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1

Introduction

1.1 Purpose

At the storage ring ALBA, a 3.0 GeV lightsource, @mdulator will be used as a photon source for
macromolecular crystallography and non-crystaltiifécaction beamlines. In the range of 5.2 tok&®/
the experiment requires high flux for weakly ditftiag crystals and high brilliance for collectiohlagh
resolution data. The undulator is designed suahittcovers this energy range and the aforemeadi
parameters are optimal at the Selenium edge ofKE2/6 The minimum photon energy is determined
the minimum gap of the undulator which is 5.5 min. the future, with operational experience in
ring, it may be possible to achieve a smaller gap.@ mm corresponding to a minimum photon ene
of 4.8 keV. They will each be installed into 4.3ang straight sections within the ALBA storagegriin

2009.
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Schematic of the ALBA storage ring, NCD (solid red)X (dashed blue).

To achieve high flux at a high photon energy thegoeis made small such that the fundamental ph
energy and its multiples lie in a specific energgion or at optimal points within that region. the
same time a K value of 1.5 to 2 is required to emseasonable tunability of the harmonics. To hahe
required K value the field is increased by redudimg minimum gap of the insertion device (ID) ires
the vacuum chamber to a tolerable value of 5.5 nfifar this purpose, we choose the design of a
vacuum undulator (IVU) made of pure permanent magPeM) material with a maximum length of 2

1.2 Scope

This conceptual design provides the 3-D magneiostaiculations for an 1VU.
limited to an analysis of the central field, magnehultipoles, end field terminations, magneticcies,
and demagnetizing forces acting on the magnetiemaht
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1.3 Coordinate System

Here we define a coordinate system such that thgitledinal axis is the s-axis, the vertical axig4axis,
and the horizontal axis is the x-axis (Figure 1).

Y

wmn

\ e-beam

Figure 1: Definition of coordinate system

1.4 Magnetic Calculation Approach

To perform the magnetic design we used RADIA [1fsezly available full 3-D magnetostatic code. The

modelling approach is divided into two parts.

1) A model for the central period was constructed dptimizing the K value, quantity of magneti

material, and the transverse roll off.

c

2) A separate eight period model was used for thimization of the end field terminations and

evaluation of the electron trajectory.

In the design, the relative permeabilities for ba@d magnetic material are defined as 1.06 paratid
1.17 perpendicular to the axis of magnetizatiorhese are the nominal manufacturer values for S
material. The magnetization of the permanent miagragerial is weakly influenced by the coercivddi
from its neighbourghs nor does the direction of nedigation change rapridly in the material s
relatively course material meshing is used.

Magnetic Design

2.1 Layout

The undulator is a symmetric Halbach configuraf@jnvhere the magnetization vector in a block resat

90 degrees with respect to an adjacent block. tEiguwshows a 2D general undulator scheme with ot
its two terminations. The left side of the figwveuld be continued periodically for the full lengththe
undulator and terminated in the same way such tthatbisector along the S-axis would be a pl
forming a symmetric mirror image. Also, Figure I®w/s the 3D general geometry of a single ma
block whether it be in the central section or eactisn. To construct the undulator we shall regjfour
different block types. While the cross sectioreath block is the same they are distinguished by
magnetization vector and their longitundal thiclgjyedorizontally magnetized block, vertica
magnetized block, a vertically magnetized end @olé a horizontally magnetized end block. Figur
shows the general shape and the nominal dimenareriacluded in section 2.2.2.
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Figure 2: Schematic view of PPM Halbach undulator
Width
Height
>
Chamfer
| , | | ¢ Thicknes

Figure 3: A schematic showing the 3D block geoyntdr a PPM U21.3 undulator

2.2 Geometry of Central Section and End Section

The central section of the undulator consists efstandard Halbach configuration of 4 blocks peiope
with 92 full size periods in total. Hereinafter wefer to a central block with a magnetization vec
parallel to the S-axis as an H-bloekd a magnet block with easy axis parallel to Yhaxis as a V-
block. There is approximatley 11 mm unused out of tal teength of 2000 mm for independent
adjustment of the end sections. The vertical gfzabe magnet blocks were increased until there legs
than a 1 percent change in K value. The perioddetsrmined by requiring the Se edge to occur né&ar 5
mm gap and the longitudinal block thickness isrtkdi as the period divided by 4. Finally, the tramsg
width is constrained by beam dynamics, magnetice®rand a vacuum chamber with an inner diameter
of approximatley 260 mm diameter.

