¢ Brookhaven

National Laboratory
BNL-105690-2014-TECH
BNL/SNS Technical Note No. 121;BNL-105690-2014-IR

Magnetic Field Calculations for a Large Aperture Narrow Quadrupole

N. Tsoupas

October 2003

Collider Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC)

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



AT

SPMLATIDN NHFIJTRUN SOURCE

MAGNETIC FIELD CALCULATIONS

FOR A LARGE APERTURE NARROW QUADRUPOLE

BNL/SNS TECHNICAL NOTE

NO. 121

N. Tsoupas, J. Jackson, Y.Y. Lee, D. Raparia, J. Wel
BNL, Upton, NY 11973, USA

October 13, 2003

COLLIDER-ACCELERATOR DEPARTMENT
BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973



MAGNETIC FIELD CALCULATIONS FOR A LARGE APERTURE NARROW
QUADRUPOLE *

N. Tsoupas, J. Jackson, Y.Y. Lee, D. Raparia, J. Wei, BNL, Upton, NY 11973 USA
Abstract

In the design of high-intensity proton synchrotrons and accumulator rings, quadrupole magnets of narrower sizein one
of the transverse dimensions are often needed to accommodate the compact ring geometry, the various injection and
extraction devices, and the large vacuum chamber aperture. The stringent limit on tolerable beam loss further demands a
good magnetic field quality to minimize beam resonances caused by higher-order magnetic multipoles.

In this paper, we present results from magnetic field cal culations performed on 2D and 3D modes of a large-aperture
narrow-quadrupoles that is suitable for a high intensity, low beam-loss accumulator rings . The pole face of the
guadrupole has been optimized to minimize the integrated field of the first three allowed multipoles (12pole,20pole and
28pole). The ratio of each integrated magnetic multipole-grength to the integrated magnetic-quadrupole-strength at a
radius of 85% of the quadrupole’ spole-tip-radius islessthan 2x10*. Results from thecalculations performed on the
two-dimensional and three-dimensional models of the narrow quad arepresented.

1 INTRODUCTION

In apublished paper[1] we provide detailed information about the design of a“narrow quadrupole” that has been built
to be used in the SNSaccumulator ring[2]. The transverse dimension of the quadrupoleon the horizontal plane has
helped accommodate the various devices which are located at the injection and extraction regions[ 1] of the SNS
accumulator ring. The main requirements for the magnetic design of the narrow quadrupole was to minimizethe
integrated strength of the 12pole magnetic multipoledown to Bopye 02/Bypyedz <2x10™ a aradius of r=10 cm, and we
did not regardthe contributions from the 20pole and 28pole multipoles. Table | shows the integrated strength of these
multipoles relative to the integrated quadrupole strength as were calculated by the 3-Dimentional model and also as
were measured in the first built quadrupole

In Table 1, Ry= Bn(r,2)dz/ By (r,z)dz where B {r,2) is the n" coefficient in the expansion of the radial fieldB(r,z)

B.(r,2) =? B(r,2)cos[(n+1)g] {n=1 quad, n=3 oct ...} (1) TheB(r,z) is calculated and measured at a radius r=10 cm
and the coefficients B {r,z) are integrated along the z-axis which is along the beam direction.

In Table 1, the 29 row shows the cal culated quantity Rn , and the 3% and 4"rows the measured quantity R, for the
quadrupole as it was delivered by the manufacturer (3’” row ) and with a minor modification (reduce the transverse pole
length by 0.75 mm), (4" row).The modification resulted in reduction of the R(zpoley Multipole strength down to 1.2x10%,
The error in the measurements of the harmonics was +0.02x10™,

Tablel: TheRatio R, of few allowed multipoles. The quantity R, is defined in the text.
Rs (12001¢) Ro 20p0e) R 13 (2800l¢)
CALC 4.2x10* | -52x10* | -1.5x10*
MEAS#1L | +3.20x10* | -6.90 x10* | -1.20 x10*
MEAS# | +1.20x10* | -6.81x10* | -0.92 x10%

Calculations performed on the SNS ring [3] showed that the measured strength of the (20 and 28)poles multipoles (see
Table 1) of the narrow quadrupole are well below the limits that may bring the beam into resonance and cause
significant beam emittance growth that will result in beam |osses. Neverthel ess we thought as a useful task to design a
narrow quadrupol e that minimizes the first three allowed multipoles (12,20,28)pole. The following sectiors are dealing
with the design of such a narrow quadrupole.

