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1. Introduction and Summary

This progress report covers the research on the "Study of Longitudinal Instability with
an Electron Beam" performed at the University of Maryland during the period from
September 1, 1993 to February 28, 1994 of the two-year grant sponsored by the
Department of Energy, under Grant No. DEFG02-92ER54178.

Our research is motivated by the issue of longitudinal instability in induction linacs as
drivers for heavy ion inertial fusion [1,2]. The Fusion Policy Advisory Committee
(FPAC) in its final report to DOE (September 1990) identified longitudinal instability as a
key physics problem that needs to be solved if an induction linac is to be developed into a
successful HIF driver. The FPAC report also stated that "in parallel” to the design and
construction of ILSE "enhanced theoretical and experimental efforts are required for an
improved understanding of potentially serious longitudinal beam instability issues”. Our
experiment with electron beams in this area is a low-cost way to gain a thorough
understanding of the instability and to test computer codes in collaboration with LBL,
LLNL, and I. Haber at NRL.

We stated in the Proposal that our primary goal for the revised first year (August 1,
1992 to August 31, 1993) program would be to study the evolution of a small perturbation
in the current pulse (introduced via the grid voltage on the electron gun) when the beam
propagated through our 5-m long periodic solenoid channel. Specifically, we wanted to
see if the perturbation was reflected from the rear end of the pulse. For the second year
program (September 1, 1993 to August 31, 1994), we wanted to perform the resistive-wall
instability experiment in the 1-m long solenoid channel, as described in Section 4a of the
proposal.

The last six months saw the transition of the research activities from phase 1 to phase 2.
By the end of last September, the experiments on space-charge waves had been completed.
This had fulfilled our first year's goal of this two-year grant. Though the completion of the
experiments was one month later than that scheduled and the data analysis still continues up
to now, we have done much more than we originally proposed.

The study on space-charge waves has produced very interesting, unexpected results
which concern the fundamental beam physics and new applications. A paper reporting the
generation of localized space-charge waves was published in Physical Review Letters last
September. The study of the evolution of small perturbations in the beam current pulse



resulted in a paper on the determination of the geometry factor g under longitudinal
perturbations in a space-charge dominated beam, which was submitted to Physical Review
Letters for publication. The experimental results of the effect of bunched beam edges on
space-charge waves are still in analysis and a paper on this subject will be submitted to
Physical Review Letters for publication in the near future.

Besides the g-factor measurement, other by-products of the experiments on space-
charge waves include a paper on the experimental verification of the smooth-approximation
theory in a periodic solenoid focusing channel, which was submitted to Applied Physics
Letters for publication, and a paper describing the new method of beam diagnostics with
localized space-charge waves, submitted for publication to Review of Scientific
Instruments. In addition, an invited review paper on the "Localized Space-Charge Waves
in a Space-Charge Dominated Beam" will be submitted for publication to the International
Journal of Modern Physics B.

For the resistive-wall instability experiment, we have made a significant effort to test
the uniformity of the second glass tube with resistive-film coating, manufactured by the
Chinese Vacuum Institute in Beijing. Both the optical and electrical uniformity tests have
revealed some problems with the tube. The Institute now agrees to replace this tube
without charge and two more tubes have also been ordered. We have already started to
assemble the resistive-wall instability experiment, which is the major goal of our proposal
for the second year of the grant. We expect to start taking experimental data by the late
spring, 1994.

A brief report on our activities under this grant during this period is given below.
II. Experiments on Space-Charge Waves

1. Generation of localized space-charge waves

Our results on this subject were reported in the last progress report. What we have
discovered was the first experimental evidence that a single fast wave, or a single slow
wave, or any combination in amplitudes and polarities of these two waves can be
generated. A time-domain approach was developed for the theoretical analysis of this
phenomenon. The dependence of space-charge waves on initial perturbation conditions
(velocity, density and current) was examined. The analysis yielded the conditions for
degeneracy of two waves, indicating that this is a phenomenon in space-charge dominated



beams. A paper entitled "Generation of space-charge waves due to localized perturbations
in a space-charge dominated beam" was published in Physical Review Letters last
September and is included in the Appendix. The technique developed from this experiment
will be employed to the resistive-wall instability experiment.

