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For three types of electrostatic lenses the focusing length is proportional, accordingly, to the second-, or first-, or
half-power of the parameter representing the relation of a charged particle accelerating potential to a lens potential. Ac-
cordingly, for magnetic lenses the focusing length is proportional to the second-, or first-, or half-power of the parame-
ter representing the relation of the particle kinetic momentum to the electromagnetic component of its canonical mo-

mentum.
PACS: 52.40.M;j

1. INTRODUCTION

For axial-symmetric lenses, focusing is effect of either
second, or first order, i.e. the optical force is proportional
to the second or first degree of focusing fields (e.g., see
[1, 2]). The second order lenses are traditional electrostat-
ic or magnetic thin lenses used in the beam optics. The
first order lenses of increased force have either extrinsic
charges (in case of electrostatic lenses) or extrinsic cur-
rents (in case of magnetic lenses). The focusing length of
electrostatic lenses is proportional to the second or first
degree of parameter representing the relation of a charged
particle source potential to a lens potential. In this work a
similar parameter for magnetic lenses is considered: that
is the relation of the particle kinetic momentum to the
electromagnetic component of its canonical momentum.
Furthermore, besides of these first and second types of
lenses, there is third type. As was shown in Ref.[3], for
long uniform plasma electrostatic and magnetic lenses
with extrinsic charges or currents, the focusing length is
proportional to the square root of the mentioned parame-
ters. Further reduction of the focusing length is achieved
by imposing a profiled magnetic field compressing the fo-
cusing channel on a measure of the beam focusing.

2. VACUUM ELECTROSTATIC LENSES

In the vacuum electrostatic lenses the focusing is a
difference effect for focusing and defocusing electric
field. Therefore for all these lenses focusing is effect of
second order [1, 2].

The simplest example of the second order focusing
gives a vacuum electrostatic lens in the form of the thin
ring (with radius @) charged to a certain potential ¢. In
this case the focusing distance is as follows (see [2]):

L,=128(U/¢ )*ar3n, (1)
where U is the accelerating potential.

3. THIN ELECTROSTATIC LENSES WITH
EXTRINSIC CHARGES

The situation is different, if a lens has extrinsic
charges. In this case the electric field is everywhere fo-
cusing. Therefore the focusing be the first order effect,
and the focusing force is much greater because it is pro-
portional to first power of the parameter ¢ /U (¢<<U) [1].
These electrostatic lenses of increased force concern to
the second type, e.g., wire mesh lens (e.g., see [4]), Gabor
electron lens [5,6], Morozov plasma lens [2,7], and other.
In particular, D. Gabor proposed the magnetron lens with

side loop cathode. That lens was studied experimentally
in the work [8] (see Fig. 1) where ion beams with energy
up to 80 keV were focused.

e

Fig. 1. View of the magnetron lens [8]
In those experiments the main theoretical relations for
the magnetron lens were confirmed:
S

H, =640 /R, f-= T

where U is the ion acceleration potential (Volt), H..is the
critical value of the magnetic field (Oersted), R, L, and @,
are the radius, length, and anode potential of the mag-
netron lens, respectively.

For uniform Gabor lens the focusing electrostatic
force has the form F, = - 2Mneqr , where n is the elec-
tron density. In case of the thin Gabor lens, in the impulse
approximation [5,6], the focusing length is:

L, = Mv?/2neql = Ua® /§ (a)l , )
where M, g, and v are the mass, charge, and velocity of
ions; a is the radius of the electron lens, ¢ (@) is the po-
tential at r=q, [ is the length of the lens (it is supposed
that a << /<< Ly,

In the Morozov lens the electric potentials are inserted
into plasma by a set of the ring electrodes. In this case the
system of "charged" magnetic surfaces are created in the
plasma lens volume. The focusing length of the thin Mo-
rozov lens is [2, 7]:

Ly=aU/2§,0 (3)

U R?

where a is the lens radius, @ is the lens potential, © is the
geometrical factor (©~1).

4. EXTENDED ELECTROSTATIC LENSES
WITH EXTRINSIC CHARGES

4.1. The long Gabor lens
In this case the equation for the ion motion is:
P kGr=0, k&= Atneq/ Mv?, 4)
The expressions for ions trajectories and focusing dis-
tance are:
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2\ 2mneq 2 \ ¢ (a)

For a lens of length /<L, : L, =1+ ki'ctg(k ),
whence at K/ <<I it can be received the expression (2)
for a thin lens: L=(ksl)".

