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The precision doublet of magnetic quadrupole lenses is presented. The doublet yoke and poles made from a sin-
gle piece of soft magnetic iron. Doublet manufacturing technology provides of alignment of the geometric axes in
the lenses with an accuracy of a few microns. The doublet geometry was chosen to obtain the maximum magnetic
induction at the poles for a given radius of the lens aperture as a result of numerical simulation. An experimental
study of the doublet properties was carried out using a setup for field reconstruction technique for magnetic quadru-
pole lenses. The relative position of the physical axes of the lenses (the geometrical location of points with zero
magnetic induction) and the magnitudes of the parasitic multipole field components were determined.
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INTRODUCTION

Magnetic quadrupole lenses are widely used both for
beam transportation' and formation of microprobes [2 -
4]. The physical feature of the magnetic quadrupoles is
that the mismatch of the beam axis with the lens axis
leads to beam deflection. This requires additional cor-
rection of the beam position. The problem of alignment
of the beam axis with axis of the single quadrupole does
not have an unambiguous solution, since under the
beam monitoring its position can be changed both by
translational displacement of the lens in the transverse
direction, and by tilting the lens relative to the trans-
verse axes of the coordinate system associated with the
axis of the beam. Due to the fact that the quadrupole has
natural astigmatism, systems from several lenses are
usually used. In this case, the problem of precise align-
ment can be solved by combining the lenses into an in-
tegrated module, when the axes of several lenses are
combined structurally by means of the manufacturing of
a single yoke and poles using wire electrical discharge
machining [5] or a special rigid module is used in which
the lenses are previously aligned [6, 7]. The axis of such
an integrated module of magnetic quadrupole lenses can
be aligned with the axis of the beam with high accuracy.
The alignment procedure in this case consists in the
alternating excitation of the module’s lenses, lateral
displacements and tilts of the module as a single unit
with monitoring of the beam position as a feedback.

In this work, we are considered the doublet of mag-
netic quadrupole lenses, the yoke and poles of which are
a single unit and are made of the solid piece of soft
magnetic iron using wire electrical discharge machin-
ing. This ensures the accuracy of the geometric coinci-
dence of the axes of the doublet lenses less than 5 pm.

1. SIMULATION AND DESIGN
OF DOUBLET

The geometry of the yoke and the poles of the dou-
blet of quadrupole lenses was determined on numerical
simulation of the distribution of magnetic induction as a
function of the current in the coils. The shape of the
surface of the poles has the form of truncated hyperbo-
las in order to minimize the magnitude of the parasitic
sextupole and octupole field components. Fig. 1 shows
the distribution of the magnetic induction at a current in
the coils of 1200 Ampere-turns. From this figure it can
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be seen that only the outer edges of the poles are most
saturated. The central part of the poles does not reach
levels of field strength when saturation occurs. This
makes it possible to increase the magnetic induction in
the pole gap for a given radius of the lens aperture.
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Fig. 1. Distribution of the magnetic induction vector
module in the yoke and poles of the doublet
of magnetic quadrupole lenses

Fig. 2. Doublet yoke and poles as a singie unit.
Reproduced with permission from Ref. [8].
Copyright 2017 Elsevier B.V.

Fig. 2 shows the yoke and poles of the doublet as a
single unit. The yoke and poles are nickel plated. The
geometric dimensions of the doublet: outer diameter
235 mm, aperture radius 6.5 mm. The length of each
lens is 40 mm. The distance between the lenses is
45 mm. The general view of the doublet mounted on the
positioning table with five degrees of freedom is shown
in Fig. 3. The current coils of the doublet lenses are
made of copper plates with a cross section of
(0.8x20) mm?, which are soldered each to other accord-
ing to the type of puzzles. Each coil has 44 turns.
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Fig. 3. Doublet assembly, mounted
on the positioning table

2. MEASUREMENTS SETUP

To measure the field structure in each of the doublet
lenses, the field reconstruction technique [9] is used, in
which the radial component of the magnetic induction
B, is measured on a virtual cylindrical surface G inside
the working gap of the lenses. The calculation of the
induction at any point of the internal volume is based on
the solution of the Neumann boundary problem for the
Laplace equation. The measured B, values are used as
boundary condition.

