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A mechanism of electron plasma accumulation and confinement
during the injection of an electron beam widely spread in the
longitudinal velocity into a drift tube in a strong uniform
magnetic field is studied both experimentally and theoretically.
The properties and the formation of a collective electron trap
for the electron beam that propagates in a conducting cylinder
are described. It is experimentally shown that the electron beam
stimulates the development of an instability under the above-
mentioned conditions. The instability leads to the formation of
an electric potential trap. The trap captures electrons during the
formation and confines them inside the drift tube. The theoretical
explanation of the last stage of the experiment (the confinement
of charged particles) is given within the framework of the model
considering the shearless motion of a tubular electron beam with
constant density profile. The dispersion equation is obtained, and
the conditions for the existence of the instability are elucidated.
The results of numerical calculations are in good agreement with
the experiment.

1. Introduction

The results obtained in the experiments on the cooling
of a charged plasma and a plasma which consists
of particles of the same sign of charge indicate the
relative simplicity of its long-term confinement by
external electromagnetic fields [1, 2]. The examinations
of the relaxation of a bounded electron plasma to an
equilibrium state and the dynamics of its parameters
show that the force which restricts a motion of
particles along a magnetic field should not be necessarily
external. It may be self-consistent and appear as a
result of various dynamic processes accompanying, in
our case, the streaming of the charged plasma as
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a beam of charged particles spread over velocities
in a magnetic field. It is known that the injection
of a “hot” beam of charged particles with a wide
spread of velocities in the vacuum channel of drift
is accompanied by the conversion of the mono-
flux motion of particles to the multi-flux one. It is
related to the appearance of an electrostatic potential
well at the stage preceding to the formation of an
anticathode. It follows from the experimental results
that the potential well had two maxima [3]. Such
spatial distribution of electrical and magnetic fields
represents an analog of the Penning—Malmberg trap,
being a result of the dynamics of beam particles
in the drift space [4]. The experiments also have
shown that the electron plasma has a rather low
temperature in the drift space in the area between
two maxima of the potential well. The density of the
accumulated electron plasma differs from that of the
basic drifting stream in the course of time by an order
of magnitude. The lifetime of accumulated particles
exceeds the transition time of basic ones by 5—6 orders
of magnitude.

For studying the questions of the accumulation
and the long-term confinement of charged particles in
Penning—Malmberg traps, it is necessary to build up
a general stability theory of similar systems. The basic
theoretical questions of stability for various types of
traps are examined in [5]. In addition, for the last decade,
a lot of theoretical publications considering how the
various edge effects, such as the curvature of sheaths
at the ends of the trap and the free boundary effect [6]
or the end shape effects [7], influence the development
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Fig. 1. Schematic of the experiment: I — electron beam; 2 — drift
tube; & — intermediate wave guide; 4 — carriage; 5 — electrostatic
analyzer; 6 — high-frequency probe; 7 —incandescent filament; §
— heating cathode; 9 — anode grid; 10 — entrance grid; 11 —
exit grid; 12 — electrostatic analyzer; 13 — collector grid; 14 —

collector

of instability have been published. In [8], the
development of an instability of hollow electron beams
has been qualitatively predicted. However, on the
whole, such types of the formation are unstable with
lifetimes equal to the time of the diocotron instability
development 74. Here, we offer a physical model which
allows us to give the explanation of the long-term
confinement of a tubular electron beam.

2. Experimental Part

The experiments were performed in the device shown in
Fig. 1 and described in detail in [9]. The hollow electron
beam (the diameter a=2 cm, thickness A = 1+2 cm, and
an energy of 2050 eV) was injected into the drift space
(the tube of the length L ~ 150 cm and the diameter
D = 4 cm) which was limited from the edges by entrance
and exit plane grids. The tube is cut longitudinally
into two equal parts with an angular dimension of 180°
(m-electrodes). The constant homogeneous longitudinal
magnetic field has the strength of H = 100 < 1000 Oe.
The working pressure of the mixture (Ng, Ar) was 1076—
107 Torr. In the experiments, we determined the time-
averaged distribution function over longitudinal energies
with electrostatic analyzers; the particle density in the
drift space by measuring the frequency of the diocotron
mode with the azimuthal number [=1; the emission
current of the electron gun cathode; the current Ij, on
the drift space electrode; the current I, on the exit; the
oscillations and currents on HF probes; and the currents
on 7-electrodes.

In the experiments performed, a special attention was
paid to analyzing the ion background formed by beam
electrons ionizing the residual gas. In our experiments,
the influence of the ion background arising from the
ionization of the residual gas by beam electrons was not

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 6

EX d.u.

