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Experimental Investigation of the Resistive-Wall Instability for Localized Perturbations
in the Long-Wavelength Range
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In high-current induction accelerators being considered for heavy ion inertial fusion and other
applications, the resistive-wall instability in the long-wavelength range, may cause unacceptable beam
energy spread. We have designed a small-scale low-cost electron beam experiment to investigate this
instability in 1 m,5-10 kQ resistive-wall structures. In this Letter, we present the first experimental
results on the interaction between a resistive wall and localized single space-charge waves in the long-
wavelength range. The experiments have clearly demonstrated the growth of single slow waves due
to the resistive-wall instability and the decay of single fast waves. The spatial growth/decay rates are
measured and compared with theoretical analysis. [S0031-9007(97)03756-3]

PACS numbers: 29.27.Bd, 29.17.+w, 29.20.—c, 52.35.—¢g

The longitudinal instability of charged particle beams,too costly since a large-scale facility would be required in
caused by the growth of slow space-charge waves duerder to produce a measurable growth of the instability.
to interaction with a dissipative wall, is an important is- This is evidenced by the conventional spatial growth rate
sue in particle accelerators, microwave generators, anfdrmula for a pure resistive wall in the long-wavelength
plasmas. The theoretical investigation of longitudinallimit [12],
velocity instabilities began long ago in the development
of microwave tubes [1,2]. The amplification of longitudi- ki =R} , (1)
nal density fluctuations was first observed in an electron gmy
stream surrounded by a resistive wall by Birdslbl.in ~ which is a special case of the more general Eq. (2) to be
1953 [3]. This experiment was aimed at optimized highdiscussed below. Her®;, is the wall resistance per unit
gain for microwave amplification in the short-wavelengthlength, A, is the beam line-charge density/m is the
range. The first theoretical work on the longitudinal re-ratio of charge to mass of the particlesis the relativistic
sistive instability for intense coasting beams in particleLorentz factor,g( is the permittivity of free space, and
accelerators was performed by Neil and Sessler in 1968 is a geometry factor due to perturbations [13]. In a
[4]. Following these early studies, considerable theoretiheavy-ion induction linac, an e-fold growth rate would
cal work has been done mainly for circular high-energyrequire a machine hundreds of meters in length, according
particle accelerators [5]. to Eq. (1).

In recent years, the problem of longitudinal instabili- We have designed an experiment to study the longitudi-
ties has received new attention in connection with researchal instability in the long-wavelength range with electron
on high-current accelerators for various applications, sucheams [14]. By taking advantage of the small massf
as the use of induction linear accelerators as drivers foelectrons, the large line-charge densfty in high current
heavy-ion inertial fusion. When the heavy ions are accelbeams, and using a rather large wall resistakjcewe are
erated by induction gaps, the beam sees dissipative impedble to measure the instability growth rate in a small-scale
ances. The interaction between the intense beam and th@v-cost facility. A novel and extremely useful feature
gap impedance causes longitudinal instability which mayn our experiments is the fact that we employ localized
be detrimental to the beam. The instability in the long-single space-charge waves for studying the resistive-wall
wavelength range (wavelengths much longer than beaimteraction with the beam. Conventionally, the longitu-
pipe circumferences) is a major potential problem. Thoughlinal instability has been studied with sinusoidal waves.
the growth rate of the resistive-wall instability in the long- This approach does not usually lead to a complete solu-
wavelength range is quite low according to theory, the intion of the problem. In practice, perturbations to beams
stability could still develop over distance in a long accel-in accelerators are often in the form of localized short
erator, and eventually deteriorate the beam quality. Therpulses. Thus, a time-domain approach based on localized
have been extensive theoretical and computational inveperturbations in the experiment provides a better picture
tigations of the instability in the long-wavelength range,and a more realistic and complete analysis of the insta-
with regard, in particular, to heavy-ion fusion drivers bility. In addition, this approach can avoid the problem
[6—11]. But, there had been no experiment in this hewof modulating long-wavelength sinusoidal signals on short
parameter regime. Further, an experimental study of theunched beams, and the problem of wave reflection at the
instability with heavy-ion beams would be too difficult and bunch ends [15]. With single space-charge waves, the

