3. Storage Ring

The CANDLE synchrotron light source general design is based on a 3 &xkbrlenergy
storage ring, full energy booster synchrotron and 100 MeV S-Baedtanjlinac. The
storage ring of the accelerator complex is the major facilitygratides high brilliance X-

ray beams from the bends and insertion devices. The ring has a circumference of 216m that
is divided into 16 Double-Bend Achromatic (DBAgctions with a single cell length of

13.5 m.Each cell contains 4.8 m long straightectionfor ingallation of insertion devices,
injection system and radio frequency cavities.

The full energy booster synchrotron operating with a repetiate of 2 Hz and nominal

pulse current of 10 mA provides the storage of 350 mA current in less than IThan.
storage ring circumference of 216m gives the harmonic number h=360 (number of RF
periods per ring) for thaccelerating mode wavelength 60 ¢499.654 MHz frequency)

that results in a convenient decomposition of (36@%8) thereby allowing the possibility

of ring operation with many different bunch patterns.

The design of the machine is based on conventibeainology operating at normal
conducting temperature. However, if the demand of the user community requires the
extension of the photon spectral range to hard X-ray region, superconducting wigglers may
be installed. Table 3.1 presents the main patars of the storage ring.

Table 3.1 Main parameters of CANDLE storage ring.

Parameter Value
Energy E (GeV) 3
Circumference (m) 216
Current | (mA) 350
RF frequency (MHz) 499.654
Harmonic number 360
Number of lattice periods 16
Straight section length (m) 4.8
Lattice type DBA
Bending radiusp (m) 7.385

Optimization of the storage ring performance has been made based on the following
criteria:

* Photon beams from the bending magnets and the insertion devices need to cover
the energy range of 0.1-50 keV with higtespal flux and brightness.

* The storage ring should have sufficient dynamical aperture and has to provide for
stable and reproducible operation of thelitsonith a long beam liétime;

» For time dependent processes such as injection and storage, flexible operation and
control are required to minimize beam losses and to provide reprodueibteogl
beam positioning during filling.

* The ability to accommodate many differdntnch p&erns (single and multi-bunch
operation) for time resolved experiments, needs to be ina@igzbnto the design.
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To meet these challenges and pp@achthe high level of machine performance achieved
in other numerous light sources which use standard conventional technologpgiledd
study of the main physical processes in the storage ring has been performed.

3.1 Magnetic Lattice

The optics of magnetic structure of the storage ring is the basic part of the machine that
defines the main parameters of the stored miecbeam. The number of magnetttite

periods has been determined based on the balance of having high efficiency usage of the
straight sectiongor insertion devices (~75%), the comparatively low beanttare

(below 10 nm-rad), about 5 m longer length of straigltien in each cell and the fhty

to be cost effective. Taking into ammt that ingction devices will oagpy one straight
secton, and three straigheédions are intendefibr RF cavities, the number of cells has
been determined to be 16. With 216 m ring circumference and Biéel structure of the

single cell, each straight section has the length.&m. The free gre of 4 m length is

then available for the wiggler or undulator insertion devices.

3.1.1 Figure of Merits and Lattice Design

The basic consideration that underlies the magnetic structatéce) design for
synchrotron light sources is the achievement of high brilliance of the photon beams thus to
realize the full potential from insertion devices. The high brightness of the photon beams is
achieved by having a high brightness of the electron beam. In addition to the optimization
of the radiation characteristics of thboton source, the design shoulddmeompanied by

the corresponding study of the dynamical aperture of the machine to obtain a good stable
electron beam with reproducible beam positioning during the stored time.

Emittance The emittance of a particle beam in an etattstorage ring isedermined by
equilibrium between the quantum excitation, which causes a transverse kick for individual
particles, and the radiation damping of the bretatosélations. The resulting horizontal
equilibrium emittance is given by the&mession [1]
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where C, =3.8410"°m, y is the particle Lorenz factorp is the bending radiugk is

the horizontal damping partition number ad,, is the dispersion invariant.

In a perfect machine there is no dispersion in the vertical plane so that vertical emittance is
zero. However, in a real machine, the magnet ingoéidns and misalignments cause a
coupling between the horizontal and vertical planes. The CANDLE design spgaifiis

aimed to keep this coupling at the level of less than 1 %, se {+a0.01, .

