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Abstract
Fermilab’s Integrable Optics Test Accelerator (IOTA) Au(zoy.s) _ Bpc®t =22 pl(n — 1)
is an electron storage ring designed for testing advanced*\"* %% = B(s) — (2n)!
accelerator physics concepts, including implementatfon o 9 "= N 1)
non-linear integrable beam optics and experiments on op- (ﬂ) cos [2n arctan ()]
tical stochastic cooling. In this report we describe the-con B(s) ¢
tribution of RadiaBeam Technologies to the IOTA projecWhereBp is the magnetic rigidity of the particles,is a
which includes non-linear magnet engineering, prototypgcale factor with units:'/2, ¢ is a unitless strength |f;aram-

fabrication and measurement. eter,x, y ands are the horizontal, vertical and longitudinal
coordinates, respectively, afids) = 8* + g—i is the beta-
function in the non-linear insert witG* = 0.727 m at the
longitudinal center of the insert.

The vector potential (and as we will see, the scalar po-
ntial) is clearly continuous in the longitudinal cooratia

SHESS

INTRODUCTION

IOTA is an electron ring designed as a proof-of-principl%

of non-linear integrable optics [1] at the ASTA facility [2] but it would be very difficult to create a single 2 m long de-

Nonlinear optics are predicted to increase stability of the.Ce that varies continuously to produce the desired sgalin

; i
5:Z(I:t:3:eb:arrgatgrgfu?hhe L;ggsgndg;néjx%vi[ﬁ]a?:: i;hcier;aséccordingly, the 2 m device is divided into 20 sections of

ne sp i : constant parameters that are 6.5 cm long, between each sec-
dynamic aperture [1], leading to more intense beams

n ; )
’ . ! .~ fionis a 3.5 cm long non-magnetic block (or air gap) used
hlgh-energy phyS|c_s machmeg. The goal of Fhe prOJef:t 1B separate the different segments. Because of the symme-

to study single particle dynamics in the non-linear regim

. . : ?ry around the longitudinal center of the device, there are
using a 150 Me\/_ eleCtron beam imal0 m circumference 10 different segments. The segments are labeled 1 through
ring with 4 non-linear inserts that are each 2 m long [4]

While the beam dynamics of the non-linear optics syster%o with 1 being nearest the center of the 2 m device and 10

is being studied at Fermilab, the magnetic inserts are being
designed and manufactured at RadiaBeam Technologies'" pommmmm [

In this paper we discuss the magnetic design and tole b
ance requirements of the IOTA inserts and the measur ko
ment system being built to measure the first prototype ¢, .
these unique magnets. The goals of the prototype magtr ‘
insert are to gain experience manufacturing a complex g e
ometry, determine the cross-talk between adjacent magr £
segments, and measure the field of a challenging insert tt*® -
is tens of centimeters long with a sub-centimeter aperture

DESIGN :

The approach to this problem is the standard magn
tostatic approach [5]: find the equipotential surfaces an::
choose one to fill with iron, correct the edge fields for the
finite extent of the real magnets and then magnetize th
iron via a current carrying coil on a "far off” yoke. The
magnetostatic problem is defined in terms of the magnet
vector potential for a 2D object:
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Figure 1: Contour plot of the equipotential lines of

*Work supported by DOE under contract DE-SC0009531. ¢(xN’ yN)' The superimposed green line is the line taken
t oshea@radiabeam.com for the face of the poles.
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Figure 2: Real space outline of the 2D IOTA design fo
segments 1 (blue), 5 (green) and 10 (red), including a co
tinuous return yoke. The dashed lines show the outline
the excitation coils. All dimensions are in centimeters.
Figure 3: Isometric view of the IOTA insert prototype. A
being the outer most segment. plate on top has been hidden to show detail below. The
&opper items are the excitation coils, the dark grey items

To lowest order, the problem is limited to a 2D plane, s X -
the scalar potential is related to the vector potential via &€ the steel poles and return yokes and light grey items are

/2 rotation about the longitudinal axis [6]: aluminum.