TE0q Ao

1042 0031-900797/79(6)/1042(4)$10.00 © 1997 The American Physical Society



VOLUME 79, NUMBER 6 PHYSICAL REVIEW LETTERS 11 AcusT 1997

interference between slow and fast waves in the interac- Our theoretical work based on the frequency domain

tion can be removed. analysis shows that the spatial growth/decay ratef
The experimental setup, as shown in Fig. 1, consistthe resistive-wall instability in the electrostatic long-

of a short-pulse electron beam injector, a resistive-wallvavelength range is given by [5,17]

channel, and diagnostics. The injector contains a grid- 1/2

ded electron gun, which can produce the desired beam ki = i[WKw <\/R3;2 + X2 - X:)} . @

parameters with localized perturbations. The key compo-

nent of the resistive-wall channel is a glass tube about 1 ,{U}E(Jrh) isdfor the grOV\]ftfh rate of slow waves, while3th§)
in length and 3.81 cm in inner diameter. The inner surfacds for the decay rate of fast waves. Héfe=21/(loy"B°)

of the glass tube is coated with indium-tin-oxide. Several® the generalized perveance, wittbeing the beam cur-

such tubes have been custom-built for us at the Institute g€ 10 being the charact_eristic currenk (.= 17 kA for
Vacuum Electronics, Beijing. Two of the tubes with total electrons), an@ = v/c being the rela_ltlwstlc velocity _fa(_:—
resistances of 5.44 arid.1 k() (correspond t®.673 kQ O INEQ. (2).Zo = 1/eoc = 377 () is the characteristic

per square and.22 k() per square, respectively) are usedimpeg‘?nce of free space, is the perturbation freque;ncy,
in our experiments. The beam is focused by a 1.4 m long"dX; iS the space-charge wave impedance per unit length

uniform solenoid coaxial to the resistive-wall tube. The iven by
magnetic field of the long solenoid is in the range of 46 to « _ _8Zow 3)
80 G. Three short solenoidal lenses are employed in the S dmcpryr

injector to match the beam into this channel. The diagin the long-wavelength range the space-charge wave
nostics include two fast wall-current monitors, one at thempedance is a linear function of the perturbation fre-
entrance and one at the_exit of the resistive tubg, to megency, and the spatial growth rate of the instability also
sure the beam-current signals with the perturbations. Afhcreases with the perturbation frequency. If the space-
axiaIIy movable phosphor screenin the diagnostic Chamefharge wave impedance is much |arger than the wall
could be used at the start of each experiment to check th‘ésistance(X;* > R!), the spatial growth rate formula,
beam image for the purpose of beam matching and centegq, (2), reduces to Eq. (1), which gives the asymptotic
ing. The beam parameters are in the range of 3—8 keV ialue of the growth rate in the long-wavelength limit.
energy, 25—-140 mA in current, and about 100 ns in duraThe results from Eqs. (2) and (3) are depicted in Fig. 4,
tion. Typical normalized beam emittance is 8.7 mm mradyhere the two horizontal lines represent the two tube re-
The matched beam diameters range from 0.6 to 1.2 cm. gjstances. At very low frequencies, the space-charge wave
In experiment, electron beams with localized pertur-impedance is comparable to or even smaller than the wall
bations are generated in the gridded electron gun angsistance, so that the conventional growth rate formula in
transported through the resistive-wall channel. By emthe |ong-wavelength limit, Eq. (1), overestimates the spa-
ploying the technique described in a previous Letter [16]tjal growth rate.
Single slow or fast waves can be deVElOped on these beam For localized perturbationsy the Spectrum of space-
pulses. The perturbations are located in the center of thenharge waves covers a wide frequency range, starting
bunch, so that they do not reach the ends of the bunch
after traveling through the channel. The interaction be-
tween the space-charge waves and the resistive wall leads
to the instability, which can be diagnosed by the beam-
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FIG. 2. Growth of a single slow wave in the resistive-wall
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FIG. 1. Setup of the resistive-wall instability experiment.  channel.
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FIG. 5. Comparison between experiment and analysis for a
- slow wave, where solid wave forms are from experiment, while
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Time(ns) In order to compare the experiment, which deals with

localized perturbations in the time domain, with the theory
'‘based on the frequency domain analysis, we first find
the frequency spectrum density of the measured input
perturbation signah;(r) at the entrance of the resistive

from zero up to a high limit determined by specific channel by the Fourier transformation
perturbation wave forms. In the experiments the “trape-

