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Abstract

In the NSLS-II storage ring, the effect of the dipole fringe
field is not negligible and was considered already at the de-
sign phase. Especially in the vertical direction, the standard
simulation codes are using the parameter called FINT (fringe
Field INTegral) and, if there is no specific information, it
is usually set to 0.5 which is considered as the reasonable
average. With the hall-probe measurement data of the NSLS-
II storage ring dipoles, we evaluated measured FINTs and
applied them to the beam simulation. The paper shows the
resulting FINTs and their effects.

INTRODUCTION

NSLS-II is a 3rd generation light source commissioned
in 2014 [1]. It has a double bend achromat lattice with 30
cells on a 792 m circumference. The 30 straight sections are
alternatively long and short with high and low horizontal
beta values, and the ring consists of the 15 super-period.

The electron energy is 3 GeV and the nominal tunes are
33.22/16.26 and the beam emittances are 0.9 nm rad nad
8 pm for horizontal and vertical planes, respectively. The
lattice design of one super-period of the NSLS-II storage ring
is shown in Fig. 1. Each cell has 2 dipoles, 10 quadrupoles,
9 sextupoles and 6 mulit-function correctors.

Figure 1: One super-period of NSLS-II storage ring.

Even with the circumference of 792 m, to minimize the
beam emittance as the state-of-the-art synchrotron radiation
source, the space of magnets is still limited and the innova-
tive dipole magnet has been developed where the magnetic
length becomes significantly longer than the mechanical
length [2]. The design is referred as “extended pole” or
design with a “nose”. The new design freed up about 1.3
% space in machine by releasing about 190 mm per dipole
magnet. In the NSLS-II storage ring there are 54 dipole
magnets of 35 mm gap and 6 dipole magnets that have a gap
of 90 mm as the infrared sources. Each dipole has magnetic
length of 2.62 m with a field 0.4 T which gives the radius of
curvature 25 m for the 3 GeV electron beam and bends the
beam 6.0° with the sagitta of 35 mm [3].
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Figure 2: Schematic diagram of the rectangular dipole mag-
net and the ideal beam path.

Because of the concern about the effects from the 2 kinds
of unconventional dipole magnets, the fringe field effects
were already numerically analyzed at the design phase using
the calculated 3D magnetic field map [4] and confirmed that
the optics distortion can be fully accommodated. Now, we
have the machine in operation and would like to analyze the
effects on the optics to the first order with the measured data.

In simulation studies, the dipole magnet is frequently
simplified to the hard edge model where the magnetic field
is constant inside the magnet and vanishes outside, i.e., the
fringe field region is infinitesimally thin. In this case, if the
ideal beam path is not normal to the pole face, because of
the excess or lack of curvature compared to the ideal path,
the beam is focussed or defocussed at each end of the dipole
as

Ax' = L tany (1)
p
where p is the nominal radius of curvature and 7 is the
injection or extraction angle shown as in Fig. 2.

Even with the hard edge model, we will have non-
vanishing horizontal magnetic field, if n is not zero, by ap-
plying Ampere’s law without the source, V x B = 0, at the
edge of the magnet. The resulting focussing strength can be
written as

Ay’ = -2 tany. )
P

When we move to the extended fringe field from the
hard edge model, the horizontal focussing strength does
not change to the first order but, in the vertical plane, the i
in Eq. 2 needs to be corrected because 7 is the source of the
asymmetry which induces the horizontal field and the field
experienced by the particle is changing along the path. As
the result, the vertical edge focussing is corrected in the first
order as [5]

Ay’ = —% tan(y - ¥). 3)
where
Y= @ secn(l + sin’ n)
: 4)
K= f By (2)[Bo — By (2)] dz.
¢B}
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E Here, g is the magnet pole gap size and z is the coordinate
E:normal to the pole face. And By is the magnetic field well
Z inside of the magnet body. The integral for K should cover
%enough region around the edge from B, = 0 to B, = By and
2 the typical value of K for actual magnets may range from
£0.3 to 1.0 [5]. K is also known as FINT in many particle
;:j tracking codes like MAD [6] and the default value is usually
% set to 0.5, which is considered as the reasonable average.

When the NSLS-II lattice was designed, we also used the
<hard edge model. The accurate dipole fringe field effect was
not the primary concern and, furthermore, the machine is
equipped with enough knobs, including the 1% dipole trim
coils, to compensate all the expected fringe field effects.

In fact, even though all the set-point currents of the
quadrupole magnet power supplies are away from the val-
ues obtained by the design field strengths and the unit con-
versions, the machine is running with target specifications.
However, from the fact that the slight deviation of the tune
can affect the machine performance we expect the under-
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In this paper, we will estimate the focussing strengths of
> Z the extended fringe fields of the NSLS-II dipole magnets to
£ the first order using the measured field data and discuss the
B effects on the beam optics.

DIPOLE FRINGE FIELD

The fields for all the NSLS-II storage ring dipole magnets
< were measured by the manufacturer (Buckley Systems Inc.,
& New Zealand). Upon arrival at the NSLS-II site, among 54
S S 35-mm gap dipoles, magnetic fields were measured for 17
@ samples using the hall-probe and the fields for all 6 90-mm
g gap dipoles were also measured.