The symmetric magnetic field of the undulator musstterminated at its ends such that the average|orb
of the electron on traversal of and exit from tinelwiator is near zero. An ESRF type B end sedB8bn
was used to terminate the field. The first fiehtegral (exit angle), second field integral (exitset),
must be made to be near zero or within the spectfierances of section 4.1, deviation from zeno |ca
introduce a closed orbit distortion in the storagey. Moreover, the central orbit of the electron
trajectory must be held parallel and symmetric albloel centerline of the undulator such that thetghp
source with respect to the user is effectivelydixd he aforementioned conditions must be sasstifor
a full gap range of 4 mm to 30 mm.

The end section consists of an approximate hatfkitgss V-block and an H-block with modified

thickness, hearinafter referred to as VE-bleeid HE-blockrespectively. The vertical and horitzontal
dimensions are that of the central section butdhgitudinal dimensions are determined by varying|t

—
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222

VE or HE block thickness such that the first ancbsel integrals are a minimum. The absolute thiskne

is determined when the change #field integral is less than 1 G-crt’ (10 °Tm) over a full gap rang

of 4 mm to 30 mm.
A chamfer will be added to each corner of all madiecks. This preserves the symmetry in the bl

()

nck,

reduces demagnetization in the corners and all@wsrfechanical clamping of the block into their

holders. Its influence over the field inside thagnetic gap is negligible. In the design calcuolzdi a

0.050 mm airgap has been included between eacleeadjdlock to account for the thickness of

the

coating and geometrical tolerances in the manufagfu The coating will be for ultrahigh vacuum and

will likely be Ni, TiN, or Al.

Section 2.2.1 and 2.2.2 describe the dimensionth@ffour different block types and Table 1 i
summary.

Dimensions of Central Section Magnet Blocks
Each magnet block is 50 mm widing the X-axis, 16 mm highlong the Y-axis, and 5.275 mm th

$ a

ick

along the S-axis. A 0.010 mm thick coating will bdded to each block for ultra high vacuum
compatibility. Before coating, each magnet blodk ave a dimensioning tolerance of 0/-0.020 mm in

each coordinate direction. After coating, eaclthlshall have a dimensioning tolerance of 0/-0.040.

A 45 degree angle cut (chamfer) is 3 mm into edctihe four corners of the magnet blocks. Figure 2
shows a schematic view of the undulator end sextiofhe blocks have the same general shape as the

block show in Figure 3.

Dimensions of End Section Magnet Blocks

The VE-block (see Fig. 2) has dimensions 60 mm widag the X-axis, 16 mm highlong the Y-axis

and 2.629 mm thiclalong the S-axis. The HE-block has dimensionsné® wide along the X-axis, 1
mm_high along the Y-axis, and 2.995 mm thielong the S-axis. A 0.010 mm thick coating wid

added to each block for ultra high vacuum complitiibi Before coating, each magnet block will hav

dimensioning tolerance of 0/-0.020 mm in each cimaité direction. After coating, each block shall/é

\ 2

@D

a dimensioning tolerance of 0/-0.025 mm. A 4Brde angle cut (chamfer) is 3 mm into each of|the
four corners of the magnet blocks. The blocks ttheesame general shape as the block show in Figure

3.

Table 1: Summary of 4 Block Types and their Respe®imensions

Width Height Thickness | Tol. Uncoated| Tol. Coated | 45 Deg. Cut
[mm] [mm] [mm] [mm] [mm] [mm]

50 16 5.325 0/- 0.020 0/- 0.025

50 16 5.325 0/- 0.020 0/- 0.025

VE

50 16 2.629 0/- 0.020 0/- 0.025

HE

W (W |w|w

50 16 2.995 0/- 0.020 0/- 0.025
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Analysis of Calculated Fields at Minimum Gap

