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STUDY OF BRIGHTNESS AND CURRENT LIMITATIONS IN INTENSE
CHARGED PARTICLE BEAMS

M. Reiser and S. K. Guharay
University of Maryland, College Park, Md. 20742
INDIVIDUAL RESEARCH ABSTRACT

Our research on intense, high-brightness charged particle beams encompassed
efficient generation and transport of H™ beams. The work was directed towards the
development of neutral particle beams for space defense applications. Other important
relevance of this work has been in the context of developing low-emittance injectors for
future high-luminosity colliders. In both the cases, the present state-of-the-art of beam
qualities is far from the desired level. Over the past several years, we made detailed
theoretical work, both analytical and computational, on the problem of emittance growth.
A 30 mA, 35 kV H™ beam was considered with the aim of transporting this highly
diverging beam from an ion source over a distance of about 30 cm and transforming it
into a converging beam which would match with the acceptance ellipse parameters of
a high-frequency radio-frequency quadrupole accelerator (RFQ). We studied the beam
dynamics in detail using simulation codes, and then designed a low-energy beam
transport (LEBT) device. We included the practical constraints as much as possible in
our theoretical studies; this led us to expect good performance of the LEBT. The LEBT
has been built in-house.

Our work until mid January 1994 was earlier reported to ONR in the renewal
proposal of this contract (No. N00014-90-J-1913) which was submitted to ONR in January

1994; the sections covering the progress report have been included in Appendix A.
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During the period of mid January 1994 to December 1994 we focussed on the
operation of the magnetron-type H™ source; the major components of the source were
earlier received from the Superconducting Super Collider Laboratory (SSCL). After agood
deal of investigation of the control parameters we decided to implement some major
modifications in the source for long, reliable operation. The technological "know-how" for
source operation has been developed.

We aré now fully equipped to run in-house experiments using the magnetron ion
source facility and the LEBT system. Unfortunately, as this contract had been terminated,

we are forced to leave a very important work incomplete at its final stage.
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STUDY OF BRIGHTNESS AND CURRENT LIMITATIONS IN INTENSE CHARGED
PARTICLE BEAMS
M. Reiser and S. K. Guharay
University of Maryland, Coliege Park, Md. 20742
RESEARCH OBJECTIVES:

With the goal to meet the requirements of the neutral particle beam program for
space defense we worked on understanding and improving the current state-of-the-art of
transport and focusing of intense, high-brightness H™ beams. The main task here has
been to develop an efficient low-energy beam transport (LEBT) system and satisfy a very
stringent emittance budget.

We made a critical analysis of the existing schemes for beam transport and
focusing. Despite siginificant amount of research in the past, no experimental evidence
of an efficient LEBT system for high-perveance beams exists today. A generalized beam
perveance of K = 0.003 is considered here; K = 2I/l00313, where | is the beam current,
ly is the characteristic current and it is 31 MA for H ions, B and y are the usual
relativistic notations for beam velocity and mass correction factor, respectively. Based on
detailed simulation of beam dynamics we designed a 30 cm-long LEBT system consisting
of six electrostatic quadrupole lenses (ESQ) and a short einzel lens. The ESQ LEBT has
been constructed in-house. The main objective of our work was to perform beam
transport experiments with our ESQ LEBT and compare the experimental results with
simulation predictions. A cross check between experiments and simulations will shed a
very important light to the present state-of-the-art.

We developed an H" test stand facility to support the experimental work in-house.




STUDY OF BRIGHTNESS AND CURRENT LIMITATIONS IN INTENSE CHARGED

PARTICLE BEAMS

M. Reiser and S. K. Guharay

University of Maryland, College Park, Md. 20742

PROGRESS REPORT

The progress report of our work until mid January, 1994 was submitted to ONR in
the last renewal proposal; the relevant sections are included in Appendix A.

During the period of mid January to December 31, 1994 our research effort in
experiments was mainly focused to the following items:

(a) Study of H™ beams from the magnetron ion source on our in-house test stand;

(b) Optimization of control parameters for the source operation;

(c) Development of diagnostics.

In regard to the theoretical work, a significant progress was made towards
improvement of the linear beam optics code, which solves the K-V envelope equations,
for a computer-aided optimization scheme.

