at
the target. The second is the self-focused mode where beams are injected
through small portholes (sub-cm), and propagate in their self-generated
pinch field. The third mode is a variant of the second: an electron beam
of modest current is injected from the opposite wall to aid the ion beam
pinching.

The basic tools for our analyses are a set of 1-D codes which
calculate the r.m.s. radius of a beam during its passage through the
reactor. Analytic formulae for the r.m.s. radius of the beam in the target
region were derived on the basis of several approximations which were shown
by the 1-D codes to be reasonable in the range of parameters of interest for
HIF. We have also checked 1-D code results against simulations and 2-D
codes. These codes include only classical effects (no instabilities), and
the predicted focal spot size represent the minimum disruption the beam is

expected to experience.

Ballistic Mode

We find an enlargement of the focal spot size due to multiple
scattering and classical self-field effects. The magnitude of these effects
seem large enough to be of concern for target requirements. However, there
is still sufficient uncertainty in the theory, particularly in connection
with the calculation of beam~generated electrical conductivity, that firm
predictions are not yet possible. Detailed calculations of the electrical
conductivity with Boltzmann codes are in progress. Calculations up to this
point indicate the sensitivity of final focal spot size to various beam and
reactor parameters, and suggest several ways for minimizing the spot size
enlargement:

1. Small reactors. The neck radius of the beam is a very

sensitive function of the reactor size. To keep the neck radius small, the



506

total path of propagation in gas should be kept to a minimum (zo <5
meters). In addition, the neck radius is reduced by maintaining large
portholes. The geometric factor Rw/zo should be maximized, where Rw
is the beam radius at reactor wall.

2. Proper choice of gas medium. To minimize multiple scattering
effects, one is restricted to a low-Z material below a few torr. Self-field
effects could be significantly reduced by choosing a good conducting gas,
e.g., Ne and N2 are better conductors than He or Li. One might also
consider mixtures involving more complex gases, e.g., HZO' Self-field
effects are relatively insensitive to gas pressure.

3. Some pulse shaping in the radial direction would be helpful.
Emittance growth is minimized by having a nearly square current profile.

The magnitude of the current in a given beamlet has relatively little effect
on the emittance increase in the classical calculations. Since the change

in beam emittance in the reactor is independent of its initial value, little
is gained by improving beam quality at entrance. Overall, the effects of
initial beam parameters on focal spot size enlargement due to classical
phenomena are secondary. One should note, however, that the beam energy
cannot be lowered much below 10 Gev, since multiple scattering, which is pro-

portional to 8_4, would become intolerable.

Pinched Modes

Whereas the reactor geometry and reactor environment are constrained
in the ballistic mode of propagation, the self-focused mode is insensitive
to the reactor size, and can accommodate a large range of gas types and
pressure (V1 to 50 torr). 1In addition, the small portholes associated with
the self-focused mode ease pumping requirements. The constraint for this
mode is on beam quality. The self-focused beam characteristically expands
at the beam head, and is pinched at the tail. The amount of beam head lost,
and the final pinch radius at the tail are both sensitive to the initial
beam emittance. Our code indicates that with initial emittance of 1 mrad-cm,
the beam is pinched to a radius of " mm with only a small portion of the
beam head lost. But the ion beam pinching rapidly degrades as the initial

emittance 1s increased. Beam radius at injection is also an important
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parameter. The optimal beam size at entrance is a few millimeters.
Generally, the more current there is in a given beamlet, the tighter is the
final pinch. However, beam current is not as critical a parameter as the
beam quality in determining the final beam radius.