The choice of one of the driving parameters of the machine — the particle bending radius
(p= 7.385m) - is made by aiming to have a photon critical energy of about 8 keV from

dipole sources for 3 GeVedtrons energy and a nominal magnetic field in the dipoles of
B=1.345 T. This value of magnetic field permits a good quality field with tolerance of

AB/ B <10*in the magnet aperture using conventiarahnology for dipole production.
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In a separated functions machine (i.e. zero field gradient in the dipoles), the damping
partition number is approxiately equal to 1. The quantifycan be increased by a factor

of about half as much againa@itor of 1.5 decrease in dtance) by intoducing vertical
focusing in the dipole magnets. In CANDLE, this is achieved by using a SPEAR3 [2] type
dipole magnet design with a magnetic field index of n=18.

The next important parameter to achieve low emittaioce the aedctron beam is the
minimization of the dispersion invariam ,,, by a proper choice of thattice structure

and the tunes of the betatron ilaions. The CANDLE lattice design is based on the
extended double bend achromataitite as the most compact structure used in low
emittance storage rings. Nuroes studies of the linear and non-linear optics of the
machine lead us to a design that uses two dipole magnets interspaced with focusing central
guadrupole and two focusing-defocusing quadrupole doublets upstream and downstream of
the bending sections, therepyoviding more flexibility in the adjustment of transverse
dimensions. This arrangement of the focusing lattice allowed us to have 16 periods over
the ring with 4.8m long straighéstion in each cefor ingallation of wigglersundulators,

RF cavities and injection devices.

Another factor of two in emittance reduction is achieved by using low dispersion in the
straight sections at the level @f18m. Taking intaaccount the necessity for chromaticity
corrections, the betain tune values have been optimized t813.22 in horizontal and
Q=4.26 in vertical planes resptively.

Brightness For a Gaussian beam distribution, the brightness is given by

0 photons O_ N pn
Secin’mrad’® M1%BPH 4n20pxapxapyapy

B (3.1.2)

where N, is the photon flux,o ,,,0,,, are the effective rms size and divergence of the

photon source in the horizontali € x) and vertical ¢ = y) planes. High brightness is

required for experiments that involve samples or optics with very small phase space
acceptance or techniques that exploit beam coherence and igaataimh figure of merit of

synchrotron radiation sources. The photon beam sizeand divergenceo ,, are the

result of folding diffraction with elecdn beam size and divergence, and at the source point
of zero dispersion lattice is given by [3]

O pu0 pu :\/(guﬁu +Ur2X5uVu "‘UrZ') (3.1.3)

where y, = A+al)/B,, a, =-B./2, B, is the usual betain function at the source
point, g,,0, are the diffraction limited rms radiphoton beam size and divergence that
depend on both the photon wavelength of intepesand the length of the source L
(undulator or wiggler length) ag” =AL/8m”and o> =A/2L. As usual, in further
considerations it is assumed that in the middle of the insertion dewjces . 0

The maximum level of brightness is reached only at the so-calfeacton limit when the
beam emittance isbaut equal to a fraction of the wavelength of the radiaths.an
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example, a diffracted limited beam capablepodducing 10 keV X-rays would have an
emittance 00.01 nm-rad. The optimum value of the betatron function at the source point
for the diffraction limited case is the8” =o, /o, = L/2m and depends only on the
length of the undulator or wiggler.

The new % generation intermediate energy storage riagder design or construction
have design values of horizontal emittaBe&5 nm-rad [4]. Therefore, the dependence of
the spectral brightness on the beiatvalue at the source point is largely visible only in the
IR and UV regions of the excited photons [5]. Fig.3.1.1 presents guotrapbrightness for
the ID source as a function of rathd photon energy for various horizontaéthtron
functions at the source point. The electron beanttanue is taken equal &4 nm-rad,
dispersion at the source point is zero and the length of ID is 4m. The quantity on the
vertical axis is the inverse transverse phase &e®mu .0, of the photon beam in

mm ' Onrad™. It is evident, that decreasing the beiat function at the source point by
one order of magnitude (from 10m to 1 m) gives a gain @ctspl brightness of less than
10% in soft X-ray region (photon energy range 0.5-2 keV), less than 3% in X-ray region
2-8 keV and it isactually independent on low beta latticgpabton energies higher than 8
keV.
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Fig.3.1.1 The spectral brightness behavior for various betatron functions at the
source point. Achromatic hkttice (7=0), an electron beam

emittancee, =8.4nmltad.

