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Abstract

In 2004, at SPring-8, Toru Hara proposed a new eoinof undulator with a short period and a
high field: the Cryogenic Permanent Magnet Undulé@PMU). The purpose of this concept is to
cool NdFe B magnets at 150 K. This cooling allows magnetsciviiave a higher remanence to be
used, up to 40% higher than that of the magneditaally used in undulators.

In order to assess the technological possibilitproiducing such undulator, a 2 m long undulator
with a 18 mm period has been proposed at the ESRE.piece of work presents the design and the
construction of this CPMU at the ESRF. First a nedignmodel of the CPMU is introduced; it is based
on measurements of the magnetization curve at enjogemperature performed at the Louis Néel
Laboratory. This model forecasts an increase ofptek field of 8% and of the field integral of 0.2
Gm at around 150 K. A uniqgue magnetic measurementtb has been developed at the ESRF. This
bench allows both the in vacuum local field anddfientegral to be measured. Its design and
construction are presented. Finally we have rewiewee measurements at room and cryogenic
temperature. These measurements are in agreentarthezimagnetic model.
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1. Introduction

Historically, scientists have widely used light agspecially X-rays in many research areas, in
order to probe materials and undercover their foreddal properties. Tubes were the traditional
devices used to produce these X-rays until theodexy of the Synchrotron Radiation (SR). SR, i.e.
the electromagnetic radiation emitted by relatigistectrons in a magnetic field, has deeply medifi
the production of X-rays.

In 1898 Liénard and Wiechert first introduced thedry of SR and derived the energy loss
expression of an electron in a circularly motioreda SR [1]. The practical observation of SR came
50 years later with the availability of the firdtra relativistic electron beams [2]. After Worldawil,
particles accelerators underwent an intense denelofy SR was observed on a practical level in 1947
on the first electron synchrotron ever built, tf®eMeV electron synchrotron at the General Electric
Company laboratory [3].

At that time, accelerators aimed at producing hégkrgy particles for nuclear physics and high
energy physics. Nevertheless it was quickly enmisibthat the intense light produced in electron
synchrotrons could have interesting aspects inipsiy4]. Although the accelerators weren’t dedidate
to the SR, scientists first used the SR emitteBleinding Magnets (BM) for experiments.

Due to the increasing number of SR users, the bedc ™ generation of SR facilities, i.e.
accelerators facilities dedicated to the productbi$R with BM, were built in the late seventies. |
these facilities, the electron beam was storecaftew hours in a storage ring at its nominal energy
Users installed in dedicated labs located a few t#nmeters away from the BM, collected the SR
emitted on a continuous basis. Finally tffeggneration of SR facilities were built in the laighties.
The locations around the world of the princip#l @CHESS, HASYLAB, SSRC) and“3generation
(ESRF, SOLEIL, DIAMOND, SPring-8, APS...) SR source® displayed in Figure 1.1 [5]. The
electrons energy in SR sources varies from 1 Ge8/GeV.

Figure 1.1: Location of the SR facilities alreadyoperation or planned around the world, pictuoenfr
SOLEIL website (http://www.synchrotron-soleil.fripal/page/portal/Soleil/Liens).
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The third generation of SR sources combines:

1. High current electron beam with small emittanceglsize and divergence). Such an electron
beam is necessary to produce a punctual and in®Rsé& he electron current stored in the
storage ring is a few hundred of mA and the emitan kept around the nanometer rad.

2. The usage of Insertion Devices (IDs) in order todpice very intense SR. IDs are magnetic
assemblies which produce a periodic magnetic fithe: field is perpendicular to the direction
of the electron motion and drives the electronannoscillatory motion. Compared to BMs,
the SR flux emitted in IDs is higher by 2 or 3 ardé magnitude. IDs are installed in the so
called straight sections, i.e. portions of storagg free of magnets necessary to focus and
drive the beam along the storage ring.

The European Synchrotron Radiation Facility (ESBé#lpngs to the 3generation of SR sources.
The ESRF accelerator complex is composed of a,len@ooster and the storage ring. Electron beam is
first accelerated in the linac at 200 MeV. Electbmam is then transferred to the booster whe it i
accelerated at 6 GeV, its nominal energy. Findlgteon beam is injected into the storage ring wher
it is stored at its nominal energy. The ESRF acatde complex is schematically represented in
Figure 1.2. It has been in operation since 199BleTA. 1 lists the main parameters of the ESRF.

Figure 1.2: Schematic representation of the ESR#ptex accelerator and the beamlines where users
are installed to collect the SR.
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Table 1.1: Main parameters of the electron beatheérESRF storage ring.

