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Abstract

Theoretical model for beam iongitudinal instability in a transport pipe with general wall

impedance is considered. The result shows that a capacitive wall tends to stabilize the

beam. The experimental study of the instability for a pure resistive-wail is presented.

including the design parameters, setup and components for the experiment.

1. Introduction

The induction linac is being studied in the USA as a driver for Heavy Ion Inertial

Fusion. When the heavy ions are accelerated by the induction gaps, the beam sees a

resistive impedance along the accelerated and transport channels. Theoretical study predicts

that there is a resistive-wall instability which is detrimental to the beam.

The analysis of the instability in this paper takes into account the general wall

impedance of the trai^port pipe. It predicts that the instability couid be reduced by a

capacitive wall and enhanced by an inductive wall. It also shows that the temporal growth

rate of the resistive-wall instability is inversely proportional to the square root of the mass

of the particles. An experiment «o study the instability with heavy ions would be costly

because of the large mass of the ions which requires a long distance to observe the effect.

We pian to study experimentally the longitudinal instability with electrons. Specifically.

an electron gun has been designed and constructed *;o produce a beam of 5 ns in width, up

to 10 keV in energy, and a maximum of 160 mA in current. An induction linac following

the gun will impart a smail head-to-iail energy spread to the beam to balance beam

expansion in the longitudinal direction. The beam is further matched to a resistive-wall

channel of a few meters in length with uniform solenoidal magnetic field. Various

diagnostics will be used to determine the instability in this transport experiment.
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Comparison with simulation could provide useiui information tor heavy ion induction

linacs.

2. Beam longitudinal instability with general wall impedance

The beam dynamics in the longitudinal direction can be described by the coid one-

dimensional fluid model which consists of the continuity equation and momentum transfer

equation (lj . [2]:

n ^ / if )

0

dv dv r
m —— + mv -— ~et.

. at dZ - (1)

where >uz.t) is the line charge density of the beam. v(z.i) is the beam drift velocity. E., is

the average longitudinal electrical field acting on the beam, and e and m are the charge and

mass of the beam panicles, respectively. Neglecting the external forces, the field E? is due

to the beam-self field which, for a nonrelativistic coasting beam, can be calculated as [3]
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where Ew is the field on the pipe wall of the transport channel, Co is the permittivity of free

space, and g is a geometric factor given by

with a and b as the beam radius and pipe radius, respectively. In arriving Eq. (3). the

average beam-self field over the whole beam cross section is taken into account.

In general, the pipe wall has an impedance expressed in the frequency domain by

Zw - R + iX ^
w

where R and X are the resistive and reactive components per unit length of the pipe wall.

The field Ew is generated by the beam image current ->n the wall and given by

(5)



where cuo is some operation frequency. Therefore, the longitudinal field acting on the beam

is
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Equation (1) along with Eq. (6) can be soived for the perturbed quantities by linearizing

the equation and using Laplace transformation in time and Fourier transformation in space,

that leads to the dispersion relation

D(s, k )-(s + ikv f + k2rj (j—~ - v££~U + ikrlkovoR

v ° °> 0)
where the subscripts 0 represents the unperturbed quantities, and Ti=e/m denotes the ratio

of the charge and mass of the charged panicles. In the parameter range of interest, the

dispersion equation D(s,k)=0 can be solved approximately to give rise to the perturbed

wave frequency and the temporal growth rate
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Equation (8) shows that the slow wave grows at the expenses of the beam energy. For a

pure resistive-wall the slow wave growth rate is

1 - " "V s . (9)

If the pipe wall is inductive, e.g. X=u>oL. one get

(10)

The growth rate is increased in comparison with Eq. (9). For a capacitive wall modeled by

a circuit of R and C in parallel, Eq. (8) can be rewritten as
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As expected, the growth rate of ihe slow wave is reduced.

3. Design study of the resistive-wall instability experiment

Equation (8) shows that the temporal growth rate of the resistive-wall instability is

inversely proportional to the square root of the mass of the beam particles. An experiment

to study the instability with heavy ions would be costly because of the large mass of the

ions which requires a long distance to observe the effect. With electrons, the experiment

could be done at a small scale and much less cost.

For a pure resistive-wall the phase velocity of the slow wave in the beam irame and the

growth rate can be expressed as
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where K is the generalized perveance and. for non-relativistic electrons, is given by

K - !. 515 x tO4 -! ^ }
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with I and V as the beam current and energy equivalent voltage, respective!). The e-lo'd

instability growth length in the beam frame is determined by

For a beam pulse oi the width T. the number of e-folds growth from the beam nead to taii

is



The number of e-folds growth per unit channel lengih is given by

N ~4
" M S (36)

which is proportional to the wail resistance, the square root of the beam current, and

inversely proportional to the fourth root of the beam voltage.