25

20
15 A F

10

0 S 10 15 20 25 a0

ina.u.

Fig. 2. Current Icx versus Ij, for a pulsed beam with Ug=50 V,
(: pulse duration, T': time between pulses). I — 7 =400 us, T =
800 us, 2 — 7 = 400 us, T' = 2.8 ms

essential. In Fig. 2, we show the dependence of the
current passed through the drift space I, on the current
at the entrance I;,, when the voltage at the electron
gun cathode is U=-50 V. It is seen from Fig. 2 that,
as I, increases, the movement along curve I from
point 0 to point B is realized along its lower branch.
When [;;, decreases, the movement along the curve from
B to 0 occurs along its upper branch. Thus, curve
1 of Fig. 2 exhibits a hysteresis on the dependence
I.cversus I;,, which, however, is opposite in nature to
the well-known similar hysteresis dependence for the
monoenergetic beam [6] and the beam having a strong
spread over longitudinal velocities, when they are in the
stationary regime. Meanwhile, in curve 2 of Fig. 2, the
hysteresis in Iy versus [j, dependence is absent. Curve
2 differs from curve I only in the delay time between two
subsequent periodic current pulses. This time is 3.5 times
larger for curve 2 as compared to curve 1. The different
behaviours of curves 7 and 2 in Fig. 2 points out to the
presence of a noticeable space charge in the drift space
even after switching-off the beam injection pulse. Indeed,
only the presence of trapped electrons, which drift for a
comparatively long time in the magnetic field and whose
effect is essential in 400 ms after the injection pulse end,
may explain the reverse hysteresis on the I, versus Iy
dependence, curve 1 in Fig. 2. When the beam of 400
us in duration with the 400-us pause between pulses is
injected, the drift space cannot be freed, due to inertia,
from the space charge accumulated during the previous
current pulse. The time-averaged distribution functions
of the incident, passing, and reflected beams, which were
measured under these conditions, have a spread over
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Fig. 3. Oscillograms: I — a negative voltage pulse at the electron
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gun cathode; 2 — current on one of the m-electrodes; & — the same
as in 2, but with the 0.3-ms positive pulse of the 1-V amplitude
on the second m-electrode (2 ms sweeps)

longitudinal velocities ’L)ATU ~ 0.7 + 0.8. Figure 3 shows

the oscillograms of the négative voltage on the electron
gun cathode (curve I); the current on the m-electrodes
(curve 2); and the current on the same m-electrode when
a positive pulse of 0.3 msec in duration and of the 1-
V amplitude is applied to the other electrode (curve
3). The oscillations registered with the m-electrode
correspond to the diocotron branch of charged plasma
oscillations with the azimuthal wave number [=1. It
is easily seen from Fig. 3 that the noticeable “tail” of
oscillations exists during more than 1 ms after the end
of the beam injection pulse. It is also seen that the
oscillation period increases with time, and the times
of growth and disruption of oscillations do not exceed
their period, as it follows from oscillogram & in Fig.
3 where the positive pulse is applied to one of the
m-electrodes for the demonstration of this fact. The
pulse with the 1-V amplitude totally damps the “tail”
oscillations during its period of 0.3 ms. Our experiments
show that the diocotron mode of oscillations with (=1
is excited, as a rule, also during the beam injection,
the frequency of these oscillations being always higher
than the frequency of “tail” oscillations. The presence of
diocotron oscillations points out that, in the drift space
apart from the beam electrons passing through it, the
electrons are present with the lifetime not less than the
diocotron oscillation period to excite these oscillations at
all.

The presence of these “tails” on oscillograms in Fig. 3
confirms that the lifetime of the part of electrons is
considerably larger than the period of the [=1 diocotron
mode. Using the relation for the drift frequency of a
rotating hollow beam in the crossed own electrical and
longitudinal magnetic fields w = § (w2, /(2wge)) b ~ 0.5,
H = 1 kOe under our experimental conditions), one
can estimate the electron density n. with the help of
oscillograms of Fig. 3 as follows: n. ~ 4 x 105 cm 3. The
particle density of the injected beam is np =~ 2x07 cm™3.
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Fig. 4. Spatial distribution of the potential in longitudinal
direction, the beam current being equal to 10 mA (1), 17 mA
(2), and the amplitude of diocotron oscillations (38), B=1000 Oe,
Up=30V, 7=1 ms

This estimate shows that a fraction of electrons drifting
for a long time 7 ~ 1 ms in the magnetic field is
noticeable and amounts to n./n, = 0.2.