Aw(x,y,2)=0,
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where w(x,y,z) is the spatial distribution of the scalar
magnetic potential in the region of the beam motion,
and 7 is the external normal to the surface G.

The solution of equation (1) is carried out by the in-
tegral method of boundary elements. This is important,
since hereinafter it is necessary to calculate the partial
derivatives of the scalar potential, which in this method
is done by differentiating the kernel of the integral equa-
tion. This approach provides high accuracy calculations.

A setup layout that implements measurements of the
radial component of magnetic induction is shown in
Fig. 4. The setup parameters are described more detail
in work [6].
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Fig. 4. Layout of the setup to investigate the field
of magnetic quadrupole lens.
Reproduced with permission from Ref. [6].
Copyright 2013 Elsevier B.V.

Here the Hall probe I is mounted on the lateral sur-
face of the tube 2 made of nonmagnetic material that
passes through the working gaps of the magnetic quad-
rupole lenses 3 under study. The tube can be rotated
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about its axis by means of an angular positioning mod-
ule 4 and moved along its axis by means of a linear po-
sitioning module 5 driven by stepper motors. In this
case the Hall probe traverses the cylindrical surface
sensing the magnetic induction vector component nor-
mal to this surface. A general view of the setup is pre-
sented in Fig. 5.

Fig. 5. A4 genel view of the setup

The position of the physical axis of the lens is de-
termined by the geometrical location of the points xy(z),
vo(z) by solving the system of equations

ow(x,y,z
Bx(xo,yo,z):——(ay ) =0,
X X=X0,V=Yo (2)
ow(x, y,z)
By(xo’yo’z):_—(ay =0.
y X=X0,V=)0

In the local coordinate system of the lens associated
with its physical axis and antisymmetry planes, the sca-
lar magnetic potential can be represented as

W 2) =20, (2) 2+ U+ 5 (2)
=3U,(z)xp* =W, (2)y +U, (2)x* +
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where W,(z) — main quadrupole field component;

Wi(z), Us(z) — main and rotational sextupole
parasitic components, respectively;

W(z), Us(z) — main and rotational octupole para-
sitic components, respectively.

Then all components can be determined by differen-

tiating the scalar magnetic potential (3) and equating the
transverse coordinates to zero in the form

w,(2) 10w(x.y.2)
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3. MEASUREMENTS AND RESULTS
OF FIELD RECONSTRUCTION

Magnetic induction measurements at the poles of the
doublet lenses were carried out using a teslameter with a
relative measurement error of 10~. The dependence of
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magnetic induction on the current in the coils is shown
in Fig. 6. From this figure it is seen that this dependence
is close to linear in the entire range of currents when air-
cooling of coils are not required.
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Fig. 6. Dependence of magnetic induction of one of the
poles of the doublet lenses via the current in the coils

The alignment of the doublet lenses was determined
using the method described above. The geometrical lo-
cation of the points is shown in Fig. 7 at which the con-

dition |§| =0 is fulfilled for each of the lenses in the

coordinate system associated with the axis of rotation of
the Hall probe. Closer to the edges, a certain deviation
of the axis from the straight line is observed, which is
associated with a decreasing of magnetic induction in
this region and, as a result, increasing of the error of the
field reconstruction technique. Perhaps this effect can be
associated with the physical feature of the uneven mag-
netization of the lens edges, as can be seen from Fig. 1
under simulation. The axis position of each lens was
determined by linear approximation of the points ob-
tained by reconstructing the field structure from (2). The
position of the doublet axis was determined by ap-
proximating all points of both lenses. Calculations show
that the maximum misalignment of the lens axes with
the doublet axis does not exceed 0.2 mrad.

An important characteristic of each magnetic quad-
rupole lens is the magnitude of the multipole parasitic
field components, which are associated with geometric
and physical imperfections. In accordance with (4), the
longitudinal distribution of parasitic sextupole and octu-
pole components of the magnetic field was determined.
Fig. 8 shows this distribution. It can be seen from this
figure that the parasitic components have a fairly low
level relative to the main quadrupole component, which
determines the high quality of the doublet.
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Fig. 7. Determination of the alignment
of the doublet lenses
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Fig. 8. Longitudinal distribution of the parasitic field
components in the doublet lenses