For a real electron beam that excites the synchrotron radiation as its travel along the ID, the
photon beam is diluted due teeetron beam oscillating tegtory and the ettron beam
transverse size variation. Geometrical considerations increase apparent source size from
the ideal source size in the middle of the ID given by (3.1.3). A diluted photon beam

emittancee ,, along the optical axis of the ID is then given by [6]

£2, 202,05, =21+ 121282 )+ £,02 B, +£,0%p /B, +d20%  (3.1.4)

with
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p=Ufaed?fo?,  di=ofpieotral,  di=ol,

Here a= )\pK/(Zny) is the electron beam olfations amplitude that causes the widening
of the source size) , is the undulator periodK is the ID strength parametesy, is the
rms energy spread in electron beajy,is the horizontal dispersion function. Thetdtron
and dispersion functions divergences are assumed to bewer6,(; = ), thaDis the
usual case for the DBA non-zero dispersmttide design.

For the arbitrary electron beam ¢@ance the optimaB: in the middle of ID for the fixed
photon energy is then given by algebraic cubic equation [7]

B.’ — puBi—0qy =0, (3.1.5)

with q, = L €. /3A . The single real positive solution of the equation is given by [6]

\/—ﬁ Zcos(]/liEarccosugllg]u <1 (3.1.6)

(+ )2+ (- g u>1
with :qu/21/(pu/3)3 and I =+/u’ -1. Actually, the optimum betéunction 8~ for

the given photon wavelength defines the optimuectebn beam size and divergence in the
middle of ID that give the maximum spectral brigthness.3Fig2 shows the dependence
of CANDLE spectral brightnedsom the emitedphoton energy for various horizontal beta
values in the middle of ID. The CANDLE achromatidtice ( = 0 with the horizontal
emittance of 18 nm-rad and the dispersive lattige=0.18m) with the horizontal

emittance 08.4 nm-rad are shown for comparison. Dashed line gives the brightness for
optimal beta valueg3.1.6) assoaited with eaclphoton energy for the dispersiatice.
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Fig. 3.1.2 The spectral brightness versus photon energy for various horizontal beta.
Shown are: CANDLE achromatic lattice (7 =0), dispersive lattice
(n =0.18m) and optimal beta for dispersive lattice (dashed line).
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For the dispersive lattice the pmovement of the brightness with smaété is essential
only for the photon energies below 0.1 keV. Starting from 0.5 keV the brightness increases
with larger betabn fuction, and in the energy range of higher than 5 keV, the brightness
actually does not depend on thleoton energy. An importanedture is thator dispersive
lattice, which reduces th®orizontal enttance t08.4 nm-rad, the brightness is about twice
larger than the brightness obtained with the achroattite that gives an eleoh beam
emittance of bout 18 nm-radRecognizing the significant improvements in the dynamical
aperture of the ring and the more effective beam injectioforpeance with a large
horizontal leta value, the CANDLE lattice has been optimized horizontal leta value of
7.9m in the middle of ID (long straigh¢stion).

In the vertical plane, in addition to high brightness approach, a low vergtatrdn
function is required in the straight section to reduce the linearnandinear focusing
effects of the wigglef8]. Fig. 3.1.3 shows the sptral brightnesfor various vertical beta
functions for QNDLE dispersive lattice and 1%ouapling. The vertical emittance @s084
nm-rad.
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Fig. 3.1.3 Spectral brightness for various vertical betatron functions.

The simulation of wiggler related effedts CANDLE has been performed based on the
assumption that the wiggler poles are sufficiently long in the horizontdtom, so that

there are only longitudinal and vertical field components necéffg the vertical motion

of the particles. Taking into account the above-discussatlifes of photon andeeltron

beams performance and the requirement to have a sufficient vertical dynamical aperture of
the ring, the vertical betain function in the middle of the straigigction is optimized

to 3, =4.85m.

3.1.2 Standard Cell and Linear Optics

The standard cell of the storage ring is based on the Double — Bend Achromatic (DBA)
system that consists of two gradient dipole magnets (B) with central focusing quadrupole
(QFC) and two quadrupole doublets (QF, QD) upstream and downstream of the bending
section (Fig3.1.4). The total length of the standard cell of 13.5m allows having 16 periods
of identical DBA lattices along the ring witl6 m in circumference. The standard cell
contains two families of focusing and defocusing sextupoles (SF, SD) for the linear
chromaticity corection.
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Fig. 3.1.4 Standard DBA @Il and Ring Arrangement.