2. Determination of the geometry factor g

The preliminary measurement of the g-factor was reported in the last progress report.
Since then, further experiments were performed during last September to refine the
measurement. The purpose of this experiment was to accurately measure the g-factor in a
wide parameter range by the localized space-charge wave method [3], and at the same time
independently to measure the corresponding beam radius by the phosphor screen plus CCD
camera technique [4]. This should provide the parametric dependence of the g-factor on the
beam radius, and verify the correct g-factor formula, about which there has been some
confusion in the beam physics community [5]. In addition to the experimental work, a new
theoretical model has been developed to compare with the measurement. A satisfactory
agreement between the experiment and theory has been achieved. The issue of the g-factor
not only concerns the numerical value of this parameter, but also, more importantly,
concerns some fundamental beam physics, such as surface wave or body wave, density
bunching or beam radius rippling, etc. [6]. A paper summarizing this study has been
submitted to Physical Review Letters for publication. A copy of the paper is included in
this report in the Appendix. The topic is also discussed in the book by M. Reiser [7] to be
published in Spring 1994.

3. Effect of beam edges on space-charge waves

The study of the beam edge effect on space-charge waves was a major goal in our first
year's research proposal. The issue of the edge reflection and/or transmission of space-
charge waves in bunched beams concemns how to correctly estimate the overall growth of
the longitudinal instability in accelerators. The previous studies on this subject included
computer simulations [8] and theoretical work [9].

We performed the experimental study on this topic before last summer. The
preliminary results were reported in the last progress report and presented at the HIF
Conference in Frascati, Italy, June 1993 [10]. In that experiment we produced two space-
charge waves and placed the initial perturbation close to the beam rear edge. Both
reflection and transmission of the slow wave at the rear edge were observed. The speed of



the reflected wave and transmitted wave were measured. The problem with that experiment
was that the perturbation signals on the beam were rather small, not significantly above the
noise level.

More experiments on the edge effect were performed last September to study the
phenomena on the beam front edge. A single fast wave with rather large amplitude was
employed and initially placed very close to the beam front edge. The splitting of the fast
wave into two waves, namely, the reflected wave and transmitted wave, was observed.
The perturbation signals were well above the noise level. The speed of the reflected and
transmitted waves were carefully measured with respect to the beam center. The results
showed that the reflected wave, co-moving with the beam edge towards the beam pulse
center, has the same speed as the beam edge erosion speed [11]. The transmitted wave also
has approximately the same speed, moving down to the beam edge. This may be caused
by a larger g-factor there, though the beam current, as well as the line-charge density, is
getting smaller on the edge.

Computer simulation on this experiment is in progress with the help of Dr. Haber of
NRL. So far the phenomenon of transmission and reflection has not been seen
conclusively in the simulation. A technical report entitled "Experiment on beam edge effect
on space-charge waves in a bunched electron beam" summarizes this research and is
included in the Appendix.

4. Verification of smooth approximation theory

This is a by-product of our experiments on space-charge waves. During the experiment
on the g-factor measurement by the method of space-charge waves, we compared the beam
radii measured by the phosphor screen plus CCD camera technique with the analytical
results from the smooth approximation theory, and found some very interesting results.

The smooth approximation theory for intense beams was developed by M. Reiser long
ago [12] and is widely used in the design and analysis of intense beams to predict the
average beam radius and maximum ripples in a periodic focusing channel. There was no
experiment previous to verify the theory for axially symmetric, periodic focusing channels.
The prediction of the theory for the radius of a space-charge dominated electron beam in a
periodic solenoidal focusing channel was this time checked experimentally over a wide
range of beam parameters and focusing conditions. The phase advance without space-



charge, 6, was varied from 0g=459 to 0p=900, and the tune depression due to space-
charge, 0/69, was in the range of 0.2 to 0.3 in the experiment.

