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Abstract

An intense electron beam travelling axially through the opening of a superconductor

tube is studied. Our model calculations show that the beam is focused by the supercon-

ductor tube when the space-charge effect of the beam electrons is compensated. The tube

functions as a lens for electrons injected parallel to the tube axis and also for electrons

having a small initial radial velocity component. The electron trajectories are computed,

and the focal length of the superconductor tube is estimated.

Introduction

Recently, a superconductor lens [1-4] has been proposed which comprises a super-

conductor tube through which electrons or any other charged particles can travel axially.

Perfect superconductors show an infinite electrical conductivity and a diamagnetic behavior

in response to an externally applied magnetic field. Thus, the principle of the focusing by a

superconductor tube is assumed to be as follows: When an electron beam is injected into a

type-I superconductor tube, for example, the self-magnetic field of the beam cannot

penetrate into the inner wall of the tube. The amount of the self-magnetic field must be

smaller than the critical field strength of the superconducting material. The magnetic

pressure generated due to the Meissner effect of the superconductor causes the self-mag-

netic field to be confined between the electron beam and the inner tube wall. Accordingly,

the compressed magnetic self-field acts back on the beam and tends to focus it. Experi-

ments carried out by Matsuzawa et al. [1, 2] using intense pulsed electron beams indicate

the focusing ability of high-Tc oxide superconductor lenses. Cooling down such a lens, a

reduced diameter of the focused electron beam has been observed at temperatures below the
superconducting transition temperature Tc. This temperature-dependent focusing supports

the idea that a superconductor model can be applied to explain the focusing effect.

In the present paper we suggest a superconductor-tube model considering a com-

plete expulsion of the flux of the self-magnetic field from the superconductor due to the

Meissner effect. For simplification, a non-pulsed continuous electron beam is considered.
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Superconductor-tube model, electron trajectories, and focal length
As a model of the superconductor tube we suppose a circular channel of radius R

through a space filled with a perfect superconductor. To determine the magnetic field gen-

erated by a continuous electron beam carrying a current I through the tube (channel), a cur-

rent image method is used [4], Further, inside of the tube are positive ions of a number

density per axial length n + . The space charge of the electrons having a number density n_

is thus partly neutralized. The space-charge effect is supposed to be compensated so that
the relation n + /n. = 1 - {fi is satisfied, where (5 = vy/c is the ratio between the axial

electron velocity along the tube axis vv and the speed of light in free space c. The force

acting on electrons travelling nearly parallel to the tube axis tends to drive the electrons to-

ward the tube axis because it is created by a repulsive interaction between the electron

beam and induced superconducting screening currents flowing within the superconducting

tube material. If the amount of the radial distance x of the electrons from the tube axis is

small as compared to the inner tube radius R, the equation of electron motion is written as

x + OJ2 x = 0 , (1)

where
a;2 = e I vy (1-02)1/2 {2ir mo)-l R - 2 .

In Eq. (2), /x0 denotes the permeability of free space, e the electron charge, I the electron

current, and m0 the electron rest mass. The solution of Eq. (2) is a harmonic oscillation

around the tube axis :

x (t) = x0 cos (o) t) + ( vx0 / o) ) sin (co t) , (3)

where x0 is the initial radial distance of the electrons, vx0 the initial radial velocity of the

electrons at the tube inlet (vx0 <5 vv), and co the electron oscillation frequency (multiplied

by 2TT).

When the electrons are injected parallel to and near the tube axis (vx0 = 0,

x0 <£ R), their frequency w is related to a focal length f,

f = ( x 3 m o c / 2 e ^ o ) 1 / 2 R I"1/2 { [ ( e U / m o c 2 ) + 1 ] 2 - 1 } 1 / 4 , (4)

where U denotes the electron acceleration voltage corresponding to vy. The ratio between

the focal length f and the inner tube radius R as a function of the electron current I is plot-

ted for typical values of the acceleration voltage U in Fig. 1.

Figure 2 shows a set of exemplary electron trajectories computed without the ap-

-364-



Fig. 3: Ratio between the focal length f according to Eq. (4) and the inner radius R of the
superconductor tube as a function of the electron current I. The parameter of the curves is
the electron acceleration voltage U corresponding to the axial electron velocity v,,.

2 R

superconductor tube

Fig. 2: Trajectories of electrons travelling through a superconductor tube having the inner
radius R. The parameters of the trajectories are R = 1 cm, U = 270 kV and I = 800 A.
The space-charge effect is compensated (n + /n. = 0.42). The focal length is about f = 5.5

cm. The electrons start from the center O of the tube inlet and from the point P at a radial
distance of x0 = 0.15 R. The initial radial velocities are set to be vx0 = n (+ 3 • 106 m/s),
n = 0, 1,2, 3, 4, respectively.
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proximation used to get Eq. (1). In a first case, the electrons start on the tube axis (x0 =

0). The corresponding trajectories (O->O ' ) shown in Fig. 2 intersect each other on the
tube axis if the injection angle of the electrons is small (arctan (vx0 / vy) <^ 1). The focal

length is 2 f. In a second case, the electrons are emited from a point P located at a radial
distance x0 from the tube axis. The electrons emited from point P cross the tube axis at

various points, however, they are focused to the common point P'. The focal length re-
mains nearly unchanged when the radial distance x0 of the point P is increased, provided

that the value of x0 is kept small compared to the tube radius R. When x0 is further

increased, however, the focal length is reduced because the focusing force increases when
the beam approaches the inner wall of the tube. The distance of the focus point P' from the
tube axis is x0. The superconductor tube functions as a conventional lens; however, in

contrast to a well-known magnetic electron lens the image (P1) is not rotated with respect

to the object (P).

Conclusion

We have computed the trajectories of electrons which travel through a supercon-

ductor tube and the space-charge effect of which is compensated. The electrons oscillate

around the tube axis. If they move in the vicinity of the tube axis, their harmonic oscilla-

tion frequency is given by Eq. (2). Therefore, the superconductor tube may function not

only as an electron lens or guide but also as a wiggler for free-electron lasers [5j. To verify

our model, the focal length of superconductor tubes should be investigated experimentally.

For example, we evaluate with I = 800 A, U = 270 kV, and R = 1 cm a focal length of

about f = 5.5 cm according to Eq. (4). Similar parameters I, IJ, and R has been used in

the experiments [1 j in which the total length of the superconductor tube was in the range of

about (3 ... 14.5) cm. The value of f = 5.5 cm estimated employing our focal length equa-

tion (4) is found to be within this range. Obviously, the electron motion will be affected by

damping effects which are, however, beyond the scope of our simple model. Further, in

contrast to the above experiments using pulsed electron beams, we have considered here

non-pulsed ones. An electron pulsation added to our superconductor-lens model is under in-

vestigation [6].
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