=]

8 In the measurement, the vertical magnetic field was mea-

= sured in rectangular coordinate system where x in the hori-
o1 zontal direction, y in the vertical direction in the transverse
m plane and z in the longitudinal direction. The field was
S measured at three planes at y = —10, 0 and 10 mm along
£ the ideal beam path assuming hard-edge model. In the z
% direction, they were measured at points from —1800 mm to
£ 1800 mm relative to the magnet center with 5 mm step. In
Sthe x direction, the fields were measured at 13 points for the
£ given y and z. The center point in x direction is the ideal
_03 beam path and the step is 5 mm. The overall measured field
S values By at'y = 0 plane are shown in Fig. 3

§ For the NSLS-II storage ring, one magnet power supply
=2 . 1. .

s providing the current to all 60 dipole magnets around the
zring, but each magnet has independent trim coils which can
E compensate up to 1% of the bending angle. By numerical
g integration, it can be shown that the integral of the vertical
= magnetic field along the ideal beam path of each magnet is
S well within 1% of 6° (27/60).

S The typical fringe field profiles for 35 mm and 90 mm
= gap dipole magnets are shown in Fig. 4 and 5. The z in
%‘)the figures is the longitudinal direction in the rectangular
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Figure 3: Hall-probe field measurement data of a sampled
NSLS-II 35-mm gap dipole at y = 0.

coordinate system, normal to the pole face. The profiles are
also shown together with the approximated Enge function [7].
As the reference, Fig. 6 shows the typical short-tail and long-
tail fringe field profiles Enge suggested. Compared to the
typical profiles of Fig. 6, both 35 mm and 90 mm profiles
show different characteristics and the reason is considered
to be the non-conventional nose-type design.

By numerical integrations, we obtained the corrections
in the vertical focussing strengths due to the finite fringe
field range, K (FINT) in Eq. 4, from the measurement data
and the results are 0.9445 + 0.01 for the 35-mm gap dipole
and 0.35 + 0.0022 for the 90-mm gap dipole. These values
are placed at the ends of the range 0.3 ~ 1.0 which is the
range of the values which the FINTSs of actual magnets are
expected to have [5]. As the references, the FINTs from the
typical short-tail and long-tail fringe field profiles of Fig. 6.
are 0.42 and 0.48, respectively.

- — -

measurement -
Enge function fitting

z/g

Figure 4: Typical fringe field profile of the 35-mm gap dipole
along the z direction where z=0 is at the pole face and g is
the pole gap size.

EFFECTS ON THE STORAGE RING
OPTICS

By using the FINTs obtained in the previous section in
Eq. 3 and 4, we can correct the vertical focussing strengths
at dipole edges and recalculate the Twiss parameters. Even
though the FINTs, 0.9445 and 0.35, from 35-mm gap and
90-mm gap dipoles, are very different each other, we can
see the difference is coming from the denominator of the
integrand of the second equation of Eq. 4. In calculating the
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Figure 5: Typical fringe field profile of the 90-mm gap dipole
along the z direction where z=0 is at the pole face and g is
the pole gap size.
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Figure 6: Typical short-tail and long-tail fringe field profiles.

focussing strengths, the difference is compensated by the
first equation of Eq. 4 and the corrections from finite fringe
field effects to the 35-mm gap and 90-mm gap dipoles are
becoming similar.

On the other hand, if we put 0.5 for both dipoles as in the
conventional simulation, the effects in Eq. 4 will be 1.9 times
over-estimated for the 35-mm gap dipole and 0.7 times under-
estimated and the results will show symmetry breaking in
the vertical plane optics.

Using the design values of the NSLS-II storage ring, we
calculated deviations in vertical 8 values at beam position
monitor (BPM) positions with different dipole fringe field
effects. Relative deviations in S values for the cases where
0.5 was put as FINT for all dipoles and FINT from the mea-
surement data are shown together in Fig. 7.

As can be seen in the Fig. 7, when we put the conventional
value 0.5 for all FINTS, the g8, function has 3-fold symmetry
with overall lower deviation. When we apply the measured
data, the symmetry is restored but the overall deviation is
increased. The overall deviation from the design S, values
(beta beating) are 0.44% and 0.63% for each case.

The vertical tune of the design model is 16.26 when no
correction is applied. It is changed to 16.253 for 0.5 as
the FINT and becomes 16.249 when the FINTs from the
measured data are applied.

SUMMARY

We reviewed the corrections in the focussing strengths at
the dipole edges due to the extended fringe fields.
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Figure 7: Deviations in the vertical § values from the hard-
edge design values depending on the dipole fringe field ef-
fects.

In the horizontal plane, the correction from the hard-edge
model is not needed to the first order. However, in the vertical
plane, the correction using the field integral values (FINT)
is needed to the first order. If the pole-gap is given for the
dipole magnet and the specific information about FINT is not
available, the usual tracking codes use 0.5 as the FINT and
correct the vertical focusing strengths at the dipole edges.

By comparing the vertical 8 values and tune to the de-
sign values of the NSLS-II storage ring, the correction using
either FINT, the code default 0.5, or the values from the mea-
sured data, affect the vertical ring optics only slightly and,
if needed, the lattice can be corrected easily. The concern is
the fact that if we blindly try to correct the operation lattice
to the design optics, where the default FINT is used, the
resulting optics can have the 3-fold symmetry. Therefore,
using the correct values for the FINTS is still desired.
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