Our major accomplishments in experiments and theory are described below.



A. Experiments with H" Magnetron lon Source at Maryland

The H’ ion source on our in-house test stand has been operational. A good deal
of effort was made to obtain a stable discharge in the magnetron-type ion source, to run
the source reliably for a long time, and to extract H™ beams with out any significant arcing
across the extraction gap. The key elements for achieving a satisfactory operation of this
surface plasma source were found to be: (a) control of cesium feed, (b) control of gas
dynamics, (c) choice of the operating point on the arc current vs. arc voltage
characteristics, and (d) surface conditions of the electrodes. Due to complex surface
processes involved in the generation of the H™ beams from surface plasma sources, the
optimum operating conditions for one source can be widely different from another one if
the two sources are not identical in all respects. Experiments were carried out with our
ion source over a wide range of values of the control parameters to determine the
optimum condition for operation of our source and also for efficient extraction of H”
beams. In order to diagnose the H™ beam we implemented several diagnostics, namely,
toroid, Faraday cup, and phosphor screen.

Typical discharge characteristics for different operating conditions of our
magnetron source are shown in Figs.1 and 2. We noted that the best operating conditions
corresponded to: cesium boiler temperature of about 115 C, hydrogen gas pressure of
2-3x1078 Torr (average pressure), arc voltage of about 130 V, and arc current of about
25 A. Typical pulse shapes of the arc voitage and extracted H™ current are shown in
Figs. 3 and 4.

We have so far established a reliable operation for an H™ beam current of about

18 mA at extraction voltage of 25 kV; the perveance of this beam is almost same as 30



mA, 35 kV beam which correspond to the input beam parameters for the LEBT disign.

B. Theoretical Work

A computer-aided optimization method for designing the LEBT system has been
developed. In its present form, a numerical code searches for the optimal combination of
a set of lens parameters when the trajectory through the entire lens system remains very
closeto a predetermihed trajectory. The predetermined trajectory is generally chosen on
the basis of minimization of some parameters which control the emittance growth. Some
preliminary numerical results are shown in Figs. 5 - 7. Figures 5 and 6 are for magnetic
solenoids; figure 7 corresponds to electrostatic quads. Input beam corresponded to
generalized perveance of 0.01 and effective emittance of 104 m rad. The optimal
focusing function in each case is determined automatically through the numerical scheme

which implements the aforementioned minimization principle.




Figure Captions:

Fig. 1 Extracted H™ current vs. arc current for various extraction voltages in the

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

magnetron source.

Extracted H™ current vs. extraction voltage for various arc voltages in the
magnetron source.

Pulse shapes for: extracted H™ current (top), and arc current (bottom). Horizontal
scale: 10 ps/div. Vertical scale: 5 mA/div (top), 10 A/div (bottom).

Pulse shapes for: extracted H™ current (top), and arc current (bottom). Horizontal
scale: 10 ps/div. Vertical scale: 5 mA/div (top), 10 A/div (bottom).

Optimal trajectory (thick line) for a magnetic solenoid lens system for R;=1cm
and Ri' = 20 mrad and Fif =1cm, Rf' = -20 mrad. The hard-edge focusing
functions for the lenses are shown by dashed lines.

Optimal trajectory (thick line) for a magnetic solenoid lens system for Hi =2 cm,
Ri' =0 mrad and R¢= 1 cm, R'f' = -20 mrad. The hard-edge focusing functions for

the lenses are shown by dashed lines.

Optimal trajectory (thick line) for an ESQ lens system for R; =2 cm and Ri'
20 mrad and Ry = 2 cm, Rf' = -20 mrad. The hard-edge focusing

functions for the lenses are shown by dashed lines.
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1 Introduction