The spatial distributions of potential in the direction
of movement of particles along the magnetic field are
presented in Fig. 4. The distributions were taken with
the HF probe, the probe at a floating potential.

For the beam current Ig < I, ~ 15 mA, the
potential distribution in the longitudinal direction has a
typical form for velocity-spread electron beams, i.e. the
distribution of the “bell” type (curve I). Such potential
distribution leads to the accelerated loss of electrons
from the drive space caused by the electric fields of the
space charge of the beam. The radial localizations of the
direct and reverse flows of electrons in the drive space
coincide. The beam current being increased, I > Io.,
the potential form in the drive space essentially changes
with the formation of a potential pit for electrons at the
drive space center (curve 2).

A transformation of the potential distribution in the
longitudinal direction is accompanied by the excitation
of oscillations of the beam density which have been
identified in [9] as the diocotron oscillations with the
I=1 mode. In Fig. 4, the distributions of diocotron
oscillations in the drive space are seen to correlate with
the spatial localization of the potential pit (curve 3).

3. Theoretical Model

The theoretical description of the phenomena denoted
in Section 2 may be made within the framework of the
following model. We consider the hollow electron beam
which is contained in a cylindrical waveguide with
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Fig. 5. Profile of the electron beam density. Ry and Ry — inner
and external electron beam’s radii, R, — waveguide wall, and ne

— unperturbed electron density

superconductive walls in an external constant magnetic
field H, 17 €,. The profile of the electron beam density
distribution function is shown in Fig. 5. The unperturbed
beam velocity is constant and equals v,o in the axial
direction.

It is obvious that such a beam will be subjected to
the diocotron instability because of a shear of the medial
angular velocity which exists in the system [5]. However,
it is possible to select such a profile of the electric field,
at which the beam will make motion with a constant
value of the angular velocity 2 = const. For this
purpose, it is necessary that the electric field intensity
FE linearly depend on the radius r in the field of II. Such
a dependence corresponds to the system including two
surface charges of opposite signs (the first charge, o1 =
—(eneR1)/2, is located on the interior border of a beam
r = Ry, the second one, oo = (en.R3)/(2R.), is located
on the wave guide wall » = R.). Thus, in the system
consisting of a hollow beam and two surface charges
o1 and o9, the medial angular velocity is constant

Q= %[1 + /T (293)/%3} (we = (eH)/(mec) is the

Larmor frequency, and Q2 = (4me?n.)/m, is the electron
plasma frequency), and the diocotron instability will not
develop.

One can see that, at such allocation of charges, the
potential in the region 1 should be constant. Therefore,
without any loss of generality, the field 1 can be
counted both as a vacuum and as a metal as well. The
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Fig. 6. Experimental (1, 2) and qualitative theoretical dependences
(3) of a voltage drop on the radius. Beam current 10 mA (1) and
17 mA (2)

last statement corresponds to the general expedients of
producing of hollow beams.

In Fig. 6, the experimental dependences of a voltage
drop on the radius are given (curves I and 2) relatively
to the above-stated theoretical assumptions (curve 3)
concerning surface charges.

The dispersion equation featuring the propagation
of electrostatic waves in a cold electron hollow
beam is possible to obtain from the equations of
magnetohydrodynamics using the approach enunciated
in [5]. Considering small harmonic additives to the
velocity v, potential ¢, and density n., it is possible to
easily obtain the equation

/
{ |:51"€2R1 7Jl (K2Rl)
1 (K

X[Jl (K/QR]_) Nl/ (HQRQ) — Jl/ (KQRQ) Nl (KQR])}K}QRQ}/

Ji(kaR2)  K1Ry /
/{ Ji (kaR1) G (R, R.) [Kl (k1Re) I} (k1 R2) —

—Kj (k1R2) I; (k1 R.)] +

!/
+ [lsgjl (raRa) _ g1k Ry - Ji (2 F) (@Rl)} } -

Ji (k2 R1) Ji (k2 R1)
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Fig. 7. Areas of stable oscillations in the space of parameters 61 =

number [. a, b, ¢, d correspond to l = 1, 2, 3, 4, respectively
= g1k Ry [Jl (HQRQ) Nl/ (HgRl) — Jl/ (HgRl) N, (Iing)}*F
+Kk1 Ry [Jl (Kle) N, (KQRQ) —J; (HQRQ) N, (K,QRl)]X

I (k1 Ry)

X ———= +leg|J; (koR1) Ny (ko Rg) —
T (s1iRy) 2[1( 9R1) N; (k2R2)