0 n2n—1 the simulation results and the desired field. The value was
2 nl(n —1)!

oz, yn) =1 Y found via 2D optimization of the field using the code Pois-
n=1 (2n)! (2) son [7]. The height of the yoke is defined by the height of
2 2 \" the pole face extension for the number 10 segment. On the
NTIN ) g [2n arctan (y—N)] ; ; ; ;
2 n lower side, the curved face is cut off by a flat section that is

_ _ "chamfered” on the outside edge (to the right in Fig. 2) to
Here, the scalar potential has been normalized such thsdevent field concentration there. These underside changes

O(x,y,s) = gﬁjz (z/BY?,y/B"?) with zy = 2/  are made in the scaled coordinate system, so they are dif-

andyy = y/3'/2. Because we know the scaled form offérent for each magnet. _

the potential and how the beta-function evolves through the AN isometric view of the prototype insert can be seen
non-linear magnet, we can solve for the pole face once aff§ Fi9- 3. The prototype insert will contain 4 complete
then scale it via the beta-function for all of the magnetssegments. Because the smallest aperture comes from the
Further, because of the four-fold symmetry of the problenflumber 1 pole, the prototype insert will have the follow-

we need only find the solution in one quadrant. The equipd?9 Ségments (in order): 1, 1, 2, 3. This combination of
tential lines of the scalar potential in Eq. 2 are shown in Fig®egments allows us to measure the smallest aperture mag-
1. The green line in Fig. 1 shows the contour that will b&'€ts and the coupling between segments. 3D simulation
used to define the pole faces. Because the solution is scaking the code Maxwell [8] has shown that the longitudinal
by 3(s), this is the face for all of the magnets. symmetry point of a full length insert will be faithfully re-

We note here that the potentials given by Egs. 1 and produced between the two number 1 poles in the prototype.

have singularities ately = +c¢, yy = 0), so whatever

solution is found can never include normalized coordinateLMOl\”-I NEAR MAGNET REQUIREMENTS
greater tham. Further, because the singularities are located

on they = 0 line, the vertical aperture is larger than th
horizontal aperture.

In order to make the design easier to produce we ha
decided to make a single yoke design for all of the differer
pole tips. This way, the yokes can be produced en mas
while the tighter tolerance pole tips are made for each of tf
segments separately. Fig. 2 shows a 2D outline of poles 1
(the smallest pole, it is the pole closest to the longituldindrigure 4: Close up image of the tongue and groove reluc-
symmetry point), 5 and 10 (the largest pole) of the IOTAance gap.
insert design along with a continuous return yoke and a
single excitation coil. The curved surface of each segment The magnets shown in Fig. 2 are closed yoke magnets.
is given by the green line in Fig. 1. However, because the beta-function of the electron beam

Above the curved pole tip, a straight face is extendedvolves along the length of the insert, each of the 10 seg-
to 1.3 times the height of the highest point on the curvethents requires a different excitation magnitude. To reduce
face. This straight corner improves the agreement betwe#ite number of power supplies needed, we have decided to




Figure 6: View of the hall probe holder showing the cus-
tom mechanics to allow probe motion in the radial direc-
tion. The red and green crosses are the locations of the hall
probes.

Figure 5: View of the IOTA insert measurement system.

ee Fig. 5). Additionally, the hall probe must be able to

. L . S
use a single excitation coil for all of the yokes and to tunénove within this 10 mm diameter gap. To accomplish this
the field in each segment using a reluctance gap that can\% have designed a " ' ; '

set by moving the return yoke of eagh segment indiViduéf miniature hall probes [9] are mounted in a custom holder
ally. If the reluctance gap were comprised of two flat face§n a rod of the specified diameter (see Fig. 6). The rod is

the required precision of the position of the yoke relatve tmoved longitudinally via a linear motion stage and rota-

a fixed pple tip is very tight, a few micrometers. To reduc(ﬁonally via a rotational stage. The radius is set manually
the required _toIerance_ we opte_d for a t_o_ngue and 9rO0\Gith a set screw. This design will allow us to measure a
approach, this results in a required positional tolerarice ?arge fraction of the desired aperture. We will use 4 hall
~50 “m'bA close_ url):_of Te tongue and groove reluctancsrobes that are separated longitudinally in the probe lplde
gap can be seen in Fg. 4. , i such that two different radii within the IOTA insert aper-
The field quality requirements were defined using a frey e can he measured in a single, automated longitudinal
quency map analysis [4], the analysis indicates that a goQ,, (see Fig. 6). We intend to zero and measure each of
field region of|y| ~ c and|z| ~ ¢/2, with good being o hrohes in a pair of common standards and to have an

defined as difference from the ideal field by less than 10/?Jverlap region that can be measured by both sets of probes

is required. Further, the magnetic center of the SegMenty direct comparison. At the time of publication, the IOTA

must be placed along the same line with an accuracy msert is being manufactured and the measurement design
50 um or less. To compare the magnetostatic S|mulat|or]§ being completed

to the theoretical field, the simulated field is compared to

the ideal field on theg-axis (B,) andz-axis (B,). Of the REFERENCES
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