The problem of efficient generation and transport of intense, high-brightness charged particle
beams is of crucial importance for advanced accelerator applications in basic science, energy,
defense, and industry. These beams are characterized by very high peak and/or average
power at full energy and very stringent requirements on beam quality (emittance, energy
spread). Examples are high-current H™ or proton linacs for high-energy colliders, space
defense, transmutation of radioactive nuclear waste, tritium production, neutron spallation
sources, or the thorium reactor scheme recently proposed by Rubbia at CERN; heavy-ion
accelerators for inertial confinement fusion; electron beams for high-power microwave gen-
eration, free electron lasers, or future linear ete™ colliders. In all of these applications, the
beams are dominated by space-charge effects at low energies (near the particle source) and to
a lesser extent throughout much of the accelerator systems. Many important beam physics
issues, e.g., maximum allowable current under optimal conditions, brightness limitations,
sources of emittance dilution or beam loss in transport channels and accelerators, etc., need
to be investigated through an interplay of controlled experiments, reliable computer simu-
lations and rigorous theoretical work to enhance the present understanding and state-of-the
art. Our research at the University of Maryland sponsored by ONR has as its major goal
the study and development of an efficient system to transport the high-brightness H™ beam
from a magnetron or volume ion source and focus (match) it into a RFQ linear accelerator.
All existing accelerators use space-charge neutralization by a background gas which is ion-
ized by the beam. But this technique is highly unsatisfactory due to the empirical nature
of optimizing performance, the lack of reproducibility and the poor beam quality and beam
loss that often result from instabilities and nonlinear forces in the neutralization channel.
By contrast, an electrostatic lens system, which suppresses space-charge neutralization, can
be designed and operated with the aid of simulation codes and, in principle, its performance
should be predictable and reproducible. Nonlinear forces due to fringe fields and chromatic
aberrations can be issues of concern in electrostatic systems. However, with the “realistic”
simulation codes at our disposal the electrostatic lens system may be designed in a way that
these deleterious effects are minimized. Ultimately, we plan to compare the performance
of different transport schemes experimentally on our test stand; this will be the first such

effort to determine which method represents the best solution to this important problem.




.

H~ beams offer many attractive features over proton (H*) beams. By charge-exchange they
can be used to generate charge-neutral H-beams for space defense, fusion-plasma heating
and other applications or proton beams for non-Liouvillean phase-space stacking in syn-
chrotrons or storage rings. A further advantage of H~ beams is that the contamination by
other negative ions is negligibly small (the electrons can be easily removed from the beam
by a deflecting magnetic field at the source). Proton beams from hydrogen plasmas, by con-
trast, are usually contaminated by molecular hydrogen ions (Hj, H¥) and other positive ion
impurities. Because of these special advantages, H~ sources are now also being considered
for application in ion-beam microlithography, and a joint paper with V. G. Dudnikov on
this topic will be published shortly (see paper#10 in Sec. 2.8). Our research program on
high-brightness H~ beams involves experimental, computational and theoretical work on the
generation and transport of the beams; the major emphasis here is on the study of the beam
emittance and brightness limitations.

Over the past several years of our research under ONR sponsorship we investigated vari-
ous methods of transporting high-brightness H~ beams. In the course of this work we studied
the beam characteristics from different types of H- sources, namely, the Penning-Dudnikov
type, the volume ionization type, and magnetron type sources. We have determined by
detailed simulation studies that an electrostatic quadrupole lens system is a good choice, es-
pecially for-transporting pulsed beams (for pulse length < charge-neutralization time). We
have developed a set of simulation codes with unique features to study the beam dynamics
in such a lens system. Many practical features and constraints are included in our simulation
codes, and the simulation predictions are expected to be reliable. A

During the current two-year contract period we made the transition from theory and
design studies to setting up an experimental program, as we had envisioned in our last
proposal. This transition was made possible through a collaboration agreement with the
SSCL - there are no funds for equipment in our current ONR contract. The SSCL had
acquired two different types of H™ sources, a magnetron source and a volume source. They
were interested in an independent research study like ours to determine the optimal way of
transporting and matching the H~ beams from these two sources into the RFQ accelerator.
By a fortunate coincidence, the beam parameters for the SSC - like those at Brookhaven
and Fermilab - are very similar to the requirements for space-defense applications that we

have been studying. Initially, we had planned to do experiments at the SSCL site. However,