Emittance RMS beam size RMS beam divergence
[nm rad] (even/odd cells) (even/odd cells)
[rm] [nrad]
Vertical 0.04 7.9/8.3 3.2/3
Horizontal 4 402/59 10.7/90

The SR emitted by ultra relativistic electrons whaxperience an oscillatory motion in an ID has
been studied since the early years following theeolation of SR at the General Electric Company
laboratory [6], [7]. The SR emitted in any ID falisto two distinct regimes, the undulator or the
wiggler regime. The wiggler regime is characterizwd its broad spectrum; it extends from the
infrared to the X-ray region. On the other sidethi@ undulator regime the spectrum reduces toiesser
of peaks with amplitude exceeding the wiggler regioy 2 orders of magnitude. This is the result of
an interference process which occurs in the undutagime.

IDs are naturally called wigglers or undulators axding to the properties of the SR emitted.
Undulators are short period and medium field des/istaile wigglers are long period and high field
devices. ID technology has undergone substantialdpment since the early eighties together with
the commercial availability of high performance mety made of Samarium-Cobalt (SmgCo
SmyCoy7) and more recently the Neodymium-Iron-Boron {Re&,B) magnets. Table 1.2 resumes the
main properties of the undulators and wigglersailhesti at the ESRF-.

Table 1.2: Main parameters of insertion devicetaites] at the ESRF.

Period Peak field Energy range
Undulator <40 mm <1T 1-100 keV
Wiggler >70 mm >1T 1-150 keV

At the ESRF, and at the current stage of undulegdnnology, users are provided with a very
intense photon flux at an energy level as high @3 keV. Wigglers are used to produce intense
photon flux with higher energy; they extend thectpen up to 150 keV. As a result short period and
high field undulators are necessary in order t@mcktthe undulator spectrum to such a high energy
level. In 2004, a new type of short period highldfieindulator was proposed at SPring-8, the
Cryogenic Permanent Magnet Undulator (CPMU) [8kdhsists of operating an undulator based on
Neodymium-Iron-Boron magnets cooled at cryogenimperature. This technology allows the
selection of NegFe,B magnets the remanence of which might be by 408héni with respect to
standard NgFe,B magnets used in conventional undulators. At tI®RE a full scale CPMU
prototype has been build in order to investigat tchnological difficulties inherent to 2 m long
cooled devices and to validate the CPMU concegs Hesis reviews the design and the construction
of the CPMU at the ESRF.

The chapter 2 is dedicated to the technology adriiten devices. The SR properties of wigglers
and undulators are reviewed. The technologicalti®sls to build, measure and correct IDs are
presented.

The CPMU concept is introduced in the chapter 3tardCPMU design is detailed. Emphasis is
placed on the CPMU magnetostatic model and thenhemodel. The selection of the temperature at
which one cools the magnetic assembly is done duowprto the magnetostatic model. Then, the
thermo-mechanical effects on the magnetic assearblgiscussed.
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The undulator is assembled and corrected firsiriataroom temperature in order to facilitate its
production. In the chapter 4, we discuss the metlogy used at the ESRF and present the field
integral and the RMS phase error after correction.

Nevertheless it is planned to operate the CPMUhattgenic temperature, consequently additional
errors may appear at cryogenic temperature. A megbench compatible with low temperature
operation is therefore needed in order to valitl¢ecorrection done at ambient temperature. This wi
be covered in the last chapter. Emphasis is givethé magnetic bench developed at the ESRF in
order to perform measurements at cryogenic temperatFinally magnetic measurements are
compared to the theoretical model.
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2. Properties and use of Insertion devices

In 3¢ generation sources, insertion devices are ingtaltestraight sections in order to deliver an
intense radiation to users installed on beamlifreshis chapter we describe the SR properties of an
insertion device. The technology to design, meaauncecorrect an insertion device is also introduced
Most common IDs installed at the ESRF are descriltédt we will review the general physical
guantities of electromagnetic radiation.

2.1. Synchrotron radiation

In this subchapter we will briefly review the elerhagnetic field which an accelerated single
relativistic electron produces. Afterwards we derifrom the electromagnetic field the physical
guantities of SR.

2.1.1. Origin of the Synchrotron radiation

Here we consider a source that produces electragtiagfield. The source radiates when the
produced electromagnetic field carries an irrewsesiflow of energy away from the source, “to
infinity”. One deduces from a basic consideratidrihe Poynting vector that a source shall emit an
electromagnetic field falling off like  in order to emit radiation. An accelerated elettemits such
an electromagnetic field [9]. More generally we lc8nchrotron Radiation (SR) the radiation
produced by an ultra relativistic charge acceleraiea magnetic field.