The geometry of the standard cell is adapted to have necessary space for Beam Position
Monitors, vacuum chamber valves, pumping stations and includes havirgy m long
straight section in each cell that is availafloleinsertion devices, RF system ancegtjon

system. In total, 12 straight sections will be availdbieénsertion devices.

The standard cell geometry has been optimized based on the requirement of obtaining the
minimum sextupole field for chromaticity compensation thus improving the dynamical
aperture of the machine. The optimization has been performedebthe given values of

the betatron tunes and beta functions in the middle of the straigfiirs discussed in the
previous section.
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The working point of the horizontal and verticatdron ostlations are Q =13.22 and
Q,=4.26 which is far enough from the nearest resonances in the resonance diagram of the
storage ring (Fig. 3.1.5). Figure 3.1.6 presents the optical functions for one standard cell.
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Fig. 3.1.5 Resonance diagram and working point of betatron tunes.
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Fig. 3.1.6 Betatron 8 and dispersionn functions in one standard DBA cell.

The dispersion at the straight section of the lattice is at the le\@L8Mm that with the
given cell arrangement provides the horizontal beanttamee 8.4 nm-rad. Theattice
optics can be easily tuned to achromadittide by adjusting the strength of the central
quadrupole QFC. The natural horizontal g#arice of the beam theparoaches 18 nm-rad.
This option for thedttice is very onvenient for the initial stage of the fidg operation,
during the storage ring commissioning.
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The lattice design and the gdiupole gradient budget allow the ildg operation at high
horizontal ketaron tune Q=14.22 thus reducing the horizontal beamt&nce tas.6 nm-

rad in the expenses of the dynamical aperture reduction. This option will be studied after
the commissioning of the storage with the nominal values of tunes shown on the resonance
diagram. Table 3.1.1 presents the main patars of the standard cell and the linear optics

of the storage ring.

Table 3.1.1 Parameters of standardell and linear optics.

Parameter Value
Quadrupole strength
QF, QD, QFC (m) 1.65/-1.29 /1.7
Dipole field (T) 1.354
Dipole gradient strength (f) 0.33
Horizontal tune @ 13.22
Vertical tune Q 4.26
Horizontal B in the straight (m) 7.89
Vertical S in the straight (m) 4.87
Dispersionn in the straight (m) 0.18
Peak horizontal befmax(m) 8.62
Peak vertical betBymax (m) 17.08
Momentum compactiom 0.002
Horizontal chromaticityé -18.914
Vertical chromaticityé, -14.86

3.1.3 Electron Beam Parameters

The electron beam paraters of the machine follow from the main specifications of the
photon beams characteristics, stable machine operating conditions and the adopted optics
for the regulardttice. With dispersiom = 0.18m in the middle of the straight semti, the

design provides the equilibrium ettaince ofe, =8.4nm in the horizontal plane. In the

vertical plane, the coupling-correction system is expected to achieveoapting The
resulting vertical emittance will be then on the orde84fpm[tad .

Table 3.1.2 Hectron beam parameters

Parameter Value

Energy (GeV) 3
Coupling (%) 1
Energy loss per turn (MeV) 0.97
Horizontal emittance (nm) 8.4
Vertical emittance (nm) 0.084
Relative energy spread (%) 0.104
Damping times (ms)

Horizontal 7, 3.822

Vertical 1, 4.484

Longitudinal 7, 2.455
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The rms sizes and divergences of the electron beam at the source point, i.e. in the middle of
the dipole magnet and in the center of the long straighbseetie given in Table 3.1.3

Table 3.1.3 Hectron beam sizes at the source point.

Parameter Dipole Insertion
a, (Hm) 128 314
g, (urad) 92 32.6
g, (pm) 41 20

o, (urad) 2.05 4.16

The rms horizontal beam size, and the divergence, include the contribution from the
non-zero dispersiory and are given by

1+a,’
axz :£xBx +0D2’72 ) O-x’z =&x L +0—D2’7,2 (3-1-7)

X

with a = -£'/2 ando; rms particle relative energy spread.