while developing a low-energy beam transport (LEBT) system for experiments with the SSCL
volume ionization source we found that the priorities of experiments at the SSCL were often
in conflict with our plan and it caused significant delay in our program; also such a mode of
operation was very inefficient and expensive in terms of travel time. This difficulty had been
anticipated by us, and we recognized already two years ago that an in-house test facility
should be developed to make real progress and to provide the best training for graduate
students in this area of research. Fortunately, we were able to persuade the SSCL to ship
the magnetron ion source including the vacuum system, power supplies and a substantial
portion of the associated electronics to the University of Maryland. Adequate space was
provided in the Institute for Plasma Research, and during the past months we have worked
very hard to build up the laboratory, to assemble the H~ beam facility and to develop a
control system for operating the ion source. Initial tests of the individual components have
been conducted, and necessary software support to control the components remotely has
been developed. At this time (mid-January, 1994) the ion source is operational, and the
study on generation, extraction, and transport of H~ beams will be resumed soon.

In parallel with the assembly of the ion-source test facility we worked on the development
of a new electrostatic quadrupole (ESQ) lens system designed to transport the H™ beam
from the magnetron source. This ESQ system is currently being assembled, and with its
completion we will havé a full-scale facility to do experimental research. What we still need
is some of the diagnostics such as an emittance meter, current profile monitors, etc. We
have included some support in the proposed budget to develop these diagnostic systems
in-house. We recruited a new outstanding graduate student, C.-H. Chen, to do his Ph.D.
dissertation research with our H~ beam facility, and some additional support is required
to pay his graduate research assistantship until Chris Allen who occupies the current RA
position in our ONR contract, completes his Ph.D. by the end of this year.

In theoretical work we have made significant improvements to the simulation codes tak-
ing into account many practical considerations. A new code has been developed to solve the
Laplace/Poisson equations on a personal computer. The code is being tested and its perfor-
mance is being compared with our previous effort on using a finite difference method solution
on the Connection Machine. Chris Allen, our graduate student for theory and simulation,
has been working on the theoretical problem of beam transport towards his Ph.D.degree. He
is expected to finish the Ph.D. work by the end of 1994. We intend to continue our work on



*

simulation studies by detailed comparison of the simulation predictions with beam transport
experiments. In the experiments planned in our laboratory we will be able to examine the
merits of the various codes and study direct comparison between simulation predictions and
measurements.

Chris Allen, in his Ph.D. dissertation, is also involved in fundamental studies of the role
of image forces on the longitudinal beam behavior and equilibrium of bunched beams.

There has also been major progress in the related work on the thermodynamic description
of bunched beams and on the behavior of space-charge waves in electron beams.

A progress report of our recent work is presented in Sec. 2. The proposed research
program is described in Sec. 3, and the estimated budget requested from ONR is given in

Sec. 4.

2 Progress Report

2.1 Background and Overview

During the current two yeai‘s of our research supported by ONR. the characteristics of H-
beams from two types of ion sources at the SSCL, namely, a volume ionization type and a
magnetron type source, were studied, and suitable LEBT systems were developed through
detailed simulation of beam dynamics. The crux of the problem was to develop an efficient
LEBT system so that a highly diverging beam from the source could be transformed into a
highly converging one to match it to the acceptance ellipse of a radio-frequency quadrupole
(RFQ) accelerator. The parameters of the SSC RFQ were considered, and this required to
follow a very stringent emittance budget. After detailed beam dynamics studies, we were
finally successful to design an optimized LEBT system that could deliver a matched beam
to the SSC RFQ. This is the first time that such good beam matching has been simulated
in the context of a particular experiment. The simulation codes were simultaneously im-
proved by incorporating many practical features that we had encountered during analysis of
experimental aata. Details of our work on high-brightness beam transport and focusing are
described in Sec. 2.2.

As the current ONR contract does not have provisions for purchasing equipment, we

had planned so far to carry out the beam transport experiments in an external laboratory



where an ion source and beam diagnostics facility could be available. In view of this some
collaboration was established initially with the Los Alamos National Laboratory to use the
BEAR (Beam Experiment Aboard a Rocket) test stand and later with the Superconducting
Super Collider Laboratory (SSCL). However, the BEAR facility was shut down, and the
priority of experimental programs at the SSCL was often found to be in conflict with our
plan; this caused a significant delay in our experiments. This experience led us to put a strong
effort to set up an ion source test stand in-house at Maryland. Finally, our efforts paid off,
and in the summer of 1993 we received a magnetron ion source through a collaboration
arrangement with the SSCL. Sec. 2.3 describes the status of the magnetron ion source and
the test stand facility. _

The Maryland test stand has been designed to accommodate some flexibility in terms of
performing tests of a LEBT system without coupling it with the ion source, namely vacuum
tests, voltage hold-off tests, etc. The LEBT system and the test results have been described
in Sec. 2.4.