4.2. Long plasmaoptic focusing devices of Morozov type
in the uniform and non-uniform magnetic field

In the case of long plasmaoptic focusing device of
Morozov type, the ring electrodes can be placed near by
the lens faces at the lateral surface, i.e. at the input and
output of the magnetic force lines (see Fig. 2); so, the ge-
ometrical aberrations are reduced to minimum. The equa-
tion of the focusing ion motion has the form [9]:

Ptk r= 0, ki = 2q8 o/ Mvia®, (6)
where M, g, and v are the mass, charge, and velocity of
ions; a is the radius of the boundary magnetic surface, ¢ ,
is its potential. The expressions for ion trajectories, and
focusing distance in the lens are:

rIr, cos(kMz), L= T Qky) ", (7)

where ry is the radius of the ion injection.
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Fig. 2. Uniform Morozov lens
For uniform long solenoid, the focusing distance not

depends from ion injection radius, i.e. focusing of the
wide aperture ion beams is possible. If the length of the

[<L,  then the
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lp=1+% kytetglky 1) . For “thin” lens (ky 1 << 1) the fo-

cusing distance /= (kj 1)

For non-uniform long solenoid, we can study the
problem of the external magnetic field increasing (from
the lens entrance to its end) by such a manner that the ra-
dius of the determined (so named "boundary") magnetic
surface can coincide with the focused ion beam radius, on
the whole lens length (see Fig. 3).

In this way, the efficiency and force of the lens are in-
creased sufficiently. The problem is being solved at the
paraxial approximation. In this case the equation of the
magnetic surfaces is as follows:

2] = a3 (o) a2, ®
where a(z) is the magnetic surface radius, B.(z) is the lon-
gitudinal magnetic field on the axis.

With account of (8), we receive the equation for fo-
cused ion motion [9]:

r'"+ rk}B.(2)/ B.(0)= 0,
kM 2499 / Mv*? ao, 9)
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where g is the initial radius of the boundary magnetic

surface at z =0, and § ,, is its potential.
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Fig. 3. Non-uniform Morozov lens

During the ion focusing and compression of the focus-
ing channel by the magnetic field, some ions (with large
injection radius) can move partly out of the focusing
channel. To put all ions in the focus, it is needed an opti-
mization of the magnetic field distribution. The magnetic
surface that limits the focusing channel is determined
from the condition that its radius (ao) coincides with the
radius of the focused beam (R). The functions R(z) and
B.(z) are determined from the equation:

R'+K /R=0,where K = 2qf o,/ Mv?>. 9)

In the real experiment the current channel compres-
sion leads to the certain value R, (not equal to zero) that
corresponds to the lens end coordinate z,. At this place the
current channel is finished (by a wire mesh or metallic
foil). Later on the inertial ion focusing in the focal spot
takes place. In the case of the parallel ion beam injection,
this coordinate is defined as the expression'

(L
[ gl

To conclude this section, we note that, as was men-
tioned in [1], the focusing length L, /7 U/¢ in thin elec-
tron and plasma lenses is much shorter than L, [J (U/¢)*
in vacuum ones. Formulas (5),(7),(10) show that, in ex-
tended electron and plasma lenses, the focusing length
obeys the dependence L, [7 (U/¢)"* and thus is even
shorter.

(10)
2K In RO/R

5. VACUUM MAGNETOSTATIC LENSES

The simplest example of the second order magnetic
focusing gives a vacuum lens in the form of the thin ring
of radius a, with current J. In this case the focusing dis-
tance is (see, e.g., [2]):

16 Mc? WRe?
md g2 g2
were c is the light velocity, ¢, M and W =MV*/2 are
charge, mass and kinetic energy of the ion.

As a parameter, it is expedient to use in the expression
for focusing distance the relation of the particle kinetic
momentum to the electromagnetic component of its
canonical momentum, i.e., MV/Pgy.. (For the circular cur-
rent Pry=qAy/c, where A, is the projection of the magnet-
ic vector-potential that is proportional to J.)

Instead A it is expedient to use expressions with the
same number of dimension: J/c or HgLr, where Hy and Lg
are the effective magnetic field and dimension of the lens.
For example, the formula (11) can take the form:

a9, (11
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As it was stated (e.g., see [1]), in the vacuum magnetic
lenses the focusing force is proportional to V.H,.H., where
H. and H. are the magnetic field components. So, for all
these lenses focusing is the second order effect.

6. THIN MAGNETIC LENSES WITH EXTRIN-
SIC CURRENTS

The situation is different, if a thin lens has extrinsic
currents (e.g., plasma magnetic lens [10,11,6], parallel
wires lens [12], magnetic horn [13], lithium and parabolic
lens [14], others). In this case the magnetic field is every-
where focusing. Therefore the focusing be the first order
effect, and the focusing force is much greater because it is
proportional to first power of the parameter MV/Pgy.. For
example, the focusing distance for the thin current carry-
ing plasma lens is:

_ My p?
2qJ /¢ 1
where J is the lens longitudinal current, b and / are the ra-

dius and length of the current channel. The focusing dis-
tance for the parabolic lens has the similar form:

.My RS
4qJ/c* Ly’
Ry and 2L, are the main radius and length of the lens.