3.1.4 Chromaticity Compensation and Dynamical Aperture

An off-energy particle in the linearly focusingtiice of the storage ring experiences
additional extra focusing (defocusing) in the quadrupoles withinattied that results in a
tune shifts of the off-energy particles. This quantity known as the natural chromaticity of
the ring is given by:

5 — A(gx,y /Qx,y —
Y AE/E

where K is the quadrupole strength. The natural chromaticity is negative in a linear
focusing lattice of the machine since the high energy particles experience less focusing
with respect to design particle while passihgptigh the quadrupole magnet. The negative
chromaticity of the machine is the source of so-called “head-tail” instability [9,10§ gnd

must be adjusted to be zero or slightly positive from its naturally occurring negative
values. This is normally achieved with sextupole magnetsepl in the regions of the
lattice where the dispersion is finite. Additional optimization is necessary to adjust the
sextupole loation to minimize the number of the sgxbles and to reduce the sextupole
field that is necessary to compensate theomaticity. An important dature of the

CANDLE design is that the natural chromaticity of the mactge=—-18. in Borizontal
and Ey =-14. 8in vertical planes is compensated by two families of focusing (SF) and

defocusing (SD) sextupolesclated at thelouble bendextion (Figure3.1.6). For the given
sextupole magnets length, 21 mm for SF and 25 mm for SD, the strengths of the sextupoles
that compensate the linear chromaticity of the storage ring are 29.@nth 35.1 1
respectively. The sexpole magnets compensating the linear chromaticity of the machine
induce, in turn, nonlinear motion into theeetron tragctories which results in amplitude—
dependent tune variations and, uliely, unstable motion at an oscillation amplitude
which defines the dynamic aperture.

1 ' Ny
—ETK(S)BW(S )ds (3.1.8)
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Figure 3.1.7 shows the radial (top) and vertical (bottom) phassedpajectories of on and
off-energy QAE/E =x3 %) electrons in the middle of the straigldcton tracked over
1000 turns in the ring with the initial amplitudes of 15 mm when the chromaticity is
compensated to me The distortion of the tegtories from their linear elliptical shape,
caused by the sextupole fields, is apparent.
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Fig. 3.1.7 Trajectories of on and off-energy AE/ E = £3%) electrons in the middle of

the straight section tracked over 1000 turns in the ring with the initial
amplitudes of 15mm.
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The dynamic aperture, i.e. the local pdjon of the phase space acceptancehigsical
space, in the middle of the straight section is shown inFig8. These values have been
used to specify the beam-stay —clear region and, in turn, the magnet apertures.
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Fig. 3.1.8 Dynamic aperture of the storage ring in the center of straight section.

In analyzing the expected fbermance of the storage ring, there are two other petens

that define the stable and flexible operation of the machine: the amplitude dependent
betaton tune shift and the momentum-dependent tune shift.

To avoid resonance crossings, the amplitude-dependent tune shift must remain within
reasonable values. Fig. 3.1.9 presents the amplitude-dependent tune shift as a function of
the emittance. Betain amplitude values were taken as the square of the magnitude of
fundamental peak of betatron &ajory Fourier spctrum divided by the local beta
function. Close to the stdiby limit, the dynamics becomes nonlinear, and the amplitudes

of high harmonics increase at the expense of the fundamental betatron frequency thereby
causing the curve to bend back. In the caseAMIOLE, the tunes do not approach half
integer until the betadn amplitudea, in the horizontal and vertical planescerds 20

mm, which corresponds to the ¢tance of aout £ =40 um.

Since individual particles within the electron beam undergo energylatiens, it is
important also to minimize the energy-dependent tune shift caused by the beta function
distortion of the off-energy particles. Fig. 3.1.10 shows the resulting gedknction
distortion as a function of energy. The corresponding plot of energy-dependent tune shifts
in the horizontal and vertical planes is shown in Fig. 3.1.11. Due to the low chromatic
variation of the 8 -functions, the rise of the off-energy dynamic aperture is observed for

energy spreads that exceed 3%. Note, that the rms energy spread of the particles in
CANDLE storage ring is at the level of 0.1%.
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Fig. 3.1. 9 The amplitude—dependent horizontal (left) and vertical (right) tune shifts

after particle tracking over 512 turns. a) zero coupling, b) 1% coupling, c)

