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А.А.ОГАНДШШ

МАГНИТНАЯ ЛИНЗА ДЛЯ ФОКУСИРОВКИ

ПРЕЦИЗИОННЫХ ПУЧКОВ

Рассмотрена конфигурация обмотки магнитной линзы* которая

реализует поле, фокусирующее пучок сразу с обоих поперечных

направлений по принципу жесткой фокусировки. Пространствен-

но-периодическое магни кое поле линзы представлено рядом Фурье,

выписаны амплитуды гароннк? которые являются функционалами

формы изгиба проводников в обмотке. Свободные параметры - ам-

плитуды фурье-гармоник и период поля, могут быть оптимизирова-

| ны по динамике пучка ьа счет выбора формы изгиба проводников

1 в обмотке. При уменьшении апертуры линзы увеличивается ее фо-

! кусирующая с па и однсгрзменно появляется возможность укоро-

j чения периода иагнитного поля без уменьшения амплитуды поля.

1 Это обстоятельство мотет быть использовано при применении

I предложенной линзы для фокусировки прецизионных пучков. -

Ереванскл; физический институт

•Зреван 1986
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The winding configuration of the magnetic lens which realizes the field
:
ocus1ng the beam simultaneously In both transverse directions according to

Ле alternating-gradient focusing principle 1s considered. The space-periodic

Magnetic field of the lens 1s presented as a Fourier series; the amplitudes

cf harmonics that are functional* of the bend shape of conductors In the

winding are written out. The free parameters, I.e. the Fourier-harmonic am-

plitudes and the field period, can be optimized with respect to the beam dy-

namics, owing to the choice of the.conductors bend shape In the winding. At

decreasing the lens aperture Its focusing strength enhances and simultaneous-

ly there appears a possibility of shortening the magnetic field period withou'

reduction of the field amplitude. This circumstance can be used with the Tens

proposed for the precision beam focusing.

Yerevan Physics Institute
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In Ref. [l] there was considered the dynamics of electrons 1n the fields

of periodically bent current-carrying conductors. It was shown that the magne-

tic field of two such conductors, parallel-connected to the power source and

disposed 1n the same plane at equal distances from the longitudinal axis,

focuses the paraxial beam In one direction and defocuses It In the other,

ifhen adding extra two current-carrying conductors (whose field defocuses 1n

the first direction and focuses In the second one), disposed so that to pro-

duce alternating along the axis sections at which, first, the first-pair

field 1s stronger, then, the second-pair one 1s and vice versa, then there 1s

formed a simplest configuration of alternating-gradient (A6) focusing field

sources. The shape and disposition of the second pair of conductors as well as

the current Intensity and direction In It (all these determined by the zero-

equality condition of the Fourier-series steady component of the focusing

field) may be preset 1n a non-unique way. These can be a pair of rectilinear

or periodically bent conductors with reverse-directed and Intensity-selected

:urrent disposed 1n the same plane or a pair of conductors located In per-

pendicular plane, and so on. Note that the magnetic field period 1s preset by

the conductor bend period and 1s equal to It.

In order to Increase the focusing magnetic field amplitude, one can



arrange several such simplest configurations of sources, on the cylindrical

surface in radial planes. In this case the relative directions of currents

in them are chosen such that to minimize the focusing field quenching. As a

result, such AG focusing lens acquires the same form as a superconductive

magnetic quadrupole with double-layer winding (see, e.g. (2] ) 1n which the

conductors of at least one layer are periodically bent along the lens axis

1n radial planes. The current direction 1n the layers 1s mutually reverse,

while the ratio of current Intensities 1s chosen from the absence condition

of zero Fourier-harmonics of focusing field.

In this paper the fields of such lens are written out as well as the

stability of paraxial trajectories In them 1s shown.

Let the z-ax1s be aligned with the lens axis, and 2N conductors of each

layer of the winding are located on the cylindrical surface In radial planes

which make an angle cC- , L • 1,..., 2N with the plane у • 0 ( N 1s

the number of simplest configurations of the AG focusing field sources). The

field H of such a lens, linearized by small deviations from the axis,1s

defined by Biot-Savart's law and Is written 1n the form:

where

* Z <•№

ё£. €j£. € j are unit vectors along the x, y, z axes, respectively;
£• • ±1 determines the current relative direction In a L-th conductor;

С 1s velocity of lights 0 1s current Intensity 1n the winding first

layer, 3- <£ - 1n the second layer; the periodic with X -period j



ana f(i) functions preset the shape of the first' and second-layer con-

ductors, respectively (In the general case this shape may be different for

different conductors and then the Integration 1n (1) Is carried out under the

summation sign In ( 2 ) ) .