We have found that the experiment and theory agreed very well when the magnetic
focusing was not too weak. But, for oo approaching 459, the discrepancies between the
experiment and theory increased. This was caused by a spherical lens aberration existing in
the experiment, but not included in the theory. By taking the third order term of the
magnetic field expansion into account in the hard-edge approximation of the focusing
magnetic field, this non-linear effect can be included in the original theory. Finally, the
smooth-approximation results were found to agree with the experimental data to better than
5%. A paper entitled “Experimental Verification of the Smooth-Approximation Theory for
a Space-Charge Dominated Beam in a Periodic Focusing Channel” summarizes this study
and has been submitted to Applied Physics Letters for publication.

S. Beam diagnostics with localized space-charge waves

Through the study of space-charge waves, we have developed a new method for beam
diagnostics by employing the localized space-charge waves. The traditional applications of
space-charge waves are always with sinusoidal signals [13]. The advantage of the
localized space-charge waves is that the beam current or energy signal contains individual
slow and fast waves. The propagation speed of the two waves can be easily and accurately
measured from the beam current waveforms or energy signals. This results in a number of
beam parameters such as the g-factor, the beam radius, the longitudinal wave impedance,
the growth rate in a resistive channel, etc. In addition, some measurements such as the
reflection and transmission of waves on beam edges may not be possible with sinusoidal
signals. A paper entitled in "Beam Diagnostics with Localized Space-Charge Waves"
summarizes this study and has been submitted for publication to Review of Scientific
Instruments.

III. Resistive-Wall Instability Experiment

The resistive-wall instability experiment is the second phase of this research project.
After the successful completion of the first phase, i.e. the experiments on the generation,
propagation and edge effect of space-charge waves, we are ready to run the resistive-wall
instability experiment soon. The short-pulse electron beam injector is now available, and
the resistive-wall channel and the diagnostics are complete. The installation of the whole




experimental system is in progress. We expect to have the first results from this
experiment by late spring or early summer of 1994.

The experimental goals are twofold First, we will measure the growth rate of the
slow wave due to localized perturbations i.. 4 coasting beam as well as the decay rate of the
fast wave produced in the same way. This will provide the information to compare the
existing theory and experiment. Second, we will study experimentally the beam quality
deterioration due to the instability, especially the longitudinal energy spread or emittance
growth in this process. The longitudinal energy spread or the emittance growth due to the
resistive-wall instability in a space-charge dominated beam is a very important issue to
heavy ion inertial fusion drivers and other advanced accelerator applications. This has not
been experimentally studied before in the microwave or accelerator research community, as
far as we know.

The beam parameters for the resistive-wall experiment are determined as follows (14,
15]. The spatial growth ra'e k; of the slow wave in a non-relativistic electron beam
traveling in a resistive-wall channel is proportional to the wall resistance R* per unit length,
the square root of the beam current I, and inversely proportional to the fourth root of the
beam voltage V, as shown in the relation

lq 174 I V2
k—-( -ne) R
25 (gvn) )

Here g/m denotes the ratio of charge to mass of the particles, € is the permittivity of free

space, and g=2In(b/a) is the geometry factor discussed in Section II(2). Due to the mass
dependence, the instability growth rate is significantly enhanced if electrons are used in
place of heavy ions. Furthermore, to observe the instability in a reasonably short distance,
a beain with large current and low energy is desirable. Most impbrtamly, the wall
resistance should be substantially greater than the 100-200 Q/m expected for a heavy-ion
system. Nevertheless, the wall resistance is limited by the condition that the space charge
force is dominant, and by the external distributive capacitance. Though a larger beam
current will result in a higher growth rate, the beam power loss in the wall is also higher.
Decreasing the beam voltage only increases the growth rate mildly, but reduces the initial
beam power drastically. A trade-off has to be made for a useful experiment. For example,
an electron beam of 100 mA current and 5 keV energy can yield a spatial growth rate of
0.38 in a one-meter channel of a 5 kQ resistance. In practice, the distributive capacitance
always reduces the growth rate. Assuming a distributive capacitance C of 30 pF/m, the



