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We report on the design, construction, and magnetic field measurements of a system of high field
sextupole magnets made from NdFeB compounds. The magnets are utilized as a focusing system for
neutral hydrogertor deuterium atoms in a polarized atomic beam source based on Stern—Gerlach
spin separation. Each magnet consists of 24 segments of permanently magnetized material differing
in remanence and coercivity to reduce demagnetization. According to quadratic extrapolation to the
pole tip the magnetic flux density reaches values of uBg¢e-1.69 T. Three-dimensional field
calculations using theara code were carried out to optimize the magnet performance and to avoid
demagnetization by selecting appropriate materials for the individual segments. Measurements of
the radial, azimuthal, and longitudinal magnetic flux density distributions were carried out by means
of a small Hall probe (108 200X 15um?). The measurements with the small probe permitted to
extract experimentally higher order multipole components very cles&00um) to the inner
surface. Experimental values obtained are compared to predictions basegdharalculations and

on the Halbach formalism. @000 American Institute of PhysidsS0034-6748)0)05309-7

I. INTRODUCTION sextupole of inner radius, and pole-tip fieldB, at a dis-
tancer from the axis of the magnet is given by

The production of intense beams of polarized hydrogen
and deuterium atoms is of great interest to the nuclear and B(r)=B(r/r ). 1)
particle physics community.Among the various methods
employed up to the present time, Stern—Gerlach separaticfhe force acting on atoms with spin projection is propor-
of atoms in inhomogeneous magnetic multipole fields istional to the gradient of the magnetic flux density, i.e., pro-
most widely employed for the production of nuclear spinportional to—m;Bor. The atoms wittm; =+ 3 are therefore
polarized beams of hydrogen and deuterium. The atomifocused and undergo harmonic motiorriabout the magnet
beam method is applicable to all atoms possessing an u@Xis, while atoms wittm; = — 7 are deflected.
paired electron in the neutral configuratiod. In atomic The design of multipole magnets consisting of perma-
beam sources systems consisting of sextupole magnets d}gntly magnetized segments has been described in detail by

commonly used because of their harmonic focusing proper- aIbaF:h. W.'th the advent of a new generation of magnetic
materials in 1984, developed by researchers from

ties. The magnitude of the magnetic flux density inside aSumitomof’ based on Nd, Fe, and B, energy densities
(BH) max~ 290 kJ/n could be achievedyesulting in a two-
“PhD Student from High Energy Physics Department, St. Petersburdold increase over previously existing magnetic materials

b)Nuclear Physics Institute, 188350 Gatchina, Russia. . based on Sm and Co. These new materials were subse-
Author to whom correspondence should be addressed; present address:

Institut fir Kernphysik II, Forschungszentrunilian, 52425 Jlich, Ger-  duently used in nuclear physics to build magnet systems for
many; electronic mail: f.rathmann@fz-juelich.de ion®1%and atomic beam sourc&s;Pyielding at most pole-
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TABLE |. Minimal and typical values of the properties of the magnetic
materials utilized to manufacture the magnets discussed in this article, re-
manencel, coercivity of polarizatiorH.;, and energy densityBH) max-2

Remanence  Coercivity Energy density
Jm Hey (KA/M)  (BH) pmax (kI/NT)

Material Min  Typ Min Typ Min Typ

VACODYM 510HR (1) 1.38 1.41 950 1030 360 385
VACODYM 383HR (2) 1.22 1.28 1430 1670 275 320
VACODYM 400HR (3) 1.10 1.16 2150 2470 225 255

3See Ref. 14.

I,

tip fields of ~1.4 T. Modern permanent magnet materialsFIG. 1. One quadrant of a cylindrically symmetric sextupole magnet con-

such as VACODYM* 510HR reach typical energy densities sisting of 24 segments. The arrows denote the direction of magnetization,
while the number code indicates the material employed in the final magnet
of (BH) max~ 385 kJ/ni.

L. . design, listed in Table I.
Recently pole-tip fields of 3.2—4.6 T of sextupoles with

inner radii of 14—44 mm have been reported in Ref. 15 using
hybrid magnets consisting of superconducting coils sur- n=N+vM, ©)
rounded by an iron yoke. A superconducting sextupole sys-

-1
tem free of iron is described in Ref. 16, which, when excited H = n 1— (r_l)n } (4)
in a sextupole mode, generates pole-tip fields of 1.54 T at an " n-1 ) ’
inner magnet radius of 65 mm. :
In this article we describe the design and construction of :sw{(n+ Dem/M] (5)

permanent sextupole magnets together with detailed field ) (n+1)m/M

measurements. The work was carried out in the context ofiere the radiir, andr, correspond to the inner and outer
the development of a new atomic beam source by an intethoundaries of the magnet, respectively, drislthe remanent
national collaboration. The source is intended for nucleamagnetization of the material. The filling factet which
physics research at the ANKE facillty installed at the accounts for slits between the segments required for glueing,
Cooler Synchrotroﬁ’ of the Forschungszentrurﬁ'lmh. In is close to 1. From the above set of equatipigs.(2)—(5)]

Sec. Il we describe the design of the sextupole magnets anshe can derive the radial and tangential components of the
briefly review the Halbach formalism. Finite-element calcu-magnetic field as a function afand ¢ in cylindrical coor-

lations with themaFia codé® were carried out on the one dinates
hand to optimize the magnetic flux density and on the other
to avoid the risk of demagnetization of the material. The final
configuration has been assembled from three different mag-
net materials: VACODYM 510HR, 383HR, and 400HR, re- . o
cently manufactured by Vacuumschmelzee Table )l In r .