Let the conductors be connected to the power supply so that о[ * 1

a t - ^ « t f £ < 1 - and £ т Г < 4 < £ т , and <£ « -1 at f U ^ T T

and ̂ TT<dti < JJ-rr • Then g »<<•<*«!• Х ^ И ^ ( j?| ~ N

at large N ) . Preset the periodic fU) and ^(г) functions as the

Fourier series:

n*« •»*'

where jg, = * E .arid ^(i) and

In this case, for field (1) we have:

are taken even for simplicity.

(4)

where

»n«t

о©



К 1 ~ -

К « 6 0 а^е McDonald's functions. When deriving (4), the vanish condi-

tion for the direct field component 1s taken Into account:

which determines the parameter o£ .

From formulae (4), (5) It follows that essential are only those field

harmonics whose К numbers are small as compared to &Ч$. /"X » at larger

values of К * the harmonic amplitude decreases exponentially due to

McDonald's function.

The electron trajectories 1n field (4) are described'by Hill's equations

of the form:

££-*..?и-омы-ъ*о '"

«here K, * •? j e - • ctk 3- , £ 1s electron charge, В 1s vele-



city In units of light velocity» У Is Lorentz factor.

If 1n expansion of (4) field the constant term had been preserved, it

would have entered Eqs. (7) with different signs, and then one of the

equations would have given unstable solutions. Therefore the condition (6)

Is necessary for the stability of paraxial trajectories 1n both directions.

On the other hand, different signs standing before the alternating part of

field 1n (7) do not prevent from coming Into stability region both 1n x

and у directions (see, e.g. [з] ). If, In particular, &ТГХ#^/д ^ 1

and one can neglect 1n (4) all harmonics except the first one, then the Hill

equations transform Into Mathieu's equations, and at K,<- f solutions

of (7) are In the first stability region of Mathieu's equations. The calcu-

lation of betatron oscillations by Eqs.(7) can be done by one of the methods

cited, e.g., 1n [4] .

Here the following s wld be noted. The transverse motion 1s determined

by amplitudes n* of magnetic field harmonics which by relation (5) are

expressed through amplitudes 7* and ft, of expansions (3) and may vary.

This circumstance can be used to suppress certain harmonics (e.g. those close

to resonance ones) In the electron oscillation spectrum. Besides, the magne-

tic field period In the lens can be optimized by the lens focusing strength.

The numerical values of the field gradient can be estimated according to

the following model. Let $(i) and Ф ( 2 ) functions, presetting the con-

ductors bend shape, be step functions: £ & ] = 1» at ^*6»-|)<1 < Л и

and ffe) = 1 , at " X n < 2 < A - ( » * i ) , t, > Ъ
в
 . П = 0,±l,±2,...,

and W * } - f ( j + Ъ>\ . If the lens winding 1s c?oled by running water,

then the maximal Intensity of current transmitted through the winding can be

found by equalizing the heat released In the conductors to that taken off

by water. Let the Interval between the t -th and ( t.+ l)-th conductors

at a distance of 1» from the axis be equal to the conductor diameter,



the convective heat transfer coefficient m Newton-Richmann's formula be

equal to 2 • 104 • W (n/sec) [5] ( W 1s the water speed). Then the gra-

dient n of the lens magnetic field can be evaluated by the formula:

' s 8.1 • V W («/sec)' (kgauss/cm)

Having a knowledge of the cooled region aperture, one can connect H with

the water flow rate; e.g., at *U • 3 cm, 1 ( • 10 en and 0.5 1/sec water

rate /̂ cr 1 kgauss/cm. One should bear 1n mind the approximateness of

these estimates, which Is due to Inaccuracy In the determination of the heat

transfer coefficient. At large currents the Interaction forces between the

conductors In winding Increase, and hence the requirements for the conductors

fixing Increase too. The presence of the fixing elements, which are not con-

sidered here, results In worsening of heat transfe;. so the real values of

the gradient will be lower. The gradient will come out higher when using

superconductors.

The proposed magnetic A6 focusing lens can be used for the focusing of

the precision beams,* since the phase volume of such beam enables one to

reduce the lens aperture, due tc which the focusing strength of these lenses

enhances. Simultaneously with the aperture reduction there appears a possibi-

lity to shorten the magnetic field period without decreasing Its amplitude.

The demagnetization factor does not allow one to use the ferromagnetic mate-

rials 1n this case.
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