CONCLUSIONS

A precision doublet of magnetic quadrupole lenses
in which the yoke and poles are a single unit is consid-
ered. Such a doublet has the property of accurate align-
ment relative to the axis of the beam. Due to the applied
wire cutting electrical discharge machining the non-
coaxiality of the doublet lenses is less than 0.2 mrad.
Relative parasitic sextupole components in the lenses
are at a level of 0.004 cm™, parasitic octupole compo-
nents at a level of 0.01 cm™.
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NPENU3UOHHBIN TYBJET MATHUTHBIX KBAIPYIIOJIbHBIX JINH3
JJIA @OPMUPOBAHUA ITYYKOB NOHOB

A.T. Ilonomapes, B.A. Peopos, C.B. Konunvko, B.®. Canuson

PaccMoTpeH npenu3uoHHbIH 1yOaeT MarHUTHBIX KBaJIPYIOJIBHBIX JIMH3. SIpMO U moiroca Ay0jeTa U3rOTOBIICHBI
U3 LEIBHOr0 KyCKa MarHUTOMSIKOTO jkene3a. TeXHOJIOrusl M3roToBJIeHUs ay0iera oOecrednBaeT COOCHOCTh Ieo-
METPHYECKUX OCEH B JIMH3aX C TOYHOCTBHIO JIO HECKOJIBKMX MHKPOMETpOB. ['eomerpus myOnera Oblia BhIOpaHa C
LENBIO TTOJTYYE€HUs] MAaKCUMaJIbHONM MarHWTHOM MHAYKLUH Ha MOJOcaX JUIs 3aJJaHHOTO pajuyca anepTypbl JIUH3HI B
pe3ynbTare YUCIEHHOTO MOJICIUPOBAHUS. DKCIIEPUMEHTAILHOE HCCIIEIOBAaHNE CBOWCTB JyOJieTa MPOBOAMIOCH Ha
YCTAHOBKE I BOCCTAHOBJICHUS I1OJI1 B MarHUTHBIX KBaJPYIOAbHBIX JHH3aX. OnpeneneHsl OTHOCUTEIbHOE MOJI0-
KeHue (PU3NYECKUX OCei JMH3 (TeOMETPHYECKOE PACIIONOKEHHE TOUYEK C HYJIEBOH MarHUTHON MHIYKIIUEH) U BENH-
YHHBI TAPA3UTHBIX MYJIbTUIIONBHBIX KOMIIOHEHT MOJIS.

NPENU3INHUANA TYBJET MATHITHUX KBAIPYIIOJIbHUX JITH3
JJIA @OPMYBAHHS ITYUKIB IOHIB

O.I'. ITonomapyvos, B.A. Peopos, C.B. Koainvko, B.®. Canuson

PosrmsinyTo mpenusiiiHuii ay0OneT MarHiTHUX KBaJApYyMOJIbHUX JiH3. SIpMo 1 momtoca ay0iera BUTOTOBJIEHI 3 Ii-
JICHOT'O IIIMaTKa MarHiTOM sIKOro 3aii3a. TeXHoorisl BUrOTOBJIEHHS Ay0iera 3a0e3leuye CliBBiCHICTh I€OMETPHY-
HHUX OCeH B JIiH3aX 3 TOYHICTIO IO JCKUIBKOX MikpoMeTpiB. ['eomerpis myOnera Oyiaa oOpaHa 3 METOK OTPUMAaHHS
MaKCHMaJIbHOI MarHiTHOI 1HIYKINi Ha MOJFocaxX IUIs 3aJaHOr0 pajaiyca anepTypH JIIH3M B PE3yJbTaTi YHCEIBHOTO
MoJIeroBaHHs. ExcriepuMeHTa bHe JTOCHTIDKEHHST BIACTUBOCTEN y0OJera MpoBOAMIOCS Ha YCTAHOBII JUISt BIJHOB-
JICHHS TIOJISI B MAarHITHUX KBaJAPYIMOIBHUX JIiH3aX. BU3HAYCHO BiTHOCHE MOJOXKCHHS (hi3MYHHUX OCEH JIiH3 (TeoMeT-
pHUYHE PO3TallyBaHHS TOYOK 3 HYJHOBOIO MarHiTHOIO 1HAYKIIEIO) i BENUYMHH MApa3UTHAX MYJIbTUIIOIBHUX KOMIIO-
HEHT T0JIsl.
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