1 .
zoidal” perturbation wave form, shown in Figs. 2 and Hi(w) = Nor f hi(t)e™ ' dt . (4)
3, is chosen since its flat-top shape satisfies basicall & . _
the long-wavelength condition that makes it possible tdVe then calculate the output sigrial(z) at the exit of the
compare the experiment and theory. The analysis showghannel by using the inverse Fourier transformation
that the frequency spectrum of the trapezoidal perturba- 1 k(@)L ilwt—k (@)L]
tion wave form is largely confined to the range within ho(r) = = Hi(w)e™ e do, (5)
about 200 MHz, which corresponds to a space-charg . - .
wavelength of 21 cm for a 5 keV beam, in comparison toﬁgereerLtulrsbtehdevl/ear\]/%ﬂ:]lj)r];i)heer rei\f::“tl)e tubes, adw) is
the pipe circumference of 12 cm. Though an insignifi- P 9 y

. . /2
cant power density of this spectrum extends to beyond _ o [WKw < [142 2 *ﬂl
200 MHz, these frequency components affect mainly the kr Bc L Zyc R+ X7+ X, )

rising and falling edges of the wave form. In terms OfHere the(—) applies to fast waves. The functidn (s
the amplitude of the trapezoidal perturbation wave form-S compafrezj vr;iE[)h the measured (;utput signal afgte)r the

i.e., the flat top rather than the edges, the long-waveleng sistive wall

condition is satisfied, so that Eq. (2) does apply. On iy 5 \ve compare the experimental data for a slow
the other hand, Eq. (1) overestimates the growth rate f%ave v%ith the anarl)ysis. Hertr-:-) the “input’ depicts the

very Iowhfrequency cqmpogents of thet')spectrulrln S|tr;]ce trt‘%xperimental perturbation at the entrance of the channel.
space-charge wave Impedance may be smailer than hﬁ"lis signal is also digitized as the inplt(z) for analysis.

wall resistance. The solid wave form in the “output” is the experimental
perturbation signal at the exit of the channel. The dashed
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FIG. 3. Decay of a fast wave in the resistive-wall channel
where (b) is a zoom-in view of the fast wave in (a).
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decay of fast waves is shown in Fig. 8. These figures
show that the amplitude changes of localized space-charge
waves passing through a resistive channel are in agreement
with our theoretical predictions from Eg. (2), and smaller
than the values predicted by the limiting case of Eq. (1).

In conclusion, resistive-wall instability experiments
have been performed for the application in high-current
particle accelerators. The experiments have demonstrated
the growth of localized slow space-charge waves and the
decay of fast waves in the long-wavelength range. The

Beam Energy(keV) growth/decay rates of the instability have been measured
FIG. 7. Amplitude growth rate of slow waves with trapezoidal In this new parameter regime. The theoretical analysis of
perturbation wave forms, where the dots with error barsthe evolution of the pulse shape in the resistive channel
represent the experimental results, the stars are from the Fouribased on Fourier transforms shows good agreement with
analysis, and the triangles are from Eq. (1). The data points 1the measurement, except for edge effects, where the
f5 are from the5.44 k() tube, while the data points 6-10 are yisyihyted capacitance plays a role and the electrostatic
rom the 10.1 kQ tube. .
long-wavelength assumption may break down. We have
found that the amplitude change of localized space-charge
wave form ishq(r), denoting the slow space-charge wavewaves due to the instability is smaller than that calculated
at the exit of the channel, as calculated from Egs. (4)4rom the conventional growth rate formula of Eg. (1),
(6). A similar comparison between the experiment andvhich has been commonly used to estimate the growth
analysis for a fast wave is shown in Fig. 6, where the solidbf the longitudinal instability in high current accelerators.
curve of the output is the fast wave from the experiment This research is supported by the U.S. Department of
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