Sec. Il we briefly describe the equipment used to experi- Bta”(r"l’):‘];o (E) Hnsin(ng)K, @)
mentally determine the properties of the magnetic field in- :

side the magnet bore. Section IV contains a summary of thheren, H,, andK, are defined by Eqs3)—(5), respec-
various field measurements of the final magnets. The data af¥ely- The pole tip fieldB, of an ideal sextupole magnet
compared to calculations performed witthFia and to re-  9iven in Eq.(1) is related to quantities in the Halbach for-

® n—-1
Brd 1) =93 (}1) H cosng)K.,, ©)

sults obtained from the Halbach formalism. malism presented above by
Bo=JH3Kj, (8)
Il. DESIGN OF SEXTUPOLE MAGNETS whereH; and K3 are defined by Eqs4) and (5), respec-
A. Multipole magnets from permanently magnetized tively, for n=3 (»=0).
segments With respect to the design of sextupole magnets from

permanently magnetized material, a number of conclusions

A cylindrical 2N-multipole m_agnet is assembled fravh ._can be drawn from the Halbach formalism outlined above:
segments permanently magnetized such that the magnetiza-

tion axis of each segment advances azimuthally by an anglé) The pole-tip field of a sextupole magn8j [Eq. (8)],

(N+1)27/M with respect to a fixed coordinate system, as consisting of 24 segments exceeds the one of a mag-
sketched in Fig. 1. In Cartesian coordinates using complex net assembled from 12 segments by 15&&suming
numbersz=x+iy=re'?, the field inside the magnet bore at the two magnets compared employ the identical mag-
a distancer from the central axis is given by the Halbach net material and are of the same dimensjons
formulas[Ref. 5, Eqs/(24a and(24b)] (i)  Deviation from the field generated by an ideal sextu-
o no1 pole magnet will manifest itself in higher multipole
LSJ(Z)ZJE (E) H K, ) components only very close to the surface, because
v=0\r the exponent of the radial field dependence for mag-
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TABLE Il. Nominal and measured dimensions of the six sextupole magnets

length/, inner and outer radii, andr, (Fig. 1), respectively.
Nominal Measured
/ Iy ) 7 Iy )
Magnet (mm) (mm) (mm) (mm) (mm) (mm)
1 40 5/7 20 40.011) 5.20(2)/7.06(23 19.991)
2 65 8/1Ff 32 65.011) 7.99(1)/11.06(2) 32.022)
3 70 14 47 70.0®) 14.021) 47.0Q1)
4 38 15 47  38.041) 15.022) 47.011)
5 55 15 47  55.001) 15.031) 47.001)
6 55 15 47  55.0Q) 15.012) 47.022)
aMagnet with conical opening, the first value denotes the radius at the en

trance, the second value the radius of the exit aperture.

nets composed frorVl =24 segments becomes very :
large, e.g., 26 and 50 far=1 andv=2, respectively
[See EqS(G) and (7)] ngher muItlpoIe components FIG. 2. (Color) Magnitude of the magnetic flux densirlﬁ\ in the centraky
of the ordery=1 (n=27) andv=2 (n=51) corre- plane of sextupole magnet(See Table Il for dimensionscalculated using
spond to azimuthal field dependences of a 54 pole angAFA. The numpgr codg ref_lects the emplpye_d mgterial properties Ii_sted in
a 102 pole, respectively Table I. The original direction of magnetization in the material prior to
. 7 assembling is indicated in Fig. 1.
(i)  For a given inner radius; of a sextupole magnet the
maximum gain in pole-tip fieldEq. (8)] by increasing
the outer radius beyond 3(4r,) is only 12.5(6.7%.  according tdB= uuoH + J the field strengti is largest and
) . o ) antiparallel to the original magnetization direction. For a
The magnet design discussed in this article reports fopore detailed investigation the component of the field
the first time a segmentation into 24 pie¢8iy. 1) even for  strengthH, is plotted in Fig. 3(eft-hand sidgas a function
inner radii down tor,=5 mm. The focusing properties of of they coordinate(atx=0). The critical region is the mini-
the complete magnet system, consisting of six magnets, hayg,m of H, near the magnet boundary. The resulting field
been determined from ray tracing calculations using nominagtrengtth: —1.1x 10° kA/m requires to select a material
pole-tip fields of 1.5 T. The magnet dimensions, given ingf high coercivity for these segments. The corresponding
Table Il, are the result of an optimization procedure with thecomponent of the magnetic flux densy is plotted as a
objective of maximizing the number of atoms transported pef,nction of they coordinate(at x=0) in Fig. 3 (right-hand