3.1 Magnetic Flux Density

A symmetric 8 period magnetic model was used wiigeeend sections are sufficiently far away fr
central section such that the field from the teations in this region is negligible. At a gap ob 5nm
an effective K value of 1.61 is achieved for a megnperiod of 21.3 mm. The peak flux densityiigeg
as 0.8018 T and the effective flux density is fotmdbe 0.8071 T. At the magnetic profile is notgiy
sinusoidal over a full period there exist highedesr Fourier components. Due to the Halb
configuration there are only odd components inRberier expansion of the field. The values for filst
5 terms are given as 0.8070 T (n=1), 0.0006 T (n<€BPO60 T (n=5), -0.00002 T (n=7), 0.0001 T (N3
Figure 5 shows a graphs of the magnetic field atbegcentral axis.
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Figure 5: Magnetic field along the centerline

Magnetic Flux Density on Centerline (x

3.2 Transverse Roll-Off

The transverse roll-off depends strongly on thegvarse width of the undulator. A flat transversié

off reduces the higher order integrated multipaesr the good field region and mitigates the effeat

dynamic field integrals. In this design a widtlstzeen selected to have a good field region of@0

ach

9)

about the central axis of the undulator as spetifig the CELLS accelerator physics group. The shap

and magnitude of the transverse roll-off is detapsdiby the V-block width which is limited by thedth

of the in-vacuum girders and in turn limited by timmer diameter of the vacuum chamber. The

percentage of the roll off with respect to the carfield at £5 mm, £10 mm, and £20 mm is respedyi
-0.00737, 0.0699 and 1.32 percent. Figure 6a,lv siidhe decay of the transverse roll off over fi
undulator width and over the good field region.
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Figure 6a: Transverse roll off in the magnetic ipligne
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Figure 6b: Transverse roll off in the good fielgjion

3.3 Integrated Multipoles (Angular kick)

By symmetry the first field integral is an even dtion of the x coordinate and the odd integrs
multipoles are zero. Figure 7a shows the intedrateltipole content of the undulator at 5.5 mm
whilst 7b shows the integrated multipoles over gbed field region. The angular kick experienced

the electron is less than 20 G-c20( 10 ® Tm) over a transverse range of + 20 mm. Table 2 stibey

integrated multipole decomposition evaluated overaasverse range of + 20 mm up to and incuding
decupole. The first integral may be adjusted bipdivig a correction coil around the undulator vacu
vessel such that a uniform vertical magnetic fislddded along the longitudinal length of the uathr.
Additional coils or magnets will allow for correoti of the second field integral.
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Figure 7a: Integrated multipoles over a transveiiskéh of + 50 mm in the undulator magnetic midga
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Figure 7b: Integrated multipoles over a transvarisith of £ 50 mm in the undulator magnetic mid@a

=

Table 2: Integrated Multipoles

Integrated Dipole  Integrated Sextupole Integratedupole

Gap 5.5 mm 0.8016 G-cm 355 10°G-cm* - 655 10°G-cm?
(08016 10°Tm) (355" 10°Tm}) (- 655 10 °Tm?)
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3.4 Electron Orbit

The end sections are designed to minimize the geemaodel offset and exit angle of the electrontd
with respect to the centerline of the undulatohe Drbit was averaged over a full period to betteyw
the offset and angle of the electron in the cersteation. In Figure 8, the electron orbit is ea#dd at 3
GeV for the model undulator. Figure 8 shows a lgrapthe electron trajectory for a 8 period mo
undulator.

- - A [} A ﬂ a L E
0.8 ” ﬂ N . — 800 £
| n n —  Average Orbit B 3
E 0.6 Electron Trajectory L 600 ;
= . . 2
[=)
L 04— 400 S
‘ 1 \ - &
(=} =
L 024 0 — 200 §
.2 b B 1
Z 0.0 5 51 N5 Y N O I g
s . /] N - %
=] \ 3 I
S .02 - 200 =
&) i N ’a
= «
S w04 - 400 &
S o6+ — 600 &
S J I g,
g -
z 08+ u U U - 800 %
. - (=]
y v v vy %
-1.0 7 u u —-1000 5
T T 7 T 1 1 T 1 T T "~ T T "~ T
240 200 -160 -120  -80  -40 0 40 80 120 160 200 240

Longitudinal S-Axis [mm]
Figure 8: Electron orbit along the center lingref undulator over a length of +250 mm at 3 GeV

Analysis of Gap Dependent Undulator Parameters

4.1 1%'and 2 Field Integrals and Integrated Multipoles

The tolerances of this section require future irfpaitn the CELLS accelerator group. In the intevim
use the contraint that the rms closed orbit digtoraround the ring circumference should be 1/1the
rms beam size over a full gap range of 4 to 30 #mvhich yields the following relationships to tfiest
and second field integrals. We note that the gipialues achievable for first and second fielegnéls

| £50G cm (0" 10°Tm) and|J,,J,| £5000G cn? (5000° 10 °Tn?’).

