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[Ipenpunt EQU-943 (94 )~86

A.A.OTAHIXAHAH

MATHATHAA JMH3A INA QOKYCHPOBKM
IPEUM3AOHHNX NYYKOB

PaccMorpeHa KOHQMIypanua OCMOTKHM MAPHMTHONE JMH3H, KOTOpAs
peahuayer none, Goxycumpymliee IyIO0K cpasy ¢ 0OOMX NONESPOYHHX
HanpaBle HKE [0 NPRHUMNY XSCTKO} HOKYCHDPGBKMA. [IpocTpanCTBEH~
HO-NIepUOZMUECKOe MATHN KO8 KCle ZMHSH NPeACTABASHO pRAOM dypse,
BHITNCAKH aMAAMTYAH Tap JHNK, KOTODHE ABNANTCH (QYHKLMOHAZAMH
dopun M3ruta NpoBOAHAKOB B OOMOTKE, CBOCOJAHNE HapsMeéTpH — au-
nIaTyZu Qypbe~TapMOHUK ¥ NOPHOZ NONA, MOPYT OHTH ONTHMA3KDPOBA-
HH N0 JpHaMBKe NyyKa sa cyeT BHOOPA (HOPMH M3THO&E NPOBOAHHKCB
B OOMOTKe. [Ipn YMOHBUCHUHM ANGDPTYPH NMHAH yBEJMUMBaeTCHA €€ (O~

Dt . e
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NpesnoxedHo!l NMH3H LNA (YOKYCHDPOBKH NPEIM3MOHHHX IIYYKOB.
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Preprint E®N-943(94)-86

A.A. OHANJANYAN

A MAGNETIC LENS FOR PRECISION BEAM FOCUSING

The winding configuration of the magnetic lens which realizes the field
“ocusing the beam simultanecusiy in both transverse directions according to
<he alternating-gradient focusing prinéiple is considered. The space-periodic
magnetic fleld of the lens 1s presented as a Fourier series; the amplitudes
of harmonics thai are functionals of the bend shape of conductors in the
winding are written out. The free parameters, {.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 ;nd simultaneous-
1y there appears a possibility of shortening the magnetic field period withou:
reduction of the field amplitude. This c“lrcumstance can be used with the lens -
proposed for the precision beam focusing. '

Ca Yerevan Physics Institute
v Yarevan 1986

R o o



In Ref, [1] there was considered the dynamics of electrons in 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 in the same plane at equal distances from the Tongitudinal axis,
focuses the paraxfal beam in one direction and defocuses it in the other,
fhen adding extra two current-carrying conductors (whose field defocuses in
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-pafr one {s and vice versa, then there is
formed a simplest configuration of alternating-gradient (AG) focusing field
sources. The shape and disposition of the second pair of conductors as well as
the current intensity and direction in 1t (all these determined by the zero-
equality condition of the Fourter-series steady component of the focusing
fleld) may be preset in a non-unique way. These can be a pair of rectilinear
or periodically bent conductors with reverse-directed and 1ntensity-se1écted
surrent disposed in the same plane or & 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 is equal to 1t.

In order to increase the focusing magnetic field amplttude, one can



arrange several such simplest ﬁonf1gurations of sources on the cylindrical
surface in radial planes. In this case the relative dir ctions of currents
jn 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] ) 1in which the
conductors of at least one layer are periodically bemt along the lens axis
in radfal planes. The‘curr§nt direction tn the layers 1s mutually reverse,
while the ratio of current intensities is chosen from thé absence condition
of zero Fourier-harmonics of focusing fleld.

In this paper the fields of such lens are written out as well as the
stability of paraxial trajectories in them is shown.

