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Summary 

Ion hose (or ion resonance) instability of a 
relativistic electron beam propagating in >eam- 
induced channels, inside a snielded drift tube, is 
investigated. IDue to the nature of the shielded 
drift tube, only perturbations whose axial 
wavelength is an integral fraction of the tube 
lenytli is permitted. These perturbations cause the 
~2am to oscillate transversely. The coupling of 
tt1j5 Lrrlnsverse oscillation with the stabilizing 
?tfects of a time chdnying ion channel forces the 
dealn to yo unstable (overstabilization). Using the 
Known chdrdcteristics of the beafn propagation in 
Such an ?ivironment allows us to estimate the 
I:ritical axial wavelength, onset time, and 
oscillation frequency of this stability, which 
colnpared very favorably with experimental results. 

Introduction 

The ion hose (or ion resonance) instability has 
heen understood to be the result of the electro- 
static colrpling between the transverse oscillations 
of the beam and the ion channel, for the case where 
the channel to beam line density ratio (f) is 
fixed.',* Physically, due to the large difference 
in Imasses between the beam electrons and channel 
:ons, the chdracteristic time scale for their 
response to any electrostatic perturbations is 
widely diveryent. The electron, being light, 
resp,nus more readily than the heavy ion, and their 
rno'lion is largely uncoupled, and stable for small 
value of f, or neutralization fraction. For larger 
value of the neutralization fraction, the transverse 
Imotion of the beam is reduced .in the deeper 
electrostatic potential well of the ion channel. At 
sufficiently larye f (depending on the pertur- 
bation's axial wave lumber Kz), the time scales for 
transverse motions of the beam and the channel 
5ecome si nilar (resonance). Their motions are 
stronyly coupled and grow, i.e. the beam and channel 
are overshooting in chasing ooe another 
(3versta3ilization). 

In a shielded drift tube, the surviving and 
large amplitude noises tend to have discrete axial 
wavelenyth due to the boundary conditions, then the 
resonance condition is rarely lmet for an electron 
tbealn propagatiny in a pre-formed channel, unless the 
neutralization fraction is tuned to a specific 
value. In this context, relativistic electron 
beams, propagatiny in beam-induced channel, are more 
susceptible to ion hose instability, since here f is 
varying function in time and prspagation distance. 
If the rate of change in time for f is slow compared 
to tne instability growth rate, then large scale 
transverse displacement of the beam can be 
oL>served. Recent experiments have confirmed this 
scenario.3 We shall demonstrate in this paper, the 
fact that f is time varying, can be manipulated, 
under certain conditions, to give us an extra 
pnysical observable to verify the instability 
experimentally. 
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Analysis 

We consider an intense relativistic electron 
beam propagating through an initially low pressure 
neutral gas, inside a shielded cylindrical drift 
tube, at a speed near the speed of liqht. The beam 
induces its OWI ion channel', with the-channel 
electrons assumed to be excelled instantaneously 
when f < 1. We neglect secondary ionization in the 
low pressure regime considered here. In this 
circumstance, the neutralization fraction can be 
approximately given by 

Nj (t) 
f(t) = - 2- 

'Vh 

where Nj and Nb are line densities of the channel 
ions and beam electrons, respectively, CI is the 
ionization cross section, and n is the neutral gas 
density (- pressure, P). Equat?on (1) is only an 
estimation, since the beam radius (R) is a rapidly 
changing function of time until the equilibrium 

condition'+ for radial focussing f >' + 
ZTI 

2 - 1s 2 
Y lIflC 

achieved. Here, y, TI, and v are the beam 

relativistic factor, transverse temperature, and 
Budker's parameter, respectively. However, this 
approximation makes the problem analytically 
tractable, and is reasonable within the framework of 
the rigid treatment, where the beam and channel are 
treated as rigid but flexible rods. 

The transverse displacement of the beam and 
channel centroids, Db dnd Di, can then be obtained 
from 

2Db 

Nbflez= Fb; (Di - D,J, 

d2Di 

fNbmi z- = 
Fjb(Db - Dj), 

for f < 1, where Ine and mi are the electron and ion 

rest masses, and Fjj(x) is the electrostatic force 

exerted on column i hy column j. For two colulnns 
with Gaussian profiles, we gets 

Fij(x) = 
2e;e.N.N. 