100% coupling.
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Fig. 3.1.10 Momentum dependent horizontal (left) and vertical (right) beta functions
at the symmetry point of straight section.
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Fig. 3.1.11 The horizontal (left) and vertical (right) tune shifts as a function of paitle
energy.
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The results of tracking simulation provide the momenaaeeptance limitations caused by

the beam pipe aperture and are shown in Fig.3.1.12 for horizontal (top) and vertical
(bottom) transverse modes respectively. The beam pipe defines the geometric acceptances
(line &) simply given by A= R?/ B, with R-beam pipe radius an@,_ -maximum beta
function. The dynamical aperture bound dependence on the energy deviation is shown by
curve b. The central dotted line indicates the closedrbit deviation due to chromatic

errors. Note, that for the particles with negative horizontal aigphent, the geometrical
and dynamic apertures actually coincide.
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Fig. 3.1.12 Momentum &ceptances given by the horizontal and vertical apertures as a
function of relative momentum deviation in the center of straight section.
Shown are the horizontal (top) and vertical (bottom) dynamic (curves a)
and geometric apertures (curve b). The central line is momentum
dependent closed orbit (c).
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Fig. 3.1.13 (left) shows the dependence of the beam natutéheca on the symconous
particle energy deviation taking into account the chromatic change dttioe functions.

A 10% emitance growth is observddr a positive energy deviation of 1.5%. The absolute
energy of the beam in the CANDLE storage ring will be kept constant at a level better than
0.1%, so the ertiance vl be stabilized in thealtice to an accuracy of better thaus%.

Fig. 3.1.13 (right) shows a very smooth dependence of beam energy spread on the
synchronous particle energy deviation at 3 GeV. For the relative energy deviation of 1%
the change in energy spread is below 0.5%.
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Fig. 3.13 Natural emittance (left) andrelative energy spread (right) dependence on
the synchronous particle energy deviation at 3 GeV.

3.1.5 Magnet Parameters

The storage ring contains 32 bend magnets, 80 quadrupoles, and 64 sextupoles. The
magnets lengths, fields and locations are chosen so that to minimize emittance and the beta
function, to allow ample sze in the straight sections, as well as to maximizelyhamic
aperture and operational stability. Table 3.1.4 presents the main geometricatpesarh

the magnets and the required magnetic fields.

The lattice desigprovides 16 symmetric cells along the storage ring. In order to increase
the magnet system lifetime and the reliability, as well ggavide some flexibility in the
operating parameter space, the maximum strength of the magnets &5l 20% geater

than the nominal required strength for 3 Ge#&télons. Based on the dynamical aperture
study for the ring, the dipole magnet gap has been optimizedrtom4vhile the apertures

of the quadrupoles and sextupoles are 35 and 40 mractesgy. The apertures of the
magnets and design features are adjusted with the vacuum chamber geometry and the
assembling requirements. The mechanical and electrical considerations of the magnets are
given in the separate section.

The nominal magnets parameters, gifen 3 GeV etctrons energy, provide 8.4 nm-rad
horizontal enttancefor the electron beam. To achieve this téanice with 16 periods, in
addition to electron bend the dipole magnets have the magnetic gradient of 3.3 T/m that
provides an additional vertical focusing of theattons. All the magnets are the room
temperature conventional ones based on the well-proven technology.
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Table 3.1.4 Storage ring magnet parameters for 3 GeV.

Magnet type Nominal value at 3 GeV| Magnet Limit
Dipoles Quantity 32
Dipole gap height (mm) 44
Effective length (m) 1.45
Dipole field B (T) 1.345 1.7
Dipole gradient &(T/m) -3.3 3.3
QuadrupolesQuantity 80
Aperture radius (mm) 35
QF Strength (rif) 1.649
Gradient (T/m) 16.5 20
Pole tip field (T) 0.58 0.7
Effective length 0.38
QD Strength (rif) 1.289
Gradient (T/m) 12.9 20
Pole tip field (T) 0.45 0.7
Effective length (m 0.16
QFC Strength (rif) 1.703
Gradient (T/m) 17.04 20
Pole tip field (T) 0.595 0.7
Effective length (m) 0.5
Sextupoles Quantity 64
Aperture radius (mm) 40
SF Strength (1Y) 29.7
B" (T/m?) 297 440
Pole tip field (T) 0.237 0.35
Effective length (m) 0.21
SD Strength (17 35.1
B" (T/m?) 351 440
Pole tip field (T) 0.28 0.35
Effective length (m) 0.25
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