In theoretical work supported by this contract, Chris Allen, a graduate research assis-
tant working towards his Ph.D. has developed a new moment-method Laplace solver to aid
designing the low-energy beam transport system. This technique is expected to increase
both speed and accuracy of electrostatic field calculations. The longitudinal image force on
bunched beams has been calculated in cylindrical conducting tubes assuming an ellipsoidal
uniform density; the geometry factor involving the bunch length and the tube radius has
been shown to play an important role in the calculation of the image field. Further, the
problem of particle distribution for a relativistic beam in a linear focusing system with dif-
ferent transverse and longitudinal temperatures has been studied taking into account the
space-charge forces. Additional work on the thermodynamic equilibrium state of a bunched
beam is also described there. Some details of the theoretical work have been described in
Sec. 2.5. In Sec. 2.6 we will discuss some related work with electron beams. References are

given in Sec. 2.7 and papers resulting from our research will be listed in Sec. 2.8.

2.2 High-Brightness H- Beam Transport and Focusing

After a good deal of investigation of the characteristics of various types of transport systems,!?
we decided to focus our attention on an electrostatic system, mainly the electrostatic quadrupole

configuration,®* in the context of transporting short-pulse beams (typically, pulse length <«
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beam neutralization time). Our approach has been to initially develop a good understanding
of the beam dynamics through simulation studies, and to build up a close link between ex-
perimental results and simulation predictions. This helped us to continuously improve upon

any weak points of the simulation schemes, and it, therefore, enhanced the confidence level

of simulation predictions.
As mentioned earlier, the goal of this work has been to deliver a matched beam to an RFQ

in a linac section without any significant emittance dilution. As we were lately connected
to the SSCL for beam transport experiments, we used the acceptance ellipse parameters of
the SSC RFQ.5 The matching conditions of the SSC RFQ were governed by the following
Twiss parameters: o = 1.26, § = 1.86 cm/rad, €, = 0.2 mm-mrad. This demanded a strong
convergence of the beam from the LEBT section: beam diameter of ~2.2 mm and slope of
the beam envelope of ~ —90 mrad. From an analysis of beam parameters from the source, as
described in the next two sections, we determined that a combination of a 6-lens ESQ LEBT
and a short einzel lens module between the ESQ and the RFQ could efficiently handle the
emittance budget giving a good tunability of the LEBT. This scheme was found especially
suitable for the SSC RFQ where a large drift space (~ a few cm) was used to accommodate
the mechanical structures as its front wall; however, from the beam dynamics viewpoint the
drift space should be kept to a minimum to deliver a good beam to the RFQ. The LEBT

system has been described in the following two sections for H- beams corresponding to (i)

SSCL volume source and (ii) SSCL magnetron source.

2.2.1 Transport of H- Beams from a Volume Source

The emittance measurements of a 30 mA, 35 kV H~ beam from the SSCL volume source
have been shown as contour plots in Fig. 1. These data were taken at a distance of about
10 cm from the extraction electrode (aperture radius of the extractor = 4 mm). The beam
parameters at this location were estimated as’: beam size = 2.38 cm, full divergence =
260 mrad, rms normalized emittance &, = 0.1537 mm-mrad. The drift space of 10-cm-long
was due to anl electron suppression system used to separate the electron component (initial
electron-to-ion current ratio was about 40.) from the extracted H™ current. Such a long drift
space caused a sigpificant blow-up of the H~ beam; a shorter electron suppression system of

about 5-cm-long was planned to be used.
In order to estimate the beam parameters at the extraction electrode the aforementioned




beam data at z = 10 cm were used as input to a simulation code solving the K-V envelope
equations. This code, developed here, included several practical considerations, e.g., space-
charge effects due to the accumulation of extraneous charges (electrons and positive ions)
in the neighborhood of the extraction region, plausible profiles of the extraneous charge
elements, etc. Figure 2(a) shows the assumed space-charge correction factor, f, due to the

electrons. Note that f was taken negative; the beam perveance X in the envelope equations

" 2K €&
X"+ k(2)X X+ 7 X0 0,

" 2K €2
VienEY -3y -~y =0

should be multiplied by a factor of (1 — f) to include the space-charge forces due to electrons.
The beam envelope upstream towards the extraction electrode (here, at z =0) is shown in
Fig. 2(b). This suggests that the beam formed a waist close to the extraction electrode and
it filled up almost the full aperture.

