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Abstract

A magnetic quadrupole doublet was fabricated for use at the pre-target position of SNU 1.5MV
Van de Graaff accelerator and then its optical characteristics were measured and analysed. The
physical dimensions are: pole length 180mm, aperture radius 25mm, pole tip radius 28.75mm.
Material for poles and return yokes is carbon steel KS-SM40C. Coils have 480 turns per one pole
and air-cooling is adopted. Applying the d.c. current 2.99+0.03A to the lens, and using the Hall
probe, magnetic field elements Bs, B, were measured at the selected points along each coordinate
direction 1, 6, z. From the area integration and orthogonal polynomial fitting for the measured data,
the magnetic field gradient G=566.3+2.1 gauss/cm at lens center, the effective length L=208. 3+
1. 44mm along the lens axis have been obtained.

The harmonic contents were determined up to 20-pole from the generalised least squares fitting.
The results indicate that sextupole/quadrupole is below 1.440.9% and all the other multipoles are

below 0.5% in the region within 18mm radius at the center of lens.
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1. Definition of Field Components

The principles of magnetic quadrupole lens
as a kind of optical components wused for ion
beam transport is well-known[1], so this study
concerns about fabrication of the lens which
will be used as a doublet at the pre-target
position of SNU 1. 5MV tandem Van de Graaff
accelerator and also about the measurement and
analysis of its optical characteristics.

The magnetic quadrupole with pole shape of
exact hyperbola has its magnetic field component

as

B.=Gy, B,=Gux. ¢))
The magnetic potential is given as

V=—Gzy, G=p,(2nl/a? @

where G is the magnetic field gradient, I is the
number of exciting ampere-turns per pole, a is
the lens aperture radius. In practise, it is im-
possibleto make an exact hyperbola pole. This
causes the effective length of lens to vary as
position and the magnetic field to have extraneous
multipole components other than quadrupole
component. To define these terms, (r, ) coord-
inate system is introduced as Fig. 1, where
z-axis denotes horizontal plane, y-axis vertical
plane, z-axis quadrupole lens axis.
The tangential field B, is expressed as

By(r, 0, 2) :,lghn (r, z) (r/a)™! cos(nf+8,)

@
where a is the aperture radius, k, is the multipole
field coefficient of order # and nearly independent
of both r and = inside the fringing field region.

The radial field B, is given as

s (r,0)

S N

Fig. 1. Coordinate Setting for the Magnetic
Quadrupole

B,.(r,0,2) :Zlk,, (r,z) (r/a)"! sin(nf+38,)

€]
and from the fact ¥ XxB=0, k.(r, 2) =h.(r,2) +
(r/n) (3hk,/0r). Inside the fringing field region,
k. is independent of r and z, so this leads to h,
=k,. The harmonic content of z-th multipole is
defined as ratio(%) to quadrupole component,
H,(r/a,z)=(ha/hy) (r/a)"2 &)
K. (r/a,z)=(k:/k;) (r/a)"2 6
There remains only quadrupole (n=2) term for
infinite pole shape of hyperbola, but fabrication
difficulties make pole cross section finite. Such a
case, H;(12-pole), H,4(20-pole), H;4(28-pole),...
elements exist. Furthermore, when the exact
symmetry of 4 poles is not achieved, represen-
tative H;(sextupole), H,(octapole),... elements
exist.
The magnetic field gradient can also be ex-
pressed as
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Gi(r/a, z)=0By(r,0,z2)/or )

Gi(r/a, 2)=0B,(r,n/4,z)/or ®
and a measure of optical focusing power is
defined as

Picr/a)=[ ‘Gir/a,2)dz
:Tar— f _:B,, (r,0,2)dz ©@
Pyr/a)=[ Gi(ria,mdz

=2 [ Brrame

where z=--c denotes field_clamp position but
this analysis takes it for -+14cm.
The lens effective length is
Ly(r/a)=Pu(r/a) |Gx(r/a, ) an
Li(r/a)=P(r/a)[Gx(r/a,0) 12)
as usually defined.