Electromagnetic field emitted by an ultra relatitis electron

Here we consider an ultra relativistic electron andtationary observer, the electron and the
observer are represented in Figure 2.1. We notethe electron position at timeand the unit

vector which points toward the fixed observer ledagt the fixed position. is the distance
between the fixed observer and the electrons the angle between the unit vector and the

electron velocity

Figure 2.1: Electron and observer time.

The electron emits an electromagnetic field thaippgates at the speed of light. Thus, the
observer sees at timgthe electromagnetic field emitted at the eadiere . This time is the so
called retarded time. The relation between the mbsdime and the retarded time is:

(2.1)
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The expression obtained for the electromagnetld i the observer position and time is known
as the Liénard-Wiechert field [9]:

2.2)

With:

« (2.3)

The subscript “ " in equation (2.3) states that the expression rexcket is computed at the
retarded time, this being the time at which the field was enditt€onsequently the computation of
the electromagnetic field at the observer time kacdtion requires knowledge of the electron
position and velocity at the retarded timeActually the retarded position and the velocignde
determined only in rare physical cases. Computiregd values is the main difficulty of the Liénard-
Wiechert field computation.

The electric and the magnetic fields are perpealico each other. Moreover the electric field is
the sum of two different contributions:

is the radiated field or the acceleration fielchisT contribution vanishes for constant
velocity. The synchrotron radiation arises fromstlhbntribution as it decays d¢D. Any ultra
relativistic charged particle emits radiation whesrethis particle is deflected, accelerated or
decelerated.

is the velocity field or the Coulomb field. Theelfi decays ad/D? Thus, the radiated
power associated to this contribution stays inelleetron vicinity. Because of the dependence order
with respect td, we ignore this contribution for large distanced are only consider the radiated

field

Equation (2.1) is useful to characterize some ptase of SR emitted by ultra relativistic
electrons. The ratio between the observer timetlamdetarded time is:

3— * +,- (2.4)
According to equations (2.3) and (2.4), the maxiniigid is radiated when:

) (2.5)

)
This maximum is achieved for smaj] when the electron velocity points towards theeobear.
For an ultra relativistic electron, the time rati@n reduces to:

) #p (2.6)

) 0 "%
$is the ratio of the electron energyto its energy at re§&, *:

$ N 4 = (2.7)

According to equation (2.6), the radiated fieldriaximal as far as the anglas small compared
to $. For instance, at the ESRF the energy electroré GeV, we obtainy 50 and
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678* / % . The cone aperture is then a few thousandthsdiéma. Finally a deflected ultra
relativistic electron emits a highly collimated r&ibn in a forward direction; the radiation is ¢ted
in a narrow cone the aperture angle of which is@pmately $ .

Laboratory frame and small angle approximation

In the following sections, we discuss the synclmmtradiation emitted in different insertion
devices. First we will introduce the notations usediescribe in the laboratory frame the electron
motion and the direction of the SR emission, thenwill detail the approximations made to compute
the synchrotron radiation in insertion devices.

We will restrict our discussion to the “far fielg@roximation” so that we ignore the velocity field.
In the far field approximation we have:

The magnetic and the electric field are perpendicial the direction of observation.
The observation direction is independent of.

The electron motion in the laboratory frame is @igpd in Figure 2.2. We assume that the
observer direction and the electron velocity malsmall angle with the< axis which is called the
longitudinal axis.;= is defined as the axis in the horizontal planeciwhis perpendicular to the
longitudinal axis;< ;=>;< . Finally we define the? axis in the vertical plane so that the
laboratory frame=?< is direct.

Observer P located at infinity

X: horizontal axis
z: vertical axis

Z[ Xi 3D Object
S

Electron trajectory

Figure 2.2: Electron motion in the laboratory frarirethe laboratory frame we not@ @ @ the
dimensions of any 3D object.

We note @ @ @ the dimensions of any object in the laboratorymiga In the small angle
approximation, the unit vectorand the electron velocity are written as follows:

AE
DE A g 0 F
(2.8)
$ 5 St
DE A & 057 F

A and g are respectively the angle betweeand axis<c measured in the Oxs and the Ozs planes.
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2.1.2. SR characterization

Hereafter we will present some useful notions, #pectral angular flux, polarization and
brilliance. These characterize the synchrotronatemh emitted by an electron beam. The spectral
angular flux quantifies the available amount ofrggdan a given direction. Since the electromagnetic
field is a vector quantity, the SR interaction wéthmaterial may depend on the electromagnetic field
orientation which is characterized by its polai@at Finally one will introduce the brilliance; this
the density function of photons in phase space.