2THEORY FOR THE MAGNET DESIGN

Poisson’ s theorem states that the magnetic field vector B (or any vector, which isregular at infinity)
can be expressed as:

BX)=(1/4p)% [N ¢N B )-N ax(quB)]/ Ix-xq} ¢ (1)

* SNSis managed by UT-Battelle, LLC, under contract
DE-AC05-000R22725 for the U.S. Department of Energy.



By defining the magnetization vector M=B-pgH , and inserting the Maxell equations: N¢B=0 and NdxH=J in
equation (1) we obtain eqg. (2)

B()=(10/4p){ AN 0 V/jx-xd} d*xe-+ (U4p){ A Nox(Nov )] /x-xq} x¢ (2)

Equation (2) expresses the magnetic flux density B(x) as the contribution of two terms; one term corresponding to the
currents distribution J the other term to the magnetizationM of the materials.

Using: Jyv=(1/i)(NtM )  equation (2) becomes:

B(X)=(Ho/4pH{ A NoQY/|x-xa o*x¢+ (pb/4p)}{ T NexIu]/x-xd} ¢ (3)

Using the identities (4) and (5) below, in eq. (3) above, we obtain eq. (6):
NIl /xx G=NO{ Ia/xx @+ Iyxr o/ e-x4  (4)

N I/ K-xq} d®e= -T I/ x-xdf]xd?x¢ (5)

B(X)=(o/4p){ ANeI] x| d3x e D Ipxr of [%- x ] x¢- DI [x-x ] xAS &} (6)

The third integral in eq. (6) extends over the surface which encloses the whole volume of the space therefore vanishes
because the Jy is zero at large distances (No magnetic magnet iron).

Thesecond integral in eg. (6) can be written as:

Quxr e xaf] dBxas BIyxr f[x-xf]dPxe+ PIwxrd/ pex@]d®xe  (7)
Inner Volume | | V olume of boundary layer

Theintegral over the volume of the “boundary layer” of the material can be written:

PInxrol x-x 47 Pxe= DN X I/ x-Xx G ABxER X[ Dyl | x-x ] d®x¢= {Use: N[X/r]=r[X/r]}

= (M) (NxP(NaxM) /ix x §d 3x¢= {Use: Jy=(1/po) (N ) 3
=(U N X{ AN Y M/ [x-xtf] Px¢+N &[ M/ [x-xdf] x ¢ {Use: (NaW)/ x-x’ [= N M /|x-x g+ R M /|x-x ]}
=(U/poN x{ KxIM /x-x§d 3x¢ IM /jx x §] d*x¢ {Use: Noq M/[x-xq] dx¢=FM /jx-xq]xdS ¢,

The volumeintegral M /|x-x4]d*¢=0 as the volume layer approaches to zero volume.

The surface integral -(1/po)N XIM/|x-x4]dS ¢ = -(1/1b) NXM/|x-xdidS ¢,=

-(1/10) T X[V [x-x A [M xS Gue]=(1/110) Pr o[- xFIX] M XIS ] =0 =(1/16) TM XIS exr o] |-

Thus equation (6) can be written as:

B(X)=(po/4pK T NI ]/|x- X d*x6+ FI ixr o/|x-XF] dPx ¢ (1/pg) TM xdSeuxr J/x-xF}  (8) (r,=unit vector along x-x¢

In equation (8) the second integral extends over the interior of the finite volume of the magnetic material, and the third
integral over the surface enclosing the volume of the magnetic material (dS ¢,=normal to the surface element).

It is the contribution of the third integral that can affect the strength of the various allowed multipoles by altering the
contour of the pole face. We assume that the value of the permeability p of the iron at the vicinity of the pole surface
has avalue p>>1 for the third integral to have an effect on the magnetic multipoles. It is therefore possible to affect the
magnetic field in the space of the beam by modifying the contour of the pole tip of the quadrupole. This approach [4]
was followed in the design of narrow quadrupoles. In this paper we employ more sophisticated contour of the pole tip
and we extend the calculations in three dimensions.