2. Design Procedure

To design the physical dimension and optical
parameters of the lens, input data such as par-

ticle mass, energy, charge which are accelerator
design constraints and various effective lengths,
gap length, aperture radius, magnetic excitation
of the quadrupole lens have been used for com-
puter program BOTDM/[2] which is based on
matrix formalism. From the result of program
output, suitable object distance and image dis-
tance for slit-target distance—a spatial constraint
of installation environment have been determined
and other lens parameters satisfying stigmatic
operation condition, determined as well.
Circular pole shape was adopted for con-
venience of fabrication. The radius was 1.15
times the aperture radius @ to make 12-pole
component disappear. Consideration of available
space on lens cross section determined magnetic
excitation and coil cross section. And then, coil
turns, coil length per pole, resistance, maximum
operating current, power consumption were de-
termined with the use of available coil current
density. These data are shown in Table 1. In

Fig. 2, is shown the cross section of the magnetic

Table 1. The Lens Parameters

1. Physical Dimension
pole length (Lg)
gap length
aperture radius (@)
pole tip radius
width, height
weight
2. Coil Characteristics
operating magnetic field
operating magnetic excitation
turns per coil
operating current
maximum supplying current
resistance per coil
operating power consumption
3. Optical Parameters
object and image distances for

stigmatic operation

180mm

160mm

25mm

28. 75mm

280 X 280mm
100kg

2400 gauss (at pole surface)
2387 AT* (per pole)
480 turns
4.97A
6.57A
2.1 ohms
207.5W (per singlet)

36. lcm (for 3 MeV proton)
57.8cm (for 3 MeV deuteron)

%) AT=Ampere-Turns.
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Fig. 2. The Cross Sectional View of the Magnetic Quadrupole Lens

quadrupole lens designed and fabricated.
3. Fabrication

For pole material it is best to use low carbon
steel having large magnetic permeability and to -
test material homogeneity, problems of ordering
and material testing in domestic market, however,
led all poles and return yokes to be made of
carbon steel KS-SM40C. Poles with 28.75mm
tip radius were lathe worked, then shaped and
polished with 45mm height, 45mm width. These
pole tip components were unioned with the lower
part of pole prepared by similar procedures. The
applied epoxy system was CIBA-GEIGY Araldite
AW106 resin/HV953U hardener. Coil was wound
with enameled copper wire IPEW 1. 8mm¢ which
was generally used for magnet coil. The cross
section of coils is shown in Fig. 2. Interlayer
gaps and surface of the coils were filled with
the previously mentioned epoxy for insulation
purpose as well. That coil was cured in usual
room environment. As a cooling method for coil,
air-cooling using a fan was adopted considering

the power consumption. Al-plate was set on the
coil to achieve position fixing, easy removal and
reassembly of coils. Each Al-plate has inclined
edges to fix coils when it contacts each other’s
edge by assembling the lens. During the proce-
dure of assembling each component, care and
rearrangement were paid to keep error from
assembly below 0. 1mm, i.e., those of pole-to-pole
length, inner wall-to-wall length of return yoke.
This helped to achieve the pole symmetry.

4, Field Measurement and Data Analysis

Measurements of By and B, components at
various selected points for each coordinate 7,6, z
were needed to determine the magnetic field
gradient, optical focusing power, effective length
of the fabricated lens. So the lens was installed
on Mitutoyo surface plate (ImX 1m) having an
attached xyz coordinate measuring machine. A
magnetic Hall probe (element area 2. 5mmX1. 0
mm by visual estimation) was fixed on the
coordinate measuring machine and the lens was

aligned so that z-axis was coincident with the
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Fig. 3. Measured Data B;(r,0,z) vs. z

geometric axis of quadrupole lens. Coils were
lined in series and applied d.c. 2.99-+0.03A
with regulated current supply.

On the z-axis, at lcm intervals between 2
=—14cm and l4cm in order to include at least
95% of the fringing field, and at 3mm intervals
on r-axis, By component and B, component
were measured on §=0 plane and 6=x=/4 plane,
respectively, The measured data are shown on
Fig. 3 and Fig. 4. The coordinates used is that
shown on Fig. 1. The origin of z-axis is the
center of lens and z=-0cm position is at the
edge of pole. An wunusual variation of field
magnitude around the pole edge at z=9cm, as
shown on both figures, is expected to be caused
from material inhomogeneity and/or fabrication
failure during the lathe working of pole edge,
but more probably from the latter cause.