In order to observe the instability in a reasonable short distance, an electron beam has

been designed with the following parameters: the beam pulse width of 5 ns. the beam

voltage of 2.5 keV, and beam current of around 100 mA. This corresponds to about 15 cm

of the beam pulse length in space. With a wall resistance of 10 kQ/m and g=2, Eqs. (14) -

(16) yield lg»12.2 crru nal.2 and N*0.91. A transport channel of a couple of meters in

length should produce noticeable results in the experiment.

A block diagram of the experiment setup is shown in Fig. 1. An electron beam injector,

originally designed for longitudinal pulse compression experiment, is employed as the

beam pulse source. The injector consists of a variable-perveance gridded electron gun,

three matching lenses and an induction acceleration module. The electron gun produces a

beam pulse with the desired parameters. The matching lenses confine the beam in the

transverse direction. The induction acceleration module imparts a small head-tc-tail energy

spread to the beam to balance beam expansion in the iongitudinal direction due to space

charge. The beam from the injector is guided into a resistive-wall channel of a few meters

in length with uniform soienoidai magnetic field. The end diagnostic chamber will pick up

all the necessary information to determine the instability in this transport experiment. The

components for the injector have been constructed and extensively tested. The assembling

of the injector system is underway. The coating of the transport channel with resistive

material is in progress. The various diagnostic equipments are to be built. The design and

performance characteristics of the major components of the system are described briefly as

the follows:

1). Electron gun

The detailed information about the gun design and performance characteristics can be

found in reference [4]. This is a variable-perveance gridded gun with Pierce geometry

electrodes. The gun perveance can vary from 0.22X10"6 to 1.35X10"6 A.V-3/2 by adjusting

the A=K gap. The maximum beam energy from the gun is 10 keV and the beam current can



be as high as 160 mA at the anode voltage ot 2.5 kV. The beam current is controlled by a

fast grid-cathode puise which is adjustable in length Irom a lew nanosecona up to nunuretis

nanoseconds. A 5 ns grid-cathode pulse and the corresponding beam puise is shown in

Fig. 2 where one still can see a flat top of the pulse and a small rise time of less than 1 ns.

The beam pulse waveform in Fig. 2 has some imperfection in comparison with the gna-

cathode puise. One of them was obtained from a Rogoski coil, giving some oscillation on

the flat top. Another was picked up by a Farady cup with rather slow nsetime. This

measurement will be improved in the future experiment. The gnd-caihode puise can be

modulated with a perturbation to initiate the beam instability.

2). Induction acceleration module

The reference [5] gives an exhausted description of the performance analysis, testing

results of this device. Origmaily designed for the pulse compression experiment, the

compact induction acceleration module produces a quadratic time-varying voitage on its gap

during about 50 ns. The gap voltage as a function oi time from the test is show sn Fig. 5.

This gap voltage waveform is determined by the modulator consisting of a few inductances

and capacitances. It is easy to change this wave form as one desires. For the resistive-wall

instability experiment with a beam puise of 5 ns, the induction module will oniy impart a

small energy difference from the beam head to tail to balance the longitudinal expansion.

3) Resistive-wall pipe

Production of a resistive-wall pipe follows the work of reference }6j. Specifically, a

g.'ass tube of 3.8 cm m diameter and 1 meter in length in the first phase of the experiment

will be coated with Tin Chloride. The design goal for the resistance is 10 kQ/m. The tube is

to be wound with uniform solenoid which produces a magnetic field of around 100 Gauss.

This field provides forces in transverse direction to balance space charge lorces.

4). Diagnostics

The diagnostics in the experiment includes accurate measurement of the beam current

waveform, beam profile, and tune-resoived beam energy, etc. An existing Farady cup is to

be improved to achieve fast response: less than 1 ns in risetime. Fast Rogoski coii will be

used to make non-destructive beam current measurement at input and output ol the

transport channel. A time-resolved spectrum analyzer is underway for design and

construction.



Figure captions

Fig. 1. Block diagram of the resistive-wall instability experiment.

Fig. 2. Example oi the grid-cathode pulse and the beam pulse where the gnd-caihode

pulse on the top shows 5 ns in width and less I ns in rise time, the beam pulse

in the middle was from a Rogoski coil with some oscillations and the same

beam puise in the bottom was from a Farady cup which had rather lareer

risetune.

Fig. 3. Induction gap voltage vs. time in the first 50 ns where the data points were from

the measurement and the smooth curve was an ideal fitting to t2 curve.
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