(1)

where G(R2,R.) = K;(k1R:) I} (k1R2) — Kj (k1 R2) X
xI; (k1R:), Ji(x), Ni(x), Li(z), and K;(z) are the
Bessel functions, Neumann functions, modified Bessel
functions, and Macdonald functions, respectively, and [
is the order of a relevant special function. The following
notations are also introduced:

—Ji (k2R2) Ny (k2 Ry)],

QQ
€1:1_ < )

(w— 192 — k.v:0)° — (we — 29)°
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d
&, o = % and 7 = 2—‘ for different values of the azimuthal wave
- 02 (w. —29)
9 =
(w — 12 — k.v.0) [(w 19— kav20)? — (we — 29)2}
1 Q?
gz =1— =
(w—1Q — k.v.0)
k1 = kg = k., k3 = kZZ, where k, is the

longitudinal wave number, [ is the azimuthal wave
number. Hatches in Eq. (1) mean the derivatives with

respect to the argument of the appropriate higher
dJi(k;r)
dr;T

transcendental function, for example, n
r=R;

J| (k;R;). Equation (1) relates the oscillation frequency
w to the azimuthal wave number k., longitudinal wave
number [/, and the parameters R;, Rs, R., w. of the

equilibrium state.
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In the case of long-wave oscillations (k, = 0)

considered in experiments, Eq. (1) takes the form

2(14¢e9—c¢
(Rz/R()2l+1 2= 2) - (RQ/R1)21<(R1/R2)2L 1) %
LRQ/Ri)”—l —(e2 - 51)}

o (o Be/R)" 41
(El (Ri/R2)* —1 ! 62) ' @)

Let’s note that Eq. (2) in extreme cases, i.e. in the
limit Ry — 0 or Ry, — R, describes the dispersion
properties of a plasma cylinder or a plasma pipe,
respectively [5].

Equation (2) is the sixth-order equation for the
frequency w. Therefore, its analytical solution is
not obviously available. However, it is possible to
numerically determined values of such parameters as
Ri/Rs, Ra/R., Qe/we, at which the development of an
instability is possible.

In Fig. 7, the areas of stability in the space of the
parameters Ry/Rs, Ro/R., Q/w. are given for various
values of the azimuthal wave number [. The algorithm
of areas of stability is as follows: at the fixed values
Ri/Rs, Ro/R., Q¢/we, the relevant frequencies were
determined. In the case when all the solutions were real
(Imw = 0), the relevant point was mapped in the space
(for presentation, black colour in Fig. 7 shows the
stability area projections onto the §;ds-plane). It is
apparent from Fig. 7 that stable oscillations occur in an
electron plasma hollow beam in those areas, where the
Larmor frequency w, is much higher than the plasma
frequency €., and the beam external radius differs
slightly from the radius of the wave guide. In addition,
the relative share of stable oscillations (the ratio of the
volume of areas where the stable solutions exist to the
volume of space d1927) decreases with increase in [. It is
also possible to plot the area of existence of quasi-stable
(Im(w)/Re(w) << 1) oscillations. In Fig. 8, the area of
solutions with Im(w)/Re(w) &~ 1072 is given. Though,
such oscillations are unstable; however, their increment
is much less than the oscillation frequency.

The existence of quasi-stable oscillations may
explain, in our opinion, a series of experiments [3, 9,
11] stated in Section 2, in which the electron beam
(with 01,02 ~ 1 and 7 << 1) exists the enough long
time (7 ~ 1073 s) much exceeding that required for the
diocotron instability development, 7p ~ 1075 s.
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Fig. 8. Area of quasi-stable (Im(w)/Re(w) << 1) solutions for the
I=1 mode (quasi-stable oscillations take place in the area below

the surface)

4. Conclusions

Thus, we come to the conclusion that, when electron
beam with a large velocity spread is injected, the long-
lifetime electrons are accumulated in the drift space
located in the magnetic field, the accumulated density
of particles being a noticeable fraction of the injected
electron beam density.

It is experimentally proved that:

a) oscillations of non-neutral particles in the drive space
have diocotron nature.

b) oscillations are localized in the drive space along the
axial direction.

c) oscillations exist for aa rather long time, 10 msec,
after the impulse termination. That may be caused by
the capture of slow particles during the injection.

The theoretical explanation of the experimental
results mentioned above can be given within the
framework of the model considering a tubular electron
beam with constant density profile. The dispersion
equation obtained under the assumption of the shearless
rotation of a tubular beam predicts the existence of
stable oscillations in cases where the external beam
boundary is close to a wave guide wall. It is shown
that, with increase in the azimuthal wave number [,
the relative share of stable oscillations of an electron
plasma tubular beam decreases. It is shown that, at
small densities of electrons, the existence of quasi-stable
oscillations is possible. The theoretical estimation of the
lifetime of entrapped particles in the case of quasi-stable
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oscillations Im(w)/Re(w) ~ 1073 demonstrates a good
agreement with the experimental results.