Fig. 5 shows the variation of B; component
on r at 2=0, +9cm position of 6=0° plane.
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Fig. 4. Measured Data B,(r,z/4,2) vs. z
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Fig 5. Measured Data B;(r,0,z) vs. r

Those locations of 7<{0 in the figure mean they
are on §=180° plane. Measured data B,(r, 0, 2)
integrated

and B,(r,n/4,z) were using a

numerical area integration method. The obtained
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Table 2. Measure of Optical Focusing Power

L [ B0 Ddz=00twr(r/a)

wo=165. 991:48. 72 (gauss-cm)
©;=29494. 231+-173. 96 (gauss+cm)

Py(r/a) =Tar—f_:Ba(r, 0, 2)dz
=11797. 69+69. 58 (gauss)
2. f_:B:(f, n/4, 2)dz=wo+ w1 (r/a)

wp=105.95+55. 38 (gauss:cm)
w1=31158. 824227. 55 (gauss-cm)

Pir/a) = [ B.(r,5/4, 2)ds
=12463.53+91. 02 (gauss)

Table 3. Magnetic Field Gradient and
Effective Length

1. Be(r/a,0,0)= 'i:lc,.(r/a)”‘l

cn(gauss)

B}

—3.00% 0.002
1415. 644 5.17
6.95:+12. 47
—102. 20-£38. 33
—13.58+31. 40
145. 54+65. 97
—3.65+17.56
—79.72x30. 20

W 3 3B W

2. Gu(r/a, 0)=0Bs(r,0,0)/or
=2 (= Dealr/@)*2(1/a)
3. Gi(r/a,0) and Li(r/a)

r/a ’ Gi(r/a, 0) (gauss/cm) ’ Li(r/a) (cm)

[ 20.83+0.14
21.89+0. 36

0 566. 32+2. 07*
0.8 538.93+8. 15*

%) uncertainty value lo taken covariance cov(c;,
cx) into consideration.

areas were fitted with orthogonal polynomial
funtions so that it was represented as function
of r/a. For this fitting, the orthogonal polyno-
mial fitting program of CERN[3] was executed
and from the output of statistical analysis, F-

values were reviewed to conclude insignificant

the terms above 2nd order of r/a on the statistical
point of view. From these procedures, a measure
of optical focusing power P;, P, were obtained
by the equations (9) and (10). The results are
shown in Table 2. Similar fitting procedures for
By(r/a,0,0) data resulted significant coefficients
up to 7th power of r/a. Table 3 summarises
the magnetic field gradient and effective length
obtained from the above fitting and equations
(7) and (11). This G;(0,0) value is consistent
with that value 575. 204-5. 79 gauss/cm obtained
from equation (2). Effective length L,(0) is
also consistent with L=L,+a=20.50cm (L,:
pole length, a: aperture radius) as generally
known[4]. G, could not be obtained for lack of
data points on B, component.

To determine the harmonic contents of the
lens, Hall probe was mounted on a mandrel so
that By and B, components were measured at
z=0 and z=9cm position. The mandrel axis
was coincident with the geometric axis of the
quadrupole lens. The probe rotated at 46=5°
intervals on r=18mm (r/a=0.72) radius. Fig.
6 and Fig. 7 show the measurements. Instead
of the Fourier analysis, a generalised least
squares fitting was carried out taking up to 20-

-400t

-800+

Fig. 6. Measured Data B;(r/a=0.72, 6, z) vs. 8
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Fig. 7. Measured Data B:(r/a=0.72, 6, z) v8. ¢

pole into consideration and wusing the equations
(3), (4) for the measured data. This fitting
considered those typical systematic errors such
as the displacement of the center of probe
rotation from the magnetic center and the angle
offset error. A FORTRAN subroutine[5] adop-
ting the combined algorithm of gradient search
and analytic search was used with the equal
unit statistical weight for each input data. The
convergence criterion for least squares value,
Q2 was selected below 0.001%. To shorten
the computing time, ¢, values in table 3 were
used as the initial guess values for the multipole
components,