unit time into a feeding tube of 10 mm diameter and 100 mmside As expected, the tangential componenFloi(s continu-

length located 300 mm behind the exit of the last sextupolee)us when passing through the magnet surface, while the tan-
magnet. The achromatic focusing properties of the magnet '

system could be improved by making the first two magnets.gentlal component of the magnetic flux denditys discon-

conical, such that the focusing of the magnet system belinuous. Thex components ofH and B are plotted as a
comes more independent of the particle velocity. function of thex coordmate(at»yzO) in Fig. 4. The super-
position yields a field strengtH (left-hand sid¢ parallel to
the original magnetization direction. Therefore material of
highest remanence and lowest coercivity of polarizatiom

A permanent magnet can be characterized by the rema&ig. 2) can be employed. The situation for the other seg-
nencel and the(temperature dependgroercivity of polar-  ments(2 in Fig. 2) is such that medium remanence and me-
izationHc;. Superposition of the field strengths of different dium coercivity of polarization compared to segmehisnd
segments leads to demagnetization, if the projection of thg are appropriate.
resulting field strength on the original magnetization direc-  |n order to avoid demagnetization, while maximizing the
tion is antiparallel and exceeds the maximum coercikity
tolerated by a particular segment. Demagnetization presents

Iml 1T)

B. Magnet design using MAFIA

an unwanted effect because it limits the achievable pole—tip§ ¢ 3 H

field of the magnets. Therefore, using the nominal dimen-= * \ o 05

sions of the magnet&Table 1l), three-dimensional field cal- =% 0

culations with themAriA code were carried out to localize  -600 \ 05

these critical regions. A typical result of such a calculation is -800 \

shown in Fig. 2, where the magnitude of the magnetic flux -1000 N 10

density|I§| is shown for one quadrant of magnet 5 in the 0 10 2 30 40 50 0 10 20 30 40 50
Y [mm] Y [mm]

central plane perpendicular to the longitudinal axis of the
magnet. The most critical regions are located near the inNgfig. 3. x component of the magnetic field strengih(left-hand side and

surface of segments label&dn Fig. 2, where apparently the magnetic flux densit (right-hand sidgof magnet 5(Fig. 2) as a function
magnitude of the magnetic flux density is smallest, hencef they coordinate ak=0.
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E 1000 B L5 FIA were arrived at by using the typical values for the rema-
% o / nence of theindividual segments listed in Table I. A qua-
e 500 10 dratic extrapolation to the surface yields the val@gs'",
0 / L\ listed in Table I, where higher order multipole components
05 were suppressed by a proper radial cutoff.
-500 / Apparently, the predicted pole-tip fields obtained with
T e 5 0 0 MAFIA and from the Halbach formalism, given in Table IlI,

X [mm] P differ systematically. One notices thaf”" is always larger
) than By"" and that the discrepancy between the two calcu-
FIG. 4. x component of the magnetic field strendth(left-hand sideand  |ations is largest for the shortest magnet 4. This observation
magnet_ic flux densit)B_ (right-hand sidgfor magnet 5 as a function of the  cgn be explained by noting that the Halbach formalism rep-
x coordinate ay=0 (Fig. 2. resents a two-dimensional calculation, which assumes that
the extension in the third dimension is large, while threiA

resulting pole-tip field, an upper limit of the operating tem- cqge represents a true three-dimensional field calculation.
perature of the sextupole magnets around 60°C was as-

sumed, which led to the selection of the three magnetic ma-

terials employed in the construction of the magr@tble .

For the segments magnetized in radial direction VACODYM”I' FIELD MAPPING APPARATUS

510HR (1) is used, segments magnetized tangentially are  The equipment employed during the field mapping of the
made from VACODYM 400HR(3), for all other segments magnets was chosen such as to allow for:

VACODYM 383HR (2) is employed.

The expected pole-tip fielB, of the magnet configura- .’
tion shown in Fig. 1 was calculated separately for each of thé")
six sextupole magnets from the properties of the employed. ..
materials. In the calculation of the expected pole-tip field i)
from the Halbach formalisrB5*" Eq. (8) is utilized, where
only the pure sextupole term of the Halbach series Q)
enters. The results obtained with the minimal and typical
values of theaverageremanencel are given in Table IIl.
The average remanencd®"=1.233 T andJ¥=1.283 T
were calculated taking into account the employed material
(Table ) in proper proportion. The results obtained with-

(i) measurements along the magnet radius,

full turn azimuthal mapping in the entrance, center,
and exit planes of all magnets, and

mapping parallel to the longitudinal magnet axis.