The requirement on beam quality could be significantly eased by the
injection of an electron beam from the opposite wall simultaneously with or
prior to the injection of the heavy ion beam. Our code indicates that vast
improvements in the ion beam pinching is achieved with a modest electron
beam current. With a 3 kA/cm2 e~-beam, a 3 mrad-cm ion beam is pinched to
slightly larger than 1l mm at the beam tail with little loss of the beam
head. The stable propagation of such a e-beam has been demonstrated
experimentally.1

IT1. THEORY

The basic ansatz for our beam transport studies is the envelope
equation2 which describes the evolution of the r.m.s. radius R of a beam
segment (characterized by x = BcT, the distance from the beam head) as a

function of z, the distance from the reactor wall:

2 2
éﬁ{_=-ﬁ;—2_k8r (l)
3 2 3 R
2

The envelope equation is quite general, and is derived by taking appropriate
moments of the particle equations of motion. The complications lie in
evaluating the evolving emittance E, and the pinch force, characterized by
. . 2.2
the average betatron oscillation kyr™ = I
g 8 net/IA, where I . and
IA are the net current and Alfven current, respectively. Since the

physics of the ballistic mode and the pinched modes are quite different,

they will be discussed separately.

Ballistic Mode

Only the effects of multiple scattering and classical pinch fields are
included in the present study. The classical field effects arise from
incomplete current neutralization, which results in self-magnetic fields

that deflect beam particles.3 Degradation of the focal spot size happens



508

in two ways. First, when particles at different radial positions of a given
beam segment experience different focusing forces (due to anharmonic pinch
fields), there is a net increase in the emittance of that disc, which leads
in turn to an enlarged neck radius. Secondly, the average pinch force
experienced by various beam segments are different. The resulting variable
focal lengths imply that as the beam impinges upon a target placed at any
point in the reactor, most of the beam discs will be slightly out of focus.
For the converging beam, it is possible to derive an approximate
solution for the neck radius of a beam segment from Eq. (1). It is given by

/
Ry = Eg G&) /[“6]1 2 (2)

where the final emittance is the initial emittance enhanced by multiple

scattering and self-field effects

E2 = Eé + (AEZ)
sC

2
P + (AE )fi (3

att eld

The geometric factor (zo/Rw) in Eq. (2) determines the amount of
emittance growth that can be tolerated to achieve a given neck radius. The

parameter O represents a correction due to gross pinching effects, given by

2oV —77 Rw’
o= 2(2) o an () )
w 8 Ef %0

Emittance increase due to multiple scattering is well known, and is

given by

2 _ 2
LB )scatt " 9scatt rlg Rw Zo/3 (3)

where ng is the gas density, and the factor of 1/3 results from the

converging beam geometry. Ogcate is an effective cross section for

multiple scattering, given by
!
2,2
G = ar " “i % 0t (6)
scatt M2 C4 84 Y2

where Zi and Zg are the atomic number of the heavy ion and the gas,
respectively, and M is the mass of the ion. &nT provides the cutoff in

momentum transfer.
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To calculate the emittance growth due to self-fields requires detailed
knowledge of the evolving velocity distribution of the beam particles.
Explicit evaluation of this effect is not known in general. VHowever, for
the converging beam, it is possible to employ a perturbative approach upon
the assumption that deviations from ballistic trajectories are slight. A

simple formula then emerges:4

2 2

) = s <kér2) 2 (7)

field

where s is a radial shape factor, given by
kgr2 R2
s =\ —— -1 (8)

2 2.2
(kBr )

s = 0 if the net current profile is square, and is 1/45 for a parabolic

profile and 0.15 for a Gaussian profile.

To complete the derivation of the neck radius, k2r2 must be

evaluated. The pinch force results from the aggregateBeffect of the beam
current and the plasma current. Initially, one might expectzgz2 to be

a very sensitive function of the beam current and the degree of stripping of
the heavy ion. However, in the highly current neutralized regime relevant

for heavy ion fusion, the plasma current varies in such a way as to cancel

both the beam current and the effective ion charge state dependence to

leading order. The resultant ké'r2 is sensitive only to atomic

properties of the gas. 1t is given approximately by

L) une

1e

where Vvm is the momentum transfer rate, and Oie 1s the relativistic limit
of the non-relativistic ionization cross section for the gas by electron
impact. The dependence on beam particle current Ibo/e, the effective
charge state of the ion Z, and the beam segment position X are contained in
the single parameter K. K = 1l at beam head, and away from the beam head,