Lol

1,[G cni £ 30 E[GeV] /e[;[[“r:;] sin(pn,) = 72G cm (72° 10°Tm)

e,[nm|
b,[m]

z

J,[G cn] £ 3000E[GeV]y/ &, [nmmi b, [m] sin(or, ) =14467G e’ (14467 10°°Tm’)
J,[G cm’] £ 3000E[GeV]y g,[nm] b,[m] sin(pr,) =1997G cm’ (1997 10 °Tm’)

|,[G cml £30E[GeV] sin(pn,) =15G cm 5" 10°°Tm)

In the above expressions we have the variablesH,6), b, 77, which are the first field integral, seco
field integral, electron beam, emittance, beta fiomc and tune in the two transverse coordinates.

rbi

del
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4.2 First and Second Field Integrals

The first and second field integrals are the aaglk offset with respect to the central orbit aseleetron
exits the undulator. Figure 9 shows the effeafdhe end sections on the vertical first fieldeigital as a
function of gap. The horizontal first and secoiaddf integral in the magnetic midplane are zero tiu

symmetry. Similarly, Figure 10 shows the secomddfintegral as a function of gap. The first fi

integral is less than + 2 G-cm+(@  10°Tm) and the second is less than + 200 G-

(£200° 10°® Tm?) for a full gap range of 4 mm to 30 mm.

Figure 9: Vertical first field integral calculatedbng the center line of the undulator as a famctf gap

Figure 10: Second field integral calculated aldrgcenter line of the undulator as a functionag g
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4.3 Effective K value & Fundamental Photon Energy

The dependence oK, on gap, g, was calculated and shown in Figure THe gap dependence of t

magnetic field may be appoximated by (1). The &mdntal photon energy [5] and higher harmonic
a function of gap are calculated by the resonaatggnequation (2) and are shown in Figure 12a.
calculation is made along the central axis of thdulator. For a fixed period, , the resonant energ
equation depends on the effective deflection parami€ . The photon flux at different gaps may
found on 12b with the additional use of Figure 12a.

59
(1) By (9./,) =Be " Ky = 0.0934B,,[T]/,[mn]

(2) e,[keV] =95 E.[GeV] XN

2

/ 1+ Keff
J[mm(d+-—7)

Figure 11: K¢ and By as a function of gap
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Figure 12a: Fundamental photon energy as a fumcfigap

Figure 12b: Tuning curvé$or a U21.3 in the ALBA storage ring

T Calculation has been done by SRW [6] which takesaccount the detuning of the undulator to achithe maximum flux.
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4.4 Forces

The total force acting on a single pole in the datw, and the net force due to all poles is shawn

Figure 13. The equation for the total force inl@npr undulator is found by integrating Maxwelltsess

tensor in the magnetic midplane of area A as showf8). The maximum force experienced by the

undulator at a gap of 4 mm, due to the magnetid,fis approximatley 21,522 kN.

(3) Fo = 1 pga=_L1 BZA
4/7% plane 4/7%

Figure 13: Total force and force per pole actingole as a function of gap

4.5 Demagnetizing Field

For this particular analysis we place the coordirsistem in the center of the block being analyzed.

an undulator an H-block or V-block experiences arcive field which acts in the opposite directidn
the block magnetization. The $8o;; material has a highly anisotropic crystalline stowe and ig
relatively insensitive to a coercive field thatpisrpendicular to the axis of block magnetizatidhthe
coercive field, at a fixed temperature, is pastkhee of the demagnetization curve then domairnher
block may reverse which can lead to field integnaibrs that cannot be removed by shimming.

coervice field acting on an H-block in the centéacsingle undulator girder was calculated withthet
presence of the other girder. Two sets of calauativere performed for H-block, the coercive fielals
calculated in the S-Y plane at x=0, and at the Xahe 100 microns beneath the surface of the b
The same set of calculations were carried out oadgmcent V-block. There are four sets of calooias
in total and each one shows a schematic view obtiniace in which the coercive field component
calculated, a 2D false colour image of the compboenthe surface, and a 3D scatter plot of the s
surface. Table 3 summarizes the calculation ofitbgimum coercive field component for each case.