The measurements were performed using a small Hall
Iprobe (200X 100m?, thickness 15um) sensitive to the
component of the magnetic flux density normal to the probe
plane. The probe was mounted on a lathe using a brass sup-

ort, consisting of a cylindrical centering piece and a narrow
inger, sufficiently long to permit measurements along the
full longitudinal extension of each of the magnets. The mag-
nets were mounted in tightly fitting aluminum cylinders on

TABLE Ill. Properties of the sextupole magnets. The range of expecte .
pole-tip fields from the Halbach formalisBL"" from Eq. (8), utilizes the dLhe axis of a rotatable table that was attached to the lathe.

average remanence, calculated from the minimal and typical values given iﬂ—h_e positior_1ing accuracy of the probe with respect to the
Table |, by taking into account the employed materials in proper proportionaxis of rotation on the lathe was 10 um. The probe plane
(Fig. 1, which yieldsJ""=1.233 T andJ)*?=1.283 T, respectively. The was carefully adjusted perpendicular with respect to the axis
predictions frommaria By™" were arrived at by using the typical values of ¢ \tation of the magnets with the short probe edge parallel
the magnetization of the constituting segmefitable ) and quadratic ex- h . ial k bl

trapolation of the resulting flux density to the pole tip of the magnets. AIsot0 the axis. Special care WaS' taken to enable mea_surements
listed are the measurgextrapolatedl pole-tip fields in the central plane at as close as-100 um from the inner magnet surface in order
z=/12 of the magnetsB, is obtained from fits using the radial field depen- to access experimentally higher multipole components of the
dence[Eg. (9)]. B is obtained from the azimuthal field dependence using magnetic field. For that purpose it is essential that the active

Eqgs.(10) and(11). The statistical errors of the fits are indicated in brackets. | f the Hall be i b . . "
The uncertainty of the calibration of the Hall probe-4%. In the last volume o e Hall probe 15 small, because In a region of a

column we list the radial offset parametér obtained from the azimuthal large magnetic field gradient, e.g., near the surface, the Hall
field measurements as well, which denotes the distance between the axis pfobe does not only respond to the radial field components.

rotation of the Hall probe and magnet axis. Corrections arising from the finite size of the Hall probe are
discussed in Appendix A.

The probe was calibrated in the range of 0-1.7 T by
Magnet Min  Typ Mif Typ Bo(T) Bg(T) Ar(mm  comparison to a standard nuclear magnetic reson@HeR)

BHAL (T) ByAF (T)

1 1.607 1.672 1.569 1.633 1.65¢10) 1.6304) 0.1293) probe in the homogeneous field of a large dipole magnet.
2 1.615 1.680 1.577 1.641 1.6846) 1.6892) 0.0433) The calibration procedure was repeated after the measure-
3 1609 1674 1578 1642 1.6264) 1.6284) 0.1119) ments had been completed. The final calibration cgnvag-
4 1586 1650 1508 1.564 156%) 1.5833) 0.0409) netic flux densityB versus Hall voltagewas obtained from
5 1586 1.650 1.542 1.605 1.6213) 1.6042) 0.0175) th bined calibration dat : d ord |
6 1586 1.650 1542 1.605 1.623)° 1.61%3) 0.17610) e combined calibration data using a second order polyno-

mial fit. The uncertainty of the Hall probe calibration from
#The minimal values for theiaria predictions are obtained by scaling the the combined calibration data was determined to-b&%.

results obtained with the typical values of the average remanence with ﬁ’he temperature coefficient of the employed Hall probe is
factor J™"/ JOP, . .
bThe radial dependence of magnet 6 was not separately measured, the va@Ball (—0.005%/K), thus no corrections due to a change in

given is for magnet 5. the ambient temperature needed to be applied. The signals
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= - B. Azimuthal magnetic field dependence
m 1.5 r 1 1. Medium radii
1| . Another method for the determination of the pole-tip
5 ] field of the magnets makes use of the measured azimuthal
0.5¢ E dependence of the magnetic fields. For that purpose the mag-
E ] nets were rotated in steps of 4°. Measurements were taken at
—_ 0 - - different radii and in planes perpendicular to the axis of ro-
= 0.02¢p B tation at the entrance, center, and exit of the magnet. In order
2 0F 3 to reduce the influence of higher multipole components,
_0.02 F ] measurements at medium radii were selected, for which the
T ] contribution to the measured magnetic flux density from am-
-0.04 | . plitudes of higher harmonicsvE1L, ... =) is at most 3
—0.06 a ] X 10”2 of the total amplitude given in Eq$2)—(5). In this
e case the pole-tip field can be extracted from a fit to the azi-
=5 0 E 10 15 muthal field dependence. As in the measurements of the ra-
rlmm] dial field dependence discussed above, a correction needs to

FIG. 5. Magnetic flux density normal to the Hall probe as a function of the P& applied, which takes into account a lateral displacement
radial position for magnet 4upper panél The dashed line indicates the Ar between the axis of rotation of the table and that of the
magnet boundary. The solid line represents a fit with(B)3.which does not magnet. The displacemenm ~100um<r, is maimy

take into account data points at radii above 12 mm. In the lower panel the d by mechanical in raci d t’ th rotectiv
differenceAB between the data and the fit is shown. cause y mechanica accu .ac ,es ue . 0 the p otective
measure to mount the magnets inside aluminum cylinders on
the rotatable table of the lathe. The fitting function for the
magnetic flux density as a function of radiuand azimuthp

for the component normal to the Hall probe is given by

from the probe were measured using a multinf8tend read
out to a PC via a general purpose interface bias interface.