Using the above information of beam parameters at the extraétion electrode, the char-
acteristics of the ESQ LEBT system and the behavior of the beam through the LEBT were
determined. Figure 3 shows the envelope of the H~ beam through the ESQ LEBT. It may
be noted that the aperture of the ESQ lenses were about a factor of two larger than what
we mentioned in our previous report to ONR,; this change was necessary to accommodate
the large beam at the end of the 5 cm-long electron suppressor in this experiment. The
distribution of the beam particles through the ESQ LEBT was estimated using the modified
PARMILA code.? Figure 4 shows the particle distribution in phase space. The output beam
parameters are: X = 7.2 mm, ¥ = 7.3 mm, X' = -51 mrad, Y’ = -5l mrad, ratio of
output-to-input rms normalized emittance éns/én; ~ 1.5. From our simulation studies we
concluded that the emittance growth was mainly due to chromatic aberrations.

Using the output beam parameters from the ESQ LEBT as input to an einzel lens, it was
determined from the SNOW-2D code that the einzel lens geometry, shown schematically in
Fig. 5a, satisfied the nominal matching conditions at a distance of about 3.0 cm from the
front wall of the SSC RFQ without any noticeable emittance growth (Fig. 5b); the third
electrode at ground potential simulated the front wall of the RFQ.

It was concluded that the LEBT system consisting of the ESQ lenses and an einzel lens
could deliver a matched beam to the SSC RFQ with an emittance growth of about 50%.




2.2.2 Transport of H- Beams from a Magnetron Source

The emittance measurement of the H~ beam from the SSCL magnetron source is shown in
Fig. 6. These data were taken at 11.75 cm downstream from the extraction slit of the source;
the beam diameter was about 3.5 cm, the full beam divergence was about 300 mrad, and é,
= 0.12 mm-mrad. In the case of the magnetron source the ratio of e¢/H~ in the extracted
current was about 1-2; hence, the space-charge effect of the electrons might not have been
important. Following the method as described in the previous case (Sec. 2.2.1), the beam
parameters at the extractor were estimated using the aforementioned emittance data, and it
was found that X ~ 1.1 mm and X' ~ 70 mrad.

The existence of a 5 cm-long extraction cone had severely restricted the accessibility of
the ESQ LEBT. This resulted in dealing with a very large, highly divergent beam at the
input of the LEBT. The bea.rh envelope through the ESQ LEBT has been shown in Fig. 7.
It was noted from the particle simulation results that the emittance growth for the full beam
current of 30 mA was quite large - a factor of about 3. Scraping off about 15% of the beam
particles the emittance growth dropped to a factor of 1.5; Fig. 8 shows the phase-space
distribution of the particles. The output beam parameters from the ESQ LEBT were found
as; X = 4.7 mm, Y = 44 mm, X' = —49 mrad, Y’ = —48 mrad. These results match
closely with the typical input parameters of the einzel lens as discussed earlier.

Details of this work are given in reference 8.

2.3 Magnetron Ion Source Facility at Maryland

In the summer of 1993 a magnetron ion source system along with some supporting electronics
was received in Maryland from the SSCL. While commissioning the source at Maryland the
components were examined individuauy. Several missing components were identified, and
plans for system integration were laid out. The major tasks that we performed could be

identified as:

i) The control of the full system was established through a personal computer, and nec-

essary software was developed.

ii) The temperature controller of the cesium oven was modified to obtain good stabilization

of cesium flow.



v

iii) Mechanical components were developed to interface the ion source with a diagnostic

box and the LEBT system.

iv) Some basic diagnostics (namely, a current monitor and a phosphor screen) have been

installed.

v) A special glove box unit has been set up in our laboratory to transfer cesium in a pure

inert gas environment.