We first derive the SR properties assuming a momergetic filament electron beam. Mono
energetic filament electron beam is an ideal be&era:

All the electrons have the same energy and trdeabahe same trajectory.
Electrons have random longitudinal positions.

The first condition ensures that two different &leas would emit similar field while the second
one cancels any interference process between #wtriel fields which are emitted by different
electrons.

However a mono energetic filament beam is an apmabon, an ideal beam. Real beams in
storage rings have a finite size, a divergenceamdnergy spread; beams are said to be thick. Thus
electrons in storage ring have neither the sanjectaay nor the same energy. The properties of
synchrotron radiation which thick electron beamtemis overviewed the sub-section “Thick beam
with energy spread”.

Angular spectral flux

Here we consider a filament mono energetic eledb@am with intensitys The total energy per
unit solid angle radiated in the directions for each electron:

H PM
#
LA on #
) ﬁJ.KM N O ) & (2.9)
9M
The electric field Q in the spectral domain is the Fourier transform tioé electric
field . In the far field approximation one has:
PM
K Q
Q —O =R KQ ) — =RS&— * TU Q (2.10)
0 ON
9M
With:
PM
Q *
u Q 0 o =R VKCE FW) (2.11)
9M

Using the Parseval theorem, we can compute thatemtienergy per unit solid angle with the
electric field in the spectral domain. The radiag@érgy per unit solid angle is then:
PM

oOuU Q7)o (2.12)

H #
Mo N

For a filament electron beam, we define the powanmegated per solid angle in the observer
direction as the product of the energy radiated @t angle multiplied by the total number of
electrons per secor@X:

Y Z (PM
;I_ A% u @' (2.13)
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Z is the fine constant structur& # ON[ \ X65 andhthe Planck’s constant. Finally
the power per unit solid angle and per unit freqyéas:

#
)I))QY o Ay of (2.14)

0

For the radiation being emitted in photons withrgge [QX0 , and a photon flux] , the
photons carry the power:

Y ] (2.15)

Finally we deduce from (2.14) and (2.15), the numdfephotons per second per solid angle per
relative frequency bandwidth emitted in the directi:

) #] Z( #
7750 0 Q —U Q (2.16)
This quantity is usually called the angular spedttx and is proportional to the squared vector
fieldU Q. The spectral fluﬁ Q represents the number of photons emitted per sepen
relative frequency bandwidth:

] L PM P

#
Yeure' — O OU A eQ ) Ae (2.17)
Q Q oM oM

The electromagnetic field is a vector quantity.ifteraction with a material might depend on the
electric field orientation that is characterizeditsypolarization. We discuss now the polarizatiban
electromagnetic field.

Polarization

Any electromagnetic field may be broken up intawen®f monochromatic plane waves [10]. Thus
we will first review the different polarization $¢éaof a planar monochromatic wave. We will consider

a monochromatic electromagnetic wave with an amdrdguencyQ and wave vectdp parallel to the
observer direction. The electric field is containedhe plane perpendicular to the wave vector. The
electric field describes a closed curve in the @larhe geometrical shape of the closed curve and th
sense of the field rotation in the plane define plotarization state of the field. Generally thedie
extremity describes an ellipse in the wave plaine;polarization is elliptical. In some cases thipst

is reduced to a circle/line, the wave has a cirduiear polarization. The polarization states are
represented in Figure 2.3.

ST O
L7

Figure 2.3: Different polarization states.

We can split up the wave polarization into two west These two vectors form a polarization
basis. The most commonly used bases are listedalileT2.1. All these bases are made up of two
orthogonal unit vectors.
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Table 2.1: Principal polarization bases.

Vertical and horizontal : o Right and left handed circular
L Crossed linear polarization s
polarization polarization
Cde Code C Ct
Ca Cp CAf Cp CAf l‘CB
Ct de — e
g0 r g0

If ¢ represents a polarization vector, the spectrallanglux associated with this polarization
state is defined as:

DA Qc Z—(U Q*c‘#
)M Q

c' is thec complex conjugate. One could choose any of theethases listed in Table 2.1 in order
to compute the fluxG with polarization unit vectoc. For instance we not§ G the flux with
horizontal (vertical) polarization. Similarly we t@0Ge, Gge » G and@ the fluxes with crossed linear
polarization and right and left handed circulargpidation.