The results for h,—the multipole component at
2=0 and 9cm position, dr—the displacement of
the center of probe rotation from the magnetic
center, and a—the angle offset error, are summa-
rised on Table 4, The phase shift 8, of multipole
component was assumed to be caused dominantly
by the angle offset error. Q?/df on the table
denotes the variance of residuals, so its square
root value may be considered as the estimated
uncertainty of magnetic field magnitude. This
is consistent with the uncertainty from the

variation of excitation current, 1%. The har-

7

Table 4. Multipole Components and Systematic

Errors

Data position at r=1.8cm, 2=0cm and 9cm.

ks (gauss) center(z=0cm) | edge(z=9cm)
dipole hy 19.01% 7.11 1.62+22.02
quadrupole A 1138.80+ 2.00 | 920.40+ 3.49
sextupole k3 —22.23:+13.48 | —28.80-+42. 45
octapole Ay —11.56+ 3.65 | —3.03% 6.71
10-pole hs 4.17% 5.20 —1.37% 6.33
12-pole ke 0.03% 7.36 | —27.94+ 7.89
14-pole hq 5.624 9.97 10.90+13.17
16-pole hs —5.83%13.56 —7.32+15.00
18-pole kg 11.60£19. 46 2.5620. 67
20-pole hio —39.7627. 34 —2.70+27.61
Ar(em)* 0.01+0.02 0.01+£0.11
a(radian)** —0. 024:0. 001 —0.02+0. 001
Q¥ /df 73.50 76. 82

* The estimated displacement of probe rotation
center from the magnetic center.
** The estimated angle offset error.
*#* The least squares value per degree of freedom.

Table 5. Harmonic Contents of the Quadrupole

Lens

Data position at 7=1.8cm, 2=0cm and Yem.

H,.(%) center (z=0cm) edge (z=9cm)
Hj 1.41 =£0.86 2.25 +3.32
H, 0.53 =£0.17 0.17 +0.38
H; 0.14 +£0.17 0.055+0. 25
H 0. 0007+£0. 17 0.82 +0.23
Hy; 0.095 £0.17 0.23 £0.28
Hg 0.071 =£0.17 0.11 =40.23
H, 0.01 +0.02 0.03 +0.23
Hyy 0.25 +0.17 0.02 +0.21

monic content H, was determined from the de-
finition (5) and shown on Table 5. The fitting
for B, component did not converge to the desired

values by some numerical problems but not

identified.

5. Results and Discussions

It turned out that the field gradient is G,=
566.342. 1 gauss/cm, the effective length is L,
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=208.341. 4mm at the center of lens, r=0,
2=0, under the condition of applied current
2.99+0. 03A to quadrupole coil. These values
may be concluded to be consistent with the
theoretical value or the known approximate
value. As shown on Table 5, all multipole com-
ponents except sextupole are present below 0. 5%
and sextupole/quadrupole is below 1.4-40.9%
in the region between r=0 and r=18mm at the
lens center z=0. It is noted that 12-pole com-
ponent has negligible value, 0.00071%, with
respect to its uncertainty, 0.71%. This confirms
the validity of design and analysis. The reasons
that sextupole is present with the largest value
are expected to be machining tolerance, inhomo-
geneity of material, variation of coil shape and
position, fluctuation of operating current in coil.
In the fabrication procedure of this lens, inexact
pole symmetry from machining inaccuracy seems
to be the most serious reason.

When it was in test operation, coil had no
heating problem because the measured surface
temperature was saturated at 42°C with fan
cooling.

6. Conclusions

A quadrupole lens with desired performance
could be fabricated and assembled through the
design and fabrication procedures previously
described. The overall quality of the quadrupole
is comparable to the commercial product[6] but
there remains some points to be improved in

fabrication accuracy and material homogeneity
with regard to sextupole component.

The points to be studied later are optical
matching with other optical components in SNU
1.5MV VDG accelerator and fixing the operation
condition.

The authors wish to recommend to try selec-
ting and testing of the material, lowering the
mechanical inaccuracy, tapering the edge of pole
to reduce the effect of fringing field, especially
for the fabrication of strong focusing lens used
for higher energy beam. It is also evident that
simplifying the cross section of coil is recom-
mendable for easy fabrication and minimum

variation in coil shape.
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