7. EXTENDED UNIFORM AND NON-UNI-
FORM MAGNETIC LENSES

(13)

(14)

Let us consider the problem of ion beam focusing by
the extended plasma magnetic lenses. We investigate the
case that the current radius is determined by the external
non-uniform longitudinal magnetic field (see Fig. 4). The
problem is solved at the paraxial approximation; the equa-
tion of the magnetic surfaces is as (8).

We assume that in the case of the strong magnetic
field the electrons, which transport the current in plasma,
are moving along the cylindrical magnetic surfaces en-
closed one into another. The boundary conditions are: at
z=0, a(0) = b, where b is the radius of an electrode that
supply the current in the plasma (e.g., it is the inner elec-
trode of the plasma gun). As a result, the equation for the
focused ion trajectories will take the form [3]:

F'+ k*rB_(z)/B,(0)= 0, k? = 2Iq/ Mc*vb*  (15)
In Eq. (15) I is the current in plasma, ¢ and M are the
charge and mass of the ion, c is the light velocity, v is the
ion velocity, b is the initial radius of the current channel.
Under condition B.(z)=const (or 0) from Eq. (16) we
have: 7= 1y coskz | and the focusing distance in the plas-

ma: L,=m/2k. For a I<L;:

Ly=1+4 k™ 'ctg(kl) , whence at kI <<l , (i.e., for a thin

lens): L=(K’I)".

To put together all ions in the focus, it is needed an
optimization of the external magnetic field distribution.
The magnetic surface that limits the current channel is de-
termined from the condition that its radius (R) coincides
with the current channel radius (b) and the radius

lens of length

of the focused beam. The functions R(Z) and B,(2)are
determined as it follows:

R'+Kk/R=0, (16)
where Kk = 2ql / Mvc? [ Py [Mv .
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Fig.4. Non-uniform plasma magnetic lens

In the case of the parallel ion beam injection, the solu-
tion of Eq. (17) takes the form:

2= b1 /260 o [V2Inb/R). (17)

In the real experiment the current channel compression

leads to the certain value Rg (not equal to zero) that cor-

responds to the lens end coordinate z,. So, the focus coor-
dinate is defined as follows:

z :b\/T‘D oH 21niH+ R

In conclusion of this part, we add the following re-
mark. For vacuum magnetic lenses the focusing length

. (18)

L,0«k 2 , but for short magnetic plasma lenses L,
0k ', ie., it is much less. In this work it is shown that
for long plasma magnetic lenses L, 0 (k '1)1/ 2 ie., itis

more less. The compression of the focusing channel gives
additional gaining of several times over.

REFERENCES

1. J.D.Lawson, The Physics of Charged-Particle
Beams, Oxford, 1977.

2. Al Morozov and S.V. Lebedev, in Reviews of
Plasma Physics, Ed. By M.A. Leontovich, Consultant
Bureau, New York, 1980, Vol. 8.

3. B.L Ivanov, Problems of Atomic Science and Tech-
nology, 1999, No. 4, p. 81.

4. V. Derbilov, e.a., ibid., 2000, No. 3, p. 33.

5. D. Gabor, Nature, 1947, V. 160, 89.

6. G. Hairapetian, AIP Conf. Proc.,
p. 174.

7. A.lL Morozov, Sov. Phys. Dokl., 1966, V.10, p. 775.

8. V.E. Ivanov, Studies of focusing properties of space
charge in a magnetron, Dissertation, FTI AN USSR,
1951, 200 p. (in Russian).

9. V.1 Butenko, B.I. Ivanov, Plasma Physics Reports,
2001, V.27, p. 511.

10. W.K.H. Panofsky, W.R. Baker, Rev. Sci. Instr., 1950,
V.21, p. 445.

11. E. Boggasch, A. Tauschwitz, H. Wahl e.a., Appl.
Phys. Lett., 1992, V 60, p. 2475.

12. D. Luckey, Rev. Sci. Instr., 1960, V 31, p. 202.

13. S. Van der Meer, CERN 61-7, Geneva, 1961.

14. B.F. Bayanov, G.I. Budker, G.S. Willewald e.a.
Proc. of the Intern. Conf.- on High Energy Accel.,
Protvino, 1977, V. 2, p. 103-108 (in Russian).

1995, V.335,



	1.  INTRODUCTION
	2. VACUUM ELECTROSTATIC LENSES
	5. VACUUM MAGNETOSTATIC LENSES
	REFERENCES