J’ J (1 -e 
- x2/(1; + R;) 

X ). 

(3 
e.e.N.N. 

I 'J'J 

R2 
x, for x cc R, 

and R = Rj = Rj. Equations (2) - (3) can be 
rewritten as 
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c+ + c$) 
2 

Db = a k (Di 
0 

- D& 
k2c2t 

td 
z n =-* 

a 
(10) 

2 

a D. = nu(Db - D+, 
at2 ' 

where a = e*Nb/FeR* = c21b(kA):17-vR2, and n = yme/mi 

Noting that n i< 1, and that z enters only through 

a/az, we seek solutions of the form D = D(t) e 
-ikzz 

, 
with a/at c< k c. In order to assure the validity 
of the rigid tfeatment, we also require that 

k2R2< 1 
z - * 

Then Eq. (4a) can be integrated to give 

kc 
Db = Di t j -+ e -i 6(t) ,i 6(V) +)dt', (5) 

-a 

where the integrating factor 6(t) is given by 

6(t) = (.&to - kfc't),'Zkzc. Incorporating 

Eq. (5) into Eq. (4b) gives us 
7.. Q.. 

(6) 

where 6'(t) = (a t/to - kZc')/Zkzc. 

Since a/at << kZc, if 6' # 0, then Eq. (6) can 
be approximated by 

a2ii nakzc ^ 
- = -p-- Di , 
at2 

(7) 

which indicates stable oscillations for 6' < 0, 
and pure slow growth when 6' > 0. It is worthwhile 
to note at this juncture that, from Eqs. (4a) and 
(7), when 6' # 0, the beam is moving too fast for 
the channel to respond. However, when 6' < 0, 
the electrostatic coupling is rather weak, and the 
system is stable. Whereas, when 6' > 0, the 
coupling is strong, the beam is forced to pull the 
heavy channel along, while oscillating inside the 
potential well of the channel. The result is a 
small net drift to one side for each oscillation 
period, i.e. pure slow growth. 

In the case where 6' 10 (resonance), Eq. (6) 
can be written as 

a30i nakzc . 

7 = +-- Di' 
(8) 

1 
which can be solved to give Di w e ilit , where 

- ncd( c u3 
w = + (1 - iJ3) (+) , (9) 

which indicates fast and growing oscillations. 

From Eqs. (7) - (9), we conclude that, for a 
relativistic electron bealn propagating through an 
initially neutral gas, the ion hose instability for 
a given axial wave number kz will onset at time 

. 
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We also note that, inside a shielded drift tube, 
(which is assumed to be much shorter compared to 
beam length) the perturbation axial wavelength is 
given by (standing waves) 

kz = + = f, n = 1,?,3... 
Z 

where L is the drift tube length. As a result, if 
for any physical reasons, the instability first 
onsets with a high mode number, n, then the 
resonance condition, 6'(t) = 0, is nearly always 
met, resulting in a smooth and fast growing 
oscillation indicated by Eqs. (8) and (9). since the 
transition time between different mode numbers is 
short. If the instability onsets with a low mode 
number, then due to the long transition time, the 
instability will first grow as indicated by Eq. (8), 
saturates as indicated by Eq. (7), and eventually 
the cycle starts again as the system goes into 
resonance with a new mode number. We end this 
section by remarking, from Eqs. (7) - (9) and the 
definition of CX, that growth is slow for large ion 
mass, long perturbation axial wavelength and large 
radius. 

Discussions and Results 

As we have previously remarked, the radius at 
the beam head is expanding under the influence of 
the beam net self-field force and the beam inherent 
transverse temperature (emittance). This expansion 
is reduced as the electrostatic focussing force due 
to the ion channel is increased. The beam will 
settle to an equilibrium radius, once the following 
condition is satisfiedc 

(12) 

Because of the absence of the radial focussing at 
its head, the beam assumes a Trumpet profile, which 
can be rather sharp for short characteristic 
neutralization time, to. Consequently, for heavier 
qases (e.q. Arqon, Nitroqen), we expect the 
instability to-onset around the time Eq. (12) is 
satisfied. The axial wavelength of the instability 
can then be estimated from Eqs. (10) - (12). The 
reason for this is due to the fact that, for heavier 
gases, the ionization cross-section is larger (i.e. 
shorter tD), and growth is slow due to large ion 
mass, long axial wavelength, and large radius. As a 
result, those low mode number perturbations, that 
come into resonance before the beam pinches, are 
quickly detuned. For lighter gases (e.g. Hydrogen), 
growth rate is faster, and beam radius changes 
relatively slow at low pressure. In this case, low 
mode number perturbations can grow and be observed 
even before the beam pinches. 