N
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Table 3: Maximum Coercive Field Component CalcwateUndulator Blocks

Block Plane C. Field Comp Value (kOe)| Value (kA m™) Figures
H-Block X-Y Hy 12.65 999.35 15a-c
H-Block S-Y Hx 12.65 999.35 16a-c
V-Block X-Y H, -2.29 -180.91 17a-c
V-Block S-Y H, -9.83 -776.57 18a-c

A SmCoy; material, VACOMAX 225 TP, was selected for the dasmnodel from the Vacuumschmel
catalogue [5] though an equivalent material may used. It features a minimum magne

remanence, , of 0.97 T and a minimunh-lCj of 1590kAxm t. The material coercivity has a negat

temperature coefficient of 019%>C™* and care must be taken such that the operatingeteture
does not cause the (temperature dependent) imtrcsércivity of the material to drop below t
maximum coercive field experienced by the magmetinear approximation gives a maximum operat
temperature of 194 degrees Celcius.
A closer inspection of Figure 14 shows the demagnet curves for SaCo;; have a much more gradu
knee when compared to NdFeB. For a lower operaéingerature of 150 degrees Celsius we woul
on at the top of the knee at the starting poirthefcurves non-linear region. A bake out tempeeat
120-130 degrees Celsius is commonly used at o#tudlities and will be used to ensure no irrevees
demagnetization of the permanent magnet material.

Figure 14: Demagnetizing curves for VACOMAX 225 Teproduced from
Rare Earth Permanent Magnets VACODYM VACOMAX editiz003 PD-002 [7]
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Figure 15a: A schematic reference showing theegpianwhich the demagnetizing fields are calculats

Figure 15b: 2D False colour image of a coercietlfcalculated in a Y-S plane at x=0 inside an btk

1%

Figure 15c¢: 3D scatter plot of the coercive fieddculated in a Y-S plane at x=0 inside an H-block
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Figure 16a: A schematic reference showing theepiawhich the demagnetizing fields are calculats

Figure 16b: 2D False colour image of a coercietdfcalculated in a Y-X plane at 100 microns bemeat

the block surface

Figure 16c: 3D scatter plot of the coercive fieddculated in a Y-X plane at 100 microns beneagh th

block surface
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Figure 17a: A schematic reference showing theegpianwhich the demagnetizing fields are calculats

Figure 17b: 2D False colour image of a coercietlfcalculated in a X-Z plane at 100 microns beme

the block surface

Figure 17c: 3D scatter plot of the coercive fieddculated in a X-Y plane at 100 microns beneagh t

block surface
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Figure 18a: A schematic reference showing theepianwhich the demagnetizing fields are calculats

Figure 18b: 2D False colour image of a coercieglfcalculated in a X-Y plane at 100 microns beme

the block surface

Figure 18c: 3D scatter plot of the coercive fieddculated in a X-Y plane at 100 microns beneagh t

block surface
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4.6 Quality Assurance of Magnetic Material

There will be a separate technical specificationtfie magnetic elements. Herewithin we give afbrie
overview of the magnetic element quality assurarineghe manufacturing process, the magnetic nadteri

is a powder placed into a die and pressed in theepice of a polarizing magnetic field. The magnet

blocks will have errors in the direction and stidngf the easy axis and also errors due
inhomogenieties in the material. It is necessaryetluce the aforementioned errors to ease thmgort
and shimming of the magnet blocks post assemblhyis Will allow for the production of a uniform and
periodic field in the gap of the undulator over thk gap range.

At present, the method of transverse die pressapglication of the polarizing field in a direction
perpendicular to the pressing direction, produdeskis with the highest homogeneity and minimum

error in the geometric alignment of the averageldignoment. The method of transverse die pressing
[5] shall be applied to both the H-blocks and thdlecks such that the blocks achieve the highest

remenance possible for the material specification ¢xample VACOMAX 225 TP specification [7])
whilst maintaining the specified material coergiyiminimum alignment error of the average dipole
moment, and a maximum uniformity of the magnetitarmial.