IV. RESULTS AND COMPARISON TO MAFIA - rynt
CALCULATIONS Bnorm(r"l’):JZO (ﬁ HnKnCh - (10
A. Radial field dependence The correction factor
A measurement of the radial magnetic field dependence Ar
in the central plane ap=0 (in front of a pole yields infor- Cy= 1+(n—1)Tcos(¢— ¢§')

mation about the pole-tip field and about the deviation of
magnetic and geometric axis. A typical result of a radial field Ar
measurement is shown in Fig. 5. The measured data are fitted : 003{ né+¢o—(n+1) - sin(¢— b5")
with a two parameter function

r+Ar)2

, 11

introduced in Eq(10), is derived in Appendix B. The angles
9) &g and d)ér correspond to the initial phases. One example of
' a measured azimuthal field dependence is depicted in Fig. 6.

whereB,, is the pole-tip field and\r a radial offset, which The resulting pole-tip field valueBf obtained from this pro-

accounts for a lateral displacement of the magnet axis witigedure are listed in Table lll. The two different methods give

respect to the axis of rotation of the magnet. The radial deSOnsistent results.

pendence of the magnetic flux density was measured at least -

twice for every magnet, once with the magneifat 0 and 2 Large radii

once rotated by 180°. The magnetic field deviates from that Measurements at large radiiear the surfageyield in-

of an ideal sextupole in that higher multipole componentsformation about higher multipole components. One example
become sizeable near the magnet surfaee Fig. 5. In the  of such a measurement on magnet 5 at a radius=0f4.9
determination of the pole-tip field from a quadratic extrapo-mm with a step of 4° is shown in Fig. 7. At this radius, the
lation using the resulting parameters of the fit, values obamplitudes of the higher harmonies=1 (v=2) according
tained at large radii were not taken into account. In Table llito the Halbach formulakEgs. (2)—(5)] correspond to 10.0%
the results obtained fdB, from fits using Eq.(9) are given  (4.5%) of the total amplitude. Additional azimuthal measure-
for all magnets, except magnet 6, which is of equal dimenments were carried out with a smaller step of 0.5° for each of
sion as magnet 5 and was not measured separately. In thiee six sextupole magnets discussed here in a reduced angu-
extrapolation to the pole tip the nominal magnet dimensiongar range(one quadrant In Fig. 8 the azimuthal field depen-
(Table 1) were used, except for magnet 1, for which thedence is shown for magnet 5. The results afiaFiA calcu-
measured inner radii in the entrance and exit plane diffefation are also shown in Fig. 8. The agreement of the
significantly from the nominal ones. In the listed values formeasured data with theAriA calculation is quite good. A

B(r)=Bog

By, the average of the measurements was taken. The difitted curve using Eq$10) and(11) for »=0, . ..,10 isalso
placementAr is on the order of 10um. The errors oB,  indicated. In the fitting procedure the amplitudes of the mul-
given in Table Il are statistical only. tipole components have to be corrected by taking into ac-
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FIG. 6. Azimuthal dependence Bf,4for magnet 4 at a radius of 12.5 mm. FIG. 8. Azimuthal dependence 8,4 for magnet 5 at a radius of 14.9 mm
The solid line represents a fit with a function taking into account the fieldfor one quadrant. The measured daty ére shown together with the results
component normal to the Hall probe and a radial off&ets.(10) and(11)]. of amAFIA calculation(thin solid line. A fit to the data with Eqs(10) and
(11) for »=0, ...,10 of the Hlbach series using as a free parameter an
average remanencd is indicated (dash-dottel and yields J=1.293
count the finite size of the Hall probe. This is discussed in+=0.008 T, in good agreement with the expectatidfi=1.283 T. The mul-
detail in Appendix A.(The correction terms for a Hall probe tipole amplitudes in the fit were corrected as described in Appendix A, in
of h=0.2 mm lateral dimension are listed in Table }¥rom order to account for the finite size of the Hall probe. The0 term of that
o fit alone (pure sextupoleis indicated as wel(dashed ling
the fit an average remanence bf 1.293+0.008 T results,
which agrees well with the expected value for the average ) )
remanencd?=1.283 T, calculated from the employed ma- In order to access the first order multipole component
terials. Also shown in Fig. 8 is the=0 term obtained from »=1 the difference between a pure sextupoteO and the
the fit with »=0, . .. ,10,which corresponds to a pure sex- measured data, both shown in Fig. 8, is computed and plotted
tupole. Omitting higher order terms>10 is justified, be- N Fig. 9. The resulting distribution exhibits the typical fre-
cause the amplitude of all higher harmonics corresponds tguency of the next harmonie=1, which corresponds to a