Let the 2z-axis 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 of; , L =1,..., 2N with theplane y =0 (N is
the number of simplest configurations of the AG focusing field sources). The
field ;T of such a lens, linearized by small deviations from the axis,is
defined by Biot-Savart's 1a! and 1s written in the form:

—~
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where

v 4
2= tZ’ gy (& (rentdy + XSin3d, B (readd; - $sinadr)], (2

é: R é:.. é; are unit vectors along the x, y, z axes, respectively;
O = 21 determines the current relative direction in a - L~th conductor;
C s velocity of light; 3 1s current fntensity in the winding first
layer, 14, - in the second layer; the pertodic with A -perfod $(@)



ano f{ z) 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 in (1) 1s carried out under the

surmation sign in (2)).

Let the conductors be connected to the power supply so that J: s 1
at—},'-ruc,:(%- and évcau fvr , ard d: . -1 at}}(og(&-w
a Fred < Ew o Then T=bluexg)cyr  (IEl~N
at large // ). Preset the perfodic ;F(E) ad P(2) functions as the

Fourier series:

OE { +Z_§ -teAne 2 ‘f’li) Z‘f’ cAnee, (3)

h=t

where » = .‘i.". »and £(z) and f(2) are taken even for simplicity.
In this case, for ffeld (1) we have:

‘ (4)
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K”(x) are McDonald’s functions. When deriving (4), the vanish condi-
tion for the direct field ccmponent 1s taken into account:

.‘l( ) +bwmh =0 (6)

q KesD

which determines the parameter J: .
From formulae (4), (5) 1t follows that essential are oiﬂy those field

harmonics whose Kk numbers are small as compared to 2113;" /)‘ ; at larger
values of K , the harmonic amplitude decreases exponentially due to

McDonald's function.
The electron trajectories in field (4) are described by Hi11's equations

of the form:

£ .
ffs * Ko fk;%kzz X=0

K=l

2 : (7)
# *K--Sh;wxaez 4 =0
f 3 )

shere K = _QL__ . r/t2 -E— » € 1s electron charge, f is velo-



city in units of 1ight velocity, X is, I.brentz 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 sﬂutibns. Therefore the condition (6)
1s necessary for the stability of paraxial trajectories in both directions.
9n the other hand, different signs standing before the alternating part of
field in (7} do not prevent from coming into stability region both in x
and y directions (see, e.o. [3} ). If, in particular, 9.1!‘5;”/3 2,1
and one can negiect in (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., in [4] .

Here the following ¢ wld be noted. The transverse motion is determined
by ampl{tudes '1. of magnetic field harmonics which by relation (5) are
expressed through amplitudes ¥, and . of expansions (3) and may vary.
This circumstance can be used to suppress certain harmmonics (e.g. those close
to resonance ones) in the electron osciilation 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 §(2) and ¥(2) functions, presetting the con-
ductors bend shape, be step functions: §(2)= %, at A-(n-)¢2<An
and .fl!)‘ =1, at And<2& ?v(uvk) y T, 2% » N =0,21,22,..,
and Pla)= §{a+ }) . If the lens winding is czoled by running water,
then the maxima) 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 L -th and ( L + 1)-th conductors
at a distance of ‘L, from the axis be equal to the conductor diameter. and
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the convective heat transfer coefficient in Newton-Richmann's formula be
equal to 2 - 10% . Wr (m/sec) [5]- ( W 1s the water speed). Then the gra-
dient H / of the lens magnetic field can be evaluated by the formula:

H' =~ 8.1 J W (m/sec) {kgauss/cm)

Having a knowledge of the cooled region aperture, one can connect H, with
the water flow rate; e.g., at Lo=3 om, " =10 cmand 0.5 1/sec water
rate H":: 1 kgauss/cm. One should bear in mind the approximateness of
these estimates, which 1is 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 wiil come out higher when using

; uperconductors.

The proposed magnetic AG focusing lens can be used for the focusing of
the precision beams, since the phase volume of such beams enables one to
reduce the lens aperture, due to which the focusing strength of .these lenses
enhances. Simultaneously with the aperture reduction there appears a possibi-
ity to shorten the magnetic fleld period without decreasing 1ts amplitude.
The demagnetization factor does not allow one to use the ferromegnetic mete-

rials in this case.
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