Errors in the undulator magnetic field due to esrior the average dipole moment strength or directio

can be corrected by various methods such as vishiaiming or the use of magnetic shims. Errors|due

to inhomogeneities in the magnetic material witbguce higher order multipoles that will be presant
the small gaps in an an in-vacuum undulator. Ldagher order multipoles will decay differently and

lead to gap dependent trajectory or phase angteserrThese errors cannot easily be compensated by

shimming and must be minimized by pairing blockgetber with multipole content that is equal
magnitude but opposite in sign. The method ofdvarse die pressing can lead to systematic emdre

homogeneity of the magnetic material [8]. The eysitic inhomogeneties may be characterized py a
stretched wire bench as shown at BESSY-II [9] drehtmitigated through use of the data in a softing

procedure. In the manufacturing we require thap&@ent of the H-blocks be polarized in one dicect
and 50 percent of the magnets be polarized in pipegite direction, as shown in Figure 19. Durihg|t
pressing stage each block will be marked on th&aserto indicate if it belongs to the first Group+
Group-Il. Likewise, the V-blocks must meet the samquirement.

E Pressur i Pressur
v v
H-field S > N N < S H-field
A A
T T
' Pressur ' Pressur
Grour-1 50 Percer Grour-Il 50 Percen

Figure 19: Pressing and magnetization of blockotdrol the systematic errors in inhomogeneity
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After magnetization, each block will have a minimuomgnetic remenanends,, of 1.05 T at 20 degreg

Celcius. The distribution of magnetization strénghall be less than + 1.5 percent from block tzll
The deviation of magnetization direction from a eetoordinate axes defined in the reference fraim
the block will shall be less than 1 degree fobédicks.

The magnets will be inscribed to uniquely identifg direction of magnetization in the aforementi
pressing procedure. To make the identificatiomrclee will inscribe all magnets with an X, consigte
on the same side in the die press on the bottbi hignd corner. For the vertically polarized bdkalf
the magnets will be magnetized parallel to the ig-and half the magnets will be magnetized g
parallel to the y-axis. Likewise, for the h-blockslf the magnets will be magnetized paralleltie $-
axis and half the magnets will be magnetized aatalbel to the s-axis. In the identifier, the udethe
letter N/S identifies the block as being magnetipadallel or anti-parallel to the coordinate axisng
which it will be magnetized.

Figure 20: An example of labelling of magnet bleck

Before coating and magnetizatitihe manufacturer will check the dimensions of ealdtk and ensur
they meet the specification of section 2.2 andt@.3 tolerance of 0/- 0.020 mm. Each block shal
coated with TiN or Ni with a coating thickness ldbsin 0.010 mm to be UHV compatible. Af

2S

nti-

machining and coating the dimensioning toleranbedl e 0/- 0.040 mm in each of the three coordinat

directions. After the blocks have been magnetthednanufacturer will check the magnetization afhe
block with a Hemholtz coil. Upon receipt but befaacceptance, the magnet blocks will be visu
inspected for surface defects and a sample ofighebdition will be measured with a Helmholtz coil.
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Appendix

5.1 Undulator Parameters

Parameters

Undulator type PPM Halbach Undulator
Undulator symmetry Symmetric
Period 21.3 mm
Min. gap 5.5 mm
Peak field 0.8017 T
Peak effective field 0.8071 T
Effective K value 1.61
Higher order contribution 0.7623 %
Relative permeabilities fara, pern 1.06, 1.17

Total magnetic force at 4 mm 5 mm, 5.5 mm gap RIN315.8 kN, 13.6 kN

Length available in straight section 2000 mm
Total length of magnetic material 1986 mm

Central Section

Number of full size periods in one girder 92

Total number of full size V-Blocks 370

Total number of full size H-Blocks 372
Length of central section 1973 mm
End Section

Total number of V-blocks 4

Total number of H-blocks 4

Length of end sections 11 mm
Free space available on girder 13 mm

Permanent Magnet Material

Material type SpCoy;

Material VACOMAX 225 TP
Min. magnetic remenance 097T

Typ. magnetic remenance 1.04T

Min. intrinsic coercivityH ; at 20 degrees C 1590 kA/m, 20 kOe
Temperature coefficient ofl -0.19 %/C

Maximum operating temperature 120 degrees C