only about 1% of the total amplitude. 54 pole. Also plotted in this graph is the result of the Hal-
bach fit to the azimuthal distribution shown in Fig. 8 for
=1, ...,10.Subtraction of both terms;=0 andv=1 of
E i the fitted Halbach series from the data, yields the distribution
m 1.5 M M M shown in Fig. 10. The typical 102-pole structure of the
¥ / \ / \ / \ =2 term is clearly visible.
1 H A measurement of the azimuthal field dependence at the
i / \ [ \ / \ entrance and exit of each magnet was carried out in order to
0.5 ) ) )
[ TABLE IV. Correction termsC(v) calculated for magnet linner radius
I \ / \ / \ / \ r.=6 mm atr=5.9 mm and for a magnet with an inner radiusrgf 15
0 mm atr=14.9 mm up to ordepr=10 for a Hall probe oh=0.2 mm.
I \ / \ / \ / C(v,r{=6 mm, C(r,=15mm,
-0.5 i v r=5.9mm, h=0.2 mm) r=14.9 mm, h=0.2 mm)
I \ / \ / \ / 0 0.999 1.000
-1 1 0.964 0.994
K \ / \ / \ / 2 0.877 0.980
i 3 0.747 0.958
- 4 0.587 0.927
12 L W ‘ ‘ W . . W . . 5 0.410 0.889
0 2 4 6 ; 0073 0793
@ [rad.] 8 ~0.060 0.736
9 -0.156 0.675
FIG. 7. Azimuthal dependence Bf.4for magnet 5 at a radius of 14.9 mm. 10 -0.211 0.610

(The solid line serves to guide the eye.
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FIG. 9. Multipole components=1 (x), corresponding mainly to a 54 pole
(v=1), extracted from the measured data shown in Fig. 8 by subtraction o
the pure sextupole component0 from the data. The Halbach series for

v=1,...,10 of the fit to thedata of Fig. 8 with the full series i
=0, ...,10) isindicated as a solid line.

!f:IG. 11. Magnetic flux densit,.q(*) along the axis of magnet 6 at a
radius of 14.5 mm at=0. The upper solid line indicates the result of a
MAFIA calculation using typical values for the remaned®® of the indi-
vidual segmentgTable ). The lower solid line for the configuration with
minimal values of the magnetization is obtained by scaling the results ob-
tained withJ%° by a factorJ™"/J%. The dashed lines correspond to the

detect a possible spirality of the magnets. It was found thaghysical boundaries of the magnet.

the positions of the maxima of the magnetic flux density in

the entrance and exit plane coincide within 1° with the posidike Hall probe can either be ignored or corrected for, at
tion of the maxima found in the center plane.

3. Small radii

Measurements at small radii were carried out as well.
While at medium and large radii the effects of a nonpoint-c. z dependence
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small radii these effects become large and make a meaning-
ful measurement virtually impossible. A detailed discussion
of finite-size Hall probe effects is given in Appendix A.

In order to investigate the uniformity of the magnets,
measurements @, in an axial direction were carried out.
One such measurement on magngtcylindrical borg at a
radius of 14.5 mm is shown in Fig. 11. The agreement be-
tween the data and the results ofvaria calculation, also
shown in the figure, is good. In Fig. 12 the result of a mea-
surement ofB,,4 parallel to the axis of magnet (conical
bore at a radius of 4.5 mm is shown. The solid line corre-
sponds to a calculation based on the measured pole-tip field
BS (Table 1) and the Halbach formulas, in that for each
longitudinal coordinate an infinitely long magnet with the
appropriate inner and outer radii, andr,, respectively, is
assumed.

Ray tracing calculations in most cases assume a field
integral [B,,{z)dz calculated for a box-shaped magnetic
flux density, as indicated in Fig. 12. In Table V we compare
the calculated field integrals of the six sextupole magnets
discussed here to the measured ones, obtained by integration
over the measured dependence. The calculated values for
the cylindrical magnets were obtained using the pole-tip field
valuesB? , listed in Table Ill, multiplied by a factorr(r)?

FIG. 10. Multipole components=2 (x) extracted from the data by sub-
traction of v=0 andv=1 terms from the data shown in Fig. 8 yield the
typical 102-pole structure, corresponding ite=2. Also shown as a solid
line is the result of the fit with the Halbach series<(0, .. ., 10,shown in
Fig. 8 for v=2, ..., 10 only.