1. Malmberg J.H., O’Neil T.M., Hyatt A.W., Driscoll
C.F.//Proc. 1984 Sendai Sumposium of Plasma Nonlinear
Phenom., 1984. — P.31.

2. Bollinger J.J., Wineland D.J. // Phys. Rev. Lett. 1984. 53.
P.348.

3. Bizyukov A., Volkov E.D., Tarasov I.K.// Problems of
Atomic Science and Technology, 2002, N 4, series Plasma
Physics (7). — P.146—148.

4. Malmberg J.H., Driscoll C.F. // Phys. Rev. Lett. 1980. 44.
P.654.

5.  Davidson R.C. Theory of Nonneutral Plasmas. Reading. —
MA: Benjamin, 1974.

6. Finn J.M. et al. // Non-neutral plasma physics III, AIP
Conference Proceedings, Princeton, New Jersey, August 1999.
— P.198—207.

7. Kabantsev A.A., Driscoll C.F. // Non-neutral Plasma Physics
11, AIP: Conf. Proc., Princeton, New Jersey, August 1999. —
P.208—213.

8. Gianni G.M. et al. // Ibid. — P.129—134.

9. Kriworuchko S.M., Tarasov I.K. // Plasma Phys. Repts. 19
(11), Nov. 1993.

10. Atkinson H.H. //1962a, Proc. 4th Intern. Congress on
Microwave Tubes, September, 1962 Eindhaven: Centrex,
1963. — P.559.

558

11. Bizyukov A.A., Volkov E.D., Tarasov I.K. // Problems of
Atomic Science and Technology, 2002, N 4, series Plasma
Physics (7). — P.144—145.

Received 03.08.05

CTIMIKICTD EJEKTPOHHOTO ITYUKA I3 CUJIBHUM
PO3KUIOM 3A HIBUIKOCTSIMU

Y CAMOY3I'OJI?KEHII TTACTIII
[IEHHIHTA—MAJIMBEPTA

B.1. Jlanwun, I.K. Tapacos, I.B. Txavwenxo, B.I. Txauenxo
PeszowMme

ExcriepuMeHTANBHO 1 TEOPETUYIHO AOCTIA?KEHO IPOIEC HAKOINIEH-
HsI Ta YTPUMAHHSI 3aps/I2KEHUX YACTUHOK IIiJ] Jac iHxKekmil TpyO-
9aCTOr0 €JIEKTPOHHOIO IyUKa, IO € PO3MHUTUM 3a IIBUIKOCTSIMH.
Ily4gok OyJio iH2KeKTOBaHO y KaMepy Apeiidy, 1o nepebyBaja y
CHJILHOMY 30BHIITHBOMY [TO3J0BXKHBOMY MariTHoMy nosi. Excrre-
PHUMEHTAJIBHO JIOBEJEHO, IO IIiJ] Yac 1HKEKI[il (POPMYETHC KOJIEK-
TUBHA CAMOY3IO/PKEHa eJIeKTPOHHA nactka. 11in yac dopmyBaHHs
BOHA 3aXOILIIOE €JIEKTPOHH IIy4YKa i yTPUMYy€ IX y IPOCTOPi KaMepu
npeiidy. IcHyBaHHS KOJIEKTUBHOI CaMOY3TO/IZKEHOI MAacTKH (OCTaH-
HIO CTI{I0 €KCIIEPUMEHTY ) TEOPETUIHO MOXKHA, HOSICHUTH 38 JOIIO-
MOT'OIO MOJIEJIi, 1110 PO3IJIsAIa€ €BOJIIONII0 6e31npoBol porariil Tpyo-
9aCTOro eJIeKTPOHHOI'O Iy YKa. AHATITUIHO OTPUMAHO AUCHEepCiiiHe
PiBHAHHS JIJIsl TAKOT'O IIy4YKa Ta IIPOBEJIEHO OIIHKY YTPUMAHHS 3a-
PSAIPKEHUX YaCTUHOK y macTii. st nporo y mpocropi mapamer-
piB ekcriepuMeHTy OyJi0 HMOOYAO0BAHO IMOBEPXHI, IO BlIIOKPEMJIIO-
IOTh HECTiiiki KosimBaHHsA Bif crifikux. Pe3sysbraTté TeopeTHYHHX
JOCTIIKEHb 106pe y3rozKyIOThCS i3 eKCIIEPIMEHTOM.
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