The experiments were performed with 10, 20, 30, 
40. 80 and 160 mTorr of Arson, Nitroqen, Neon and 
Hydrogen as filling gas. Further details about the 
experiment can be found in Reference (3), we just 
note here that the beam current Ib = 4kA, y = 2.4, 
pulse length 100 ns, L = 100 cm, and the transverse 
temperature (TI) has been previously characterized 

to be 35 keV, with an equilibrium bealn radius 
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,i = 1 cm 1 I air. 6 Using the relevant exper'mental 
parameters, we found f > 0.15 in order to satisfy " 
the equil1Srium condition ;n Eq. (12). 

For Aryan, Neon and Nitrogen, this translates 
fron Eq. (10) into an axial wavelength of roughly 
25 “I" c , or node iuinher n = 8. This axial wavelength 
js evidenced in Fjgure (1). The delay time for the 
instabiljty onset for this wavelength is found from 
Eq. ( 1 IO) t 0 11 e : 

‘d = U.63 t 0’ (13) 

Wl2fP t" (ns) is 12OU/P(mTorr) for Argon and 
N!troyen, and 250O/P(mTorr) for Neon.7 As we can 
see from Figure (Z), the agreement between theory 
and experiinent is excellent for Argon. Sjmilar 
agreements are also found for Neon and Nitrogen.3 
Tne oscillation frequencies can be found from 
Eq. (9) for L = 25 cm to be 17.6, 22 and 25 MHz 
f3r Argon, Ne6n and atomic Nitrogen, respectively. 
These values ayree well with experimental determtned 
frequencies, whit? are 17 t 3, 21, and 
27 t 1 MHz for Argon (10 mTorr), Neon (20 mTorr), 
and Ni: royen (10 mTorr), respectjvely, since only at 
these ind'cated pressures can the heam oscillate at 
least one full period before either the beam 
terminates or f > 1. Fjgure (3) shows one of the 
current anti heal11 d!s$lacernent traces, from which the 
onset t:me dnd oscillation frequencies are 
determined. 

For Hydruyen, t (ns) = 5OLlO/P(mTorr), thus even 
at the end of the pu se 9 (100 ns), f is only 0.2 for 
1' = 1U ImTorr. In this case, the beam radius, R, 
!idrdly clanges in time, but it iS a Strong function 

,,f z. We can reasonably estimate R to be about 
H cm at the ohs?rvation point, 30 cm downstream from 

the injection point. The experilnental onset time Ss 
about 52 ns, which indicates h = 66 cm, or mode 
ribrnher ri = 3. The oscillation'frequency for this 
[mode !s expected to oe 8.6 MHz. This frequency is 
redSOndh le in comparison with experimental evidences 
jn Fiyllr2 (a), where several mode transitions are 
apparent and the oscillation frequency increases 
ldte’- :ri the pulse. At higher pressure, no 
estimates had been made given the uncertainty !n 
estimating tha beam radjus. We will note, however, 
trat dt 80 and 160 mTorr, the onset tilnes are 
similar to those of nrgon and Njtrogen at 20 and 40 
mTorr, respectively. This indicates the heam 
profiles at these tO values are too sharp for long 
wavelength modes, even with the smaller mass of 
molec111ar Hydrogen 'on. 
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Figure 2. Instabiljty onset ti.ne vs. gas pressure 
(Argon). The solid line is the theo- 
retical curve. The error bars about the 
experimental points are sample standard 
deviations. 

Figure 3. Oscillographs of Argon at 10 mTorr. 
(A) Current trace, (B) displacement trace. 
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