Figure 9 shows a few major components of the magnetron ion source. The entire system has

been assembled.

2.4 ESQ LEBT System

A prototype ESQ LEBT system has been developed in-house. The lens parameters in Table
1 were chosen on the basis of our aforementioned simulation studies in Sec. 2.2.

While testing the earlier version of our LEBT system it was observed that a low current
discharge had to be set up for a long time to achieve a stable voltage holding of the electrodes.
It was noted that voltage breakdown frequently occurred between the dielectric insulating
balls and the electrodes (Fig. 10) where some residual air might have been trapped. In
order to avoid the gas accumulation the design of the electrodes has been modified. The
ESQ LEBT has been supported in the vacuum vessel using a vacuum manipulator developed

in-house. This allows to align the system in-situ. Figure 11 shows the LEBT test facility at

Maryland.

Table 1: ESQ LEBT parameters.

Lens Aperture. Electrode  Length Spacing®

No. radius (mm) radius (mm) (mm) (mm)

1&6 15.0 17.2 25.0 2.0
2&5 22.0 25.2 59.0 2.0
3&4 - 220 25.2 47.0 2.0

*The spacing corresponds to the gap between the lens electrode

and its neighboring ground plate (Fig. 10).




2.5 Theoretical Studies

Using the method of moments and fast iterative techniques a 3D Laplace/Poisson solver
has been developed by Chris Allen, our graduate research assistant. This code is capable
of running practical problems on an IBM PC. The formulation of the problem was based
upon transforming Laplace’s equation into an integral equation over a boundary surface;
this reduced the dimensionality of the original system. The new problem was approximated
by the method of moments to yield a matrix-vector equation. Conjugate gradient algorithm
was used to solve the equation; this iterative method seemed to provide fast convergence.
The code was tested with some known resuits, for example, to evaluate axial potential
distributions of a conducting sphere and an einzel lens, etc.; the numerical results matched
well with analytical expressions. Details about the computational method and analysis have
been given in Ref.. 9. In Ref. 10 the application of the above method to the cases of an
electrostatic quadé‘upole lens and an ellipsoidal bunch in a grounded pipe was discussed.
Figure 12 shows the computer model of the four electrodes of an ESQ lens. The single
particle focusing effect (the kappa function k(z)) due to such lenses was determined from
the derivatives dE,/dz and dE,/dy on axis. Figure 13 shows the computed data for the y-
plane for the case in which the x-plane electrodes were held at —1 V. The grounding shunts
used at either end of the lens (not shown in Fig. 12) caused a rapid decay of dE,/dy outside
the lens boﬁndary.

Chris Allen, as part of his doctoral research, is also involved in fundamental theoretical
studies of the equilibrium state of bunched beams and the effects of image forces. In this
work, the so-called “g-factor”, which relates the longitudinal space-charge electric field to
the line charge density, was calculated systematically and for the first time for bunches of
different aspect ratios a/zn inside a conducting pipe of radius b. A detailed paper has been
submitted for publication in Particle Accelerators,!’ and the results are also discussed in the
book by M. Reiser, “Theory and Design of Charged Particle Beams”, to be published in
Spring 1994 by Wiley & Sons. A major theme of this book is a thermodynamic description
of beams and the conversion of free energy into emittance growth when the beams are not

in 3-D thermal equilibrium. A paper on this topic was published in Phys. Rev. Letters.!?

—
o
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2.6 Related Experiments with Electron Beams

In past work with our electron beam transport channel we had studied the transverse dy-

namics of space-charge dominated beams. The most notable study was the multiple-beam

experiment where the merging and thermalization of five electron beamlets was investigated.

During the past two years we began the systematic study of longitudinal effects in space-

nated bunched beams. This work was already more successful than we ever

charge domi
for the first

expected. Thus, to single out our accomplishment, we were able to generate,

single fast or slow waves (which usually occur as pairs) and follow their propagation
Several papers of our lon-

Rev.

time,
through the electron bunch and the behavior at the bunch ends.
gitudinal beam physics work have been published during 1993 including one in Phys.

Letters.!?
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Figure 9. Magnetron source components of the test facility at Maryland.
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Figure 12. Triangulated ESQ lens.
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