to account for the radius at which the longitudinal field de-
pendence was measured. For the conical magnets the mea-
sured pole-tip field in the center plariy , was used also.
Here in addition to the factor discussed above, the change in
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— 1.6 —— — — and all other observed features of segmented multipole mag-
= : . nets. The only uncertainty in the prediction arises from the
M 1.4 1 insufficient knowledge of the remanence of the materials em-
- / . ployed, which holds for the Halbach formulas as well.
1.2 1 1 The measurements presented here constitute the first ex-
i / B . perimental determination of amplitudes and multipolarities
1 > : 1 related to the first and second order<(1, 2) multipole field
i / . components ever carried out for segmented multipole mag-
0.8 gl nets. We have confirmed experimentally, that the Halbach
i . formalisn® for permanent multipole magnets consisting of a
0.6 | - ] finite number of segments of different magnetization de-
i ) 1 scribes these tiny effects near the magnet surface with good
0.4 | - ] accuracy, in particular in the azimuthal field dependences.
I ] We find no experimental evidence for the statements
0.2 f - ] made in Ref. 11 with respect to the multipolarity in sextupole
. . ] magnets consisting d¥l =24 segments, namely that the ex-
0 |r——se= - pected higher order symmetries correspond to an 18 pole and
] — — — . a 30 pole.
-20 0 20 40 Since higher multipole components appear only very

z [mml close to the magnet surface, the number of atoms affected by
FIG. 12. Measured magnetic flux densBy,q along the axis of magnet 1 them is small. In a_ddltlon’ it can be shown gsmg the Halbach
(*) at a radius of 4.5 mm ap=0. The solid line corresponds to the result formulas that the integrals over the full azimuth of the gra-
of a calculation based on the measured pole-tip BjdTable Ill), usinga  dient of the magnitude of the magnetic flux density for a pure
factor (r/ry)-[1—(r1/r5)?] to account for the radiusat which the distri-  sextupole and for the more realistic case including higher
bution was measured and for the change in material thickness. multipole componentSe.g., »=0, ... ’100) yield the same
results. Thus one can conclude that higher multipole compo-

magnet thickness was factored in usiig-(r1/r;)?]. EX-  nents in a segmented sextupole magnet have no effect on the
cept for magnet 1, where the discrepancy between measuregagnets’ focusing properties.

and calculated field integral reached0%, the agreement is One of the conditions for the Va||d|ty of the Halbach

quite good(Table V). formalism is the spatial independence of the magnetization
vectorJ within each magnet segment. It is treated as a con-

V. DISCUSSION stant scalad. Rather inhomogeneous magnet material would

result in the appearance of more and other harmonics. The
We have reported on the development of segmented sexact that we found exactly the harmonics predicted by Hal-

tupole magnets which employ a new generation of permapach proves the good homogeneity of the magnet material
nently magnetized materials now available. The six permagged.

nent magnets consist of 24 segments with inner radii downto  The pole-tip field values for the six magnets reported

5 mm. This represents an improvement because previouslere, with values in the range of 1.58—1.69 T, represent a
for radii of that size only magnets consisting of 12 segmentgypstantial improvement for the magnet systems employed in
have been produced.It should be pointed out that the sub- atomic beam sources. The larger pole-tip field enables the
stantial increase in pole-tip field of about 16% going from 12,se of wider magnet apertures, without compromising the
to 24 segments reduces to a mere 3.5% when the number gé|q gradient. Since the acceptance of a magnet system is
segments is increased by another factor of 2 to 48 segmenterebhy increased, a somewhat higher flow of polarized at-

segmented magnets is presumably not justified.

The MAFIA code is a powerful tool that can be used
efficiently to predict with good accuracy the pole-tip field

TABLE V. Measured and calculated values for the field integralsACKNO\NLEDGMENTS
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FIG. 13. Coordinate system to determine the influence of the finite size of F , Vo 1
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FIG. 14. Calculated ratio of magnetic flux densitiBge.dBaqg N€ar the
magnet axis for three different Hall probe dimensions. The solid line corre-
sponds tch=0.2 mm, the dashed-dotted linele=0.5 mm, and the dashed
The magnitude and direction of the magnetic flux den-iine toh=1.0 mm.

sity inside a multipole magnet change within the volume of

the Hall probe that is used to measure the field. Therefore, it o

is necessary to investigate to what extent the finite size of th¥/here the effects of a nonpoint-like Hall probe have been
detector probe has to be taken into account. The discussidAKen into account by a correction te@f»,h) that depends
presented here refers to measurements carried out with a H&Q!! the orderu. of thg harmonic contributions involved gnd on
probe, where the sensitive plane is perpendicular to the r41€ atéral dimensiom of the Hall probe employed in the

APPENDIX A: HALL PROBE FINITE SIZE EFFECTS

dius of the magnet. The signal measured by the Hall probe i§'€@surements. The correction term is given by

proportional to the normal component of the magnetic flux

density B,,,:m averaged over the lateral dimensibrof the
probe, as indicated in Fig. 13:

1 (h2
Bmeaszﬁ'f hIZBnormdl- (A1)

The normal component at poift [coordinates (', ¢') in
Fig. 13] is given by

Brom(l,é,1",¢")=Bradr',¢"')-cog ¢’ — ¢)

—Badr',¢")-sin(¢p’ —¢).  (A2)
B,.q and By, are defined in Eq96) and (7), wherer and ¢

2r> | jarctanwzn cofn+LE]

h=[—
. (h cos" ¢

It should be noted tha(»,h) is independent of the azimuth

¢ and that for an idealpoint-like) Hall probe C(»,h=0)