(x >> ¥, = B¢ T .» where T_ is the rise time), we have

2
22 5. 1.
= ie “bo X _
2 2 X
mv B ¢ T
m

N —

) X >> X (10)
T
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The size of the neck radius of a beam segment is given by Egs. (2) to

(10). The position of the neck z can also be obtained from Eq. (1):

z =z - k2r2 = . (11)
n o B 2

R

W

where z is the geometric focal point for a ballistic beam. Variations of
the focal length with x comes through the factor kérz
Finally, the r.m.s. radius of the beam in the region around the neck

is given by
(12)

Pinched Modes

The physics of the pinched mode is more complicated, and we do not
have simple analytic solutions in this case. Detailed 1-D and 2-D codes are
required to calculate the beam envelope and results of these calculations
have been reported previously.5 However, we will attempt to give a
heuristic description of the underlying physics.

As a self-pinched beam moves towards the target away from the
porthole, the main body of the pulse eventually settles into an
equilibrium. The equilibrium radius is obtained by setting aZR/az2 =0

in Eq. (1):

E
R = £ (13)

The final emittance E; is again the initial emittance enhanced by

multiple scattering and self-field effects. However, emittance growth due
to multiple scattering for a self-focused beam is small because

(AEz)scatt is proﬁortional to R2- Hence, the self-focused mode 1s not
confined to low~Z material and/or low pressure as is the converging beam

mode.
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Emittance growth due to self-fields can be minimized by injecting the
beam at nearly the matched radius. Emittance growth due to mismatch has
been studied with simulation codes,6 and a phenomenological model which

reproduces the observed effects was constructed. It is given by4

r2 R2 2

Q
~s]

2
OE B

/.22
Ly, L2t
A\R B E
where A and B are numerical constants. For a slightly mismatched beam, the
4

(14)

i
1
)

Q
N

net emittance gain is predicted to be

2 _ 7 2 _ 2
BE) . g 2 kex <Req Rw> (15)

The calculation of k2r2 has been performed with detailed
numerical codes.5 To obtain a physical feel for the requirements for
pinching, one could invert Eq. (13) to derive the required net current to

attain a given target size

3 —&—= 3/E,. \2
_ _ByMc 2 2 _ ByMc f '
Laet e Z kg™ e Z Req (16).

As a numerical example, we consider a 10 Gev uranium beam with 1 kA particle
current. Assuming Z = 80, the beam current is 80 kA, while the net current
required to pinch a 1 mrad-cm beam to 1 mm [Eq. (16ﬂ is only 3 kA. Hence,
more than 95% current neutralization can be tolerated.

The amount of current neutralization is controlled by the magnetic
decay time T

I

A (17)
I T
beam m

where Tm is proportional’ to the electrical conductivity

4 mo R2
. .. . . 3/2, eff
The electrical conductivity g is proportional to Te /Z where

g

f . . ;
Zef is the effective charge state of the gas, while Te is the electron

g
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temperature. The electron temperature is determined by direct heating by
ions and Joule heating, combined with thermal cooling in the radial
direction. The general trend is for the conductivity, and therefore the
magnetic decay time to increase with beam current. However, the increase is
less than linear. Eq. (17) therefore predicts an increase in In with

et
I which is also less than linear. Hence, from Eq. (13), we have a

beam

decrease in Req with increased beam current at a rate which is slower than
a square root. Thus, independent of the details of the fields and plasma

channel, the strong dependence of the pinch radius on beam quality and its
weak dependence on beam current can be qualitatively understood.

The theory of electron beam aided pinched propagation, together with
numerical results from a parameter search, have been reported.7
Calculations involving an e-beam current are quite similar to the pure
self-focused mode calculations except that there is an additional
contribution to ;E;Z due to the external current. We would stress that
the external current of the order of 3 kA/cm2 is in itself far too weak to

pinch the beam. The external current merely serves to hold together the ion

beam head loosely. This leads in turn to rapid generation of self-fields.
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