spatial growth rate would be reduced to k;=0.32/m at a perturbed wave frequency of 100
MHz. This corresponds to a 38% increase in the slow wave amplitude and the same
amount of decrease in the fast wave amplitude. We should be able to observe these
amplitude changes in the experiment. The beam power loss in such a channel is 50 W in
comparison with the initial beam power of 500 W. These parameters will be verified in the
experiment.

We have ordered two 1-meter long glass tubes with very thin resistive material coating
of about 5 kQ/m, manufactured by the Chinese Vacuum Institute in Beijing.
Unfortunately, the first tube was broken during the early installation. After rejoining the
remaining two pieces, the first tube has a length of 71.5 cm and a total resistance of 1.77
kQ. The second tube was received with a severe defect, non-uniformity of the resistive
coating. A lot of effort was made to prove the problem. Both optical and electric
measurements revealed the non-uniformity of the tube. After negotiation with the
manufacturer, the Chinese Institute has agreed to replace this tube at no charge. We have
also ordered two more tubes for future use. We expect to receive them by this April.

The installation of the resistive-wall experiment with the existing tubes is now in
progress. Due to the short length and small resistance of the first tube and the non-
uniformity of the second one, we do not expect good results from this setup. But, we
believe this is an important step to start with, to get us familiarized with the system and
equipment. The new tubes will be installed for data-taking after their arrival. A conducting
tube with the same dimension will also be employed for comparison study. We hope that
we will have interesting experimental results to present for the next progress report, due
August 31, 1994,

IV. Related Research not Directly Sponsored by This
Contract

Besides the experiments on space-charge waves, the last six months also saw the
research activities in other projects which were closely related to the Heavy Ion Fusion
program, but funded by the High Energy Physics Office of the Department of Energy. The
data analysis of the longitudinal compression experiments, completed last summer, still
continues. We have written a paper entitled in “Restoration of Rectangular Pulse Shape
after Edge Erosion for a Space-Charge Dominated Electron Bunch” and submitted it to
Physical Review Letters for publication. This concerns a novel method to deal with the
longitudinal dynamics of rectangular bunches in high current machines. It is very likely we



can apply this technique to our proposed electron ring to achieve a space-charge dominated
beam. The comparison of the parabolic bunch compression experiment with computer
simulation is undertaken by I. Haber. The results will be submitted for publication.

There has also been a significant amount of theoretical work related to heavy ion inertial
fusion, but not in the main directly sponsored by this contract. Two studies should be
mentioned in this context. One was a collaborative effort between Ingo Hofmann and R.
W. Hasse at GSI Darmstadt and M. Reiser on intensity effects in final focusing for heavy
ions [16]. Its main conclusion is that the outer beamlets in a bundle must be injected into
the target chamber with a convergence that is greater than the germetrical angle to overcome
the space-charge repulsion and to hit the target spot. The effect is particularly worrisome
for the charge state Z>1, is very sensitive to the beam current, and requires fast beam
steering in the final focusing system.

The second study, involving graduate students C. Allen and N. Brown under M.
Reiser's supervision, was concerned with a very extensive calculation of image effects in
bunched beams propagating through a cylindrical pipe. Its main results are the numerical
calculation, graphical display and tabulation of the effective longitudinal g-factor as a
function of the bunch eccentricity Z/a and radius a. This work has been submitted for
publication in Particle Accelerators [17] and the results are also presented in the book
scheduled for publication in Spring 1994 (Ref. {7], Section 5.4.7).
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