=1. Although it is possible to express the integral given
above through elementary functions, here we discuss the ef-
fect of the correction term in the central plane for two of our
magnets: the smallest one with=6 mm and a magnet with
r{=15 mm. In Table IV the correction factors are listed that
have to be applied to the multipole components up to order
v=10 in a measurement where the Hall probe is positioned

are the coordinates of the center of the Hall probe. The abovatr =14.9 mm ;=15 mm and atr =5.9 mm ;=6 mm),

expression converts into

Bnorm(rid)a¢’):‘]’go H K,

(L)“-lcos(<n+1>¢'—¢+ &)
g cod L' — )
(A3)

where ¢ denotes the starting phase. Integration of @d.)
using forB,,om the expression from EqA3) yields

oo

r n-1
Bmeas:J'Eo HnKn'(r_) 00$n¢+¢6)'c(%h),
v= 1
(A4)

respectively. Fow= 2, for the small(large aperture magnet
with a probe of lateral dimensionm=0.2 mm the correction

is already sizeabley 12.3% (~2.0%). For larger Hall probe
dimensions, e.g.h=0.5 mm, the correction term for the
small aperture magnet far=2 amounts to~63.5%. Thus it

is not feasible to study effects related to higher order multi-
polarities with Hall probes of large lateral dimension.

At small radii (r<3 mm), multipole components other
thany=0 can be neglected. However, the corrections arising
from the nonpoint-like Hall probe become large as well, as
indicated in Fig. 14, where the ratio of the idépbint-like)
and measured magnetic flux dendity,c.d BraqiS plotted for
radii r below 3 mm for the three lateral probe dimensions
(h=0.2, 0.5, and 1.0 mjm One must conclude that it is not
possible to carry out meaningful measurements at small radii
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FIG. 15. Radial dependence of the magnetic flux density near the axis of a Ar
magnet withBy=1.6 T andr,=15 mm for three different Hall probe sizes. ¢Ar x’
The dotted line corresponds to a point-like Hall probe, the solid line to a . ° -
Hall probe ofh=0.2 mm lateral dimension, the dashed-dotted linehto (0]

=0.5 mm, and the dashed line ie=1.0 mm. . . .
FIG. 16. Coordinate system for azimuthal field measurements. The Hall

probe is located at poirfe. The magnet is centered in tlxéy’ coordinate
with a Hall probe of inappropriate dimensions. When highersystem, while the probe is rotated about the center ofxtheoordinate

orders other tharv=0 are omitted, the maximum of the system. The distancar (<r ,r;) denotes the offset between magnet axis
magnetic flux density given in E(ﬂA4) simplifies to and axis of rotation on the Iathd;é’ corresponds to a starting phase.

h 1(h)2
_7+_ PR

The magnet is centered in théy’ coordinate system,
arctan =— 3|2y

shown in Fig. 16. Azimuthal measurements are carried out
(2 by rotating the Hall probe, located at poidt about the cen-
(_) , (Ae) ter of the unprimed coordinate system, which is displaced
M1 with respect to the primed system bgr=(Ax,Ay)
where B, is the quadratic coefficient of the pure sextupole=(cosd)érAr,sinqSérAr). The Hall probe responds to the nor-
component. From EqAB6) it is possible to deduce the Hall mal projection of the magnetic flux density, thus with the
probe sizen required for measurements near the magnet censonventions of Fig. 16 one can write

ter. Figure 15 shows the radial dependence of the measured Ars y

field valueBe,{r) for the three different Hall probes. Ob- Brom(T', 6,47, $5) = Brad I, ¢7) OS2
viously, with a Hall probe of finite size a magnetic flux den- +Biad(r’, 0 )sing,, (B1)

sity of zero is measured at two radii already a few tenths of here B,y and By, are defined by Eqsi6) and (7). The

a mm away from the magnet axis, depending on the size of

i i :
the Hall probe, while in the center the magnetic flux densitycoordmatesr ¢’ have to be expressed as functions of

does not vanish. For the example discussed abbwe0(2 r.¢,Ar, and d)ér' Applying the law of sines to the triangle

8%

Bmeadl)=Bo- or

mm, Bo=1.6 T, andr, =15 mm the limit of OOQ'P yields
Ar
1 h 2 P T 1 g Ar
IimBmeam:l—zBo(—) (A7) Sin(¢—¢")= —=+sin(¢' — "), (B2)
r—0 M

o ) If one assumes that the offsatr is small compared tao,
corresponds tf’za negligibly small flux density Bfweadr  \hich is justified at larger radii by the alignment precision of
—0)=2.4X10"" mT. the field mapping apparatus, then with gr(¢')~¢p— ¢’ it

follows that

APPENDIX B: HALL PROBE OFFSET CORRECTION Ar sin( ¢ d’m)
In order to account for a transverse displacement of the &' =¢— T Ar 0 . (B3)

axis of rotation of the Hall probe with respect to the magnet 1+ —-cog¢— d)ér)

axis, a correction to the Halba¢kqgs.(6) and(7)] has to be r

applied. The mathematical derivation leading to E4€))  The law of cosines for the triangl@O’P yields a second

and(11) is presented in this Appendix. expression
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