3 TWO-DIMENSIONAL MODELING

In this section we present the results of the two dimensional magnetic calculations as applied tothree designs
of the narrow quadrupole. Thethree designswill be referred inthetext as A,B and C. In each of the designs, discussed
below, we provide enough information about the cross section of the narrow quadrupoles, for the reader to repeat the
calculations using her/his preferred computer code for the elelectomagnetic design. In all three designsthe strength of
all alowed multipoles Bgzpde,zopde,zgpde)was calculated at r=10cm and the B (12poie20pole28p0le)/B quad Fatio was reduced
bel ow the value of 1x10™. Thedeviation of the narrow quad from the four fold symmetry, has introduced multipoles
like octupoles, 16Eol es etc. However the relative strength of each of the multipoles (B(gpue 16pole, 24001y B quad) Was below
the value of 1x10™ at r=10 cm . In each of the designs we kept intact both, the outside dimensions of the quadrupole
(showninFig. 1) andthe poletip radiusR, and weonly varied the width of the pole piece W, and the poletip contour.
In order to keepthe permeability of the iron at a reasonable large value p>>1, the quadrupole strength of each of the
modelswas also kept at avaue of ~4.2 [T/m]. All calculations were performed using the computer code for
electomagnetics of Vector_Fieldg5].

3.1 Narrow Quadrupole Design_A

The cross section of one of the pole pieces of the desisign_A quadrupoleis shown in Fig 2. In this design we kept the
contour of the pole tip similar to the contour of the narrow quad discussed in ref [1] but we increased the pole width
(W) to avalue of 19.8 cm, to achieve minimization of the 20pole and 28pole multipoles. The design was finally
optimized by modifying the contour of the pole face, by varying the radii of curvature ?;,?, and thelocation of the
inflection points P, P, ,shown in Fig 2.

The optimization yielded aratio B,/Byey Of <I1x10™ at aradius r=10 cm for the (12, 20, 28)pole multipoles .
Theincrease of the pole width (W) however reduced the area of the current conductor which has to run at a higher
current density (J) to achieve the quadrupole strength of ~4.2 [T/m]. An alternative design which satisfies the
requirements of low relative strength B npye/B 4p0|e<1x104, for the (12, 20, 28)pole multipoles, and also provides more
conductor area, is discussed in the next subsection.

Figure1: Crosssection of the narrow quad. The outer dimensions were the same for all designs A,B, and C.

3.2 Narrow Quadrupole Design_B



The cross section of this alternative design of a narrow quadrupole is shown in Fig. 3. In this design the width of the
pole piece has been reduced to 17.6 cm but the overall shape of the pole tip surface remained almost the same asin
design_A with only small modifications of the location of the inflection points Py,P, and radii of curvature 2, ?, These
minor modifications reduced the relative strength B yye/B 401e Of the (12, 20, 28)pole multipoles, below the required
value of 1x10* at a radius r=10 cm.

Y [em]

Figure 2. Cross section of polepiece corresponding to “design A” (seetext). Theinflection points P;,P; , and the radii
of curvaturer i, r , were varied in orderto minimize the strength of the (12,20, 28)pole multipoles.

Compared with design A, this design allows for an increased cupper area and the required gradient of ~4.2 [T/m] is
achieved a areduced current density, but the magnet ic field B inside thepoles will be higher for the same value of the

magnetic field at the pole tip.

Y fem]

Figure 3. Cross section of pole piecefor “designB” .

3.3 Narrow Quadrupole Design_C

This design combinesthe features of the design_A and design_B namely larger conductor area (same as in design_B)
and lower value of the magnetic flux density B inside the pole pieces (asin design_A). The cross sectionis shown in



figure 4. Tthe relativestrength B (yye/B 400 Of the (12,20, 28)poleis minimized to values < 1x10*. Compare the contour
shape of design_C with that of designs_A or B.

Figure 4. Cross section of the pole piece of “ design C”.

4 THREE-DIMENSIONAL MODELING

Practical considerations lead us to perform the three dimensional magnetic field calculations on the “design_C”. The
goal was to minimize the relative integrated strength B 02/ Bpyedz of the (12,20, 28)pole multipoles . The method of
optimization was to chamfer the edges of the pole pieces at both the entrance and exit of the magnet [1] as shown in
figure 6. The “pole chamfering” reduced the integrated strength of the 12pole multipole but introduced some strength in
the 20pole and 28pole multipoles. This strength was reduced by reshaping slightly the contour of the pole tip inside the
magnet. The optimization yielded the following results:

Bi2poe 2/ Bpoied2=2x10° B p0001602/B 401 edz=4X10°° B s/ 02/ B 4p3e0z=5x10° &t r=10 cm.

%WUC

Figure 5 An isometric view of the chamfered ends of one of the pole-piece of the narrow quadrupole.



5 CONCLUSIONS

Two dimensional magnetic field calailations were performed on three models of a large aperture narrow quadryole.
Each of the modelswas optimized to minimize the relative strength B 0¢/B 40 Of the (12, 20, 28)pole multipoles to
values less than 1x10™ at a radius r=10 cm. One of the models was optimized using 3D magnetic field calculations.
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