(2.18)

Stokes developed a polarization characterizaticsedhaon the measurement of intensity in the
three polarization basis. One defines the Stokesnpeters as [11]:

< G G

< (A (B 2.19
< (de (9de ( . )

9 O G

The first Stokes parameter is positive and measiimedotal intensity. The others measure the
balance of the intensity measured in the threesbiaseduced above. The Stokes parameders: <,
vary from -1 to 1 and are not independent. Fodlg fiwlarized light, they satisfy the relation:

S/ A (2.20)
We define the polarization rat§s G (,as the Stokes parameters normalized to the tatigity.
G <« < G <% < G << (2.21)

The equality in equation (2.20) is broken whenedlierwave is partially depolarized. For instance,
the natural light is fully depolarized. Its polat fluxesGQ, G, Ge, Gge, G and @ are equal
consequently the Stokes parametgys<; <, are equal to zero. It is then useful to define the
polarization degreR as:

R

R 7

(2.22)

Its value varies from 0 to 1. The polarization loé tsynchrotron radiation emitted in the different
insertion devices is discussed in section 2.2.

Spectral brilliance

The spectral brilliance or the briliante < m mn Q cof a SR source is the phase space density
of the photon flux. It measures the number of phetwith the frequenc®) and the polarization
statec at the positioom = ? which propagates in the directiom 5 g . The brilliance unit is
the number of photons per second, per 0.1% spdutradiwidth, per unit solid angle and per unit
source size.
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The brilliance is invariant in any ideal opticalgdbn beam transport system such as a drift space
or a lens free of geometrical aberrations; it isralamental property of SR source.

By definition any information about the SR emitiach source is contained in this quantity so that
one derives any other SR quantity from the britian For instance the spectral angular

(o]
flux =—— mn Q cis related to the brilliance according to:

B . PM PM
)I))ﬁch O Ol <nmQc)*n (2.23)

K. J. Kim first introduced a general definition tbfe brilliance from the electric m Q field by
means of the Wigner distribution function [12], J1B. Elleaume showed that with such definition,

the brilliance is expressed in terms of the dimemisiss vectou [14]:

I9IM 9M

PM PM
2. Q # §F g
| <mmrQc —S—T O O EUEnf — QFc'FEU' Enf — QFcF
0 9M oM 0 0 (2.24)

rst S k= nF <nf gfT) #qf

Thick beam with energy spread

In the storage ring, electrons are grouped in bemdi5]. It can be demonstrated from the
equation of electron motion in a storage ring ttie longitudinal motion of an electron beam is
decoupled from the transverse one. We will theeefdescribe the longitudinal and the transversal
beam distribution independently.

Longitudinal positions of electrons in a bunch aneorrelated and follow a Gaussian distribution
with an RMS lengthuc [16]. We first assume a mono energetic filameranbdout with a Gaussian
longitudinal distribution. It can be demonstratbdttelectrons emit an incoherent electric fieldhwit
the wavelengtlv if one has [14]:

VvV J—
U W 5=X Yz { (2.25)

{+ is the number of electrons per bunch. At the ESRE& spectrum range extends from 0.1 eV to
100 keV. This corresponds to a wavelength smdtlen 2 millimetre. Since the electron bunch length
is in the order of a few millimetres, one may igndhne interference process in SR emitted by thick
electron beams.

In the transverse plane, a thick electron beanalfaste size. Furthermore electrons do not have
the same energy. We ndbethe energy of an electron afid the average energy; the relative energy
deviation| is:

$ 9%
s

Because of the finite beam size and the energyatiemi electrons may have different trajectories
and velocities so that different electrons in thimékam emit different Q . A description of
transverse beam distribution is required to prgpedmpute the SR properties of a thick beam; one
then uses a density functibn~ ~n < | . This function describes at the positignthe electron
distribution in phase spaece = ? ~P A B the density function depends also on the energy

deviation| . For a thick beam, one derives any quantityintroduced previously (the electric field,
the angular flux, the flux, the brilliance...) fromet filament beam quantity. « ( is the convolution

product betweem and the density function ~ ~n < | €

(2.26)
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| 7 (2.27)
| 9} ~~r<])#)#-n)

In conclusion, the vector field Q is of primary interest and a powerful parametadekd
knowledge of this is sufficient to characterize B8R emitted by a filament electron beam. It is iclea

from equation (2.18) that the vector fiddd Q contains the polarization state and the spedtral f

information. Moreover the vector field also contaloth the near and the far field information [14].
Dealing with thick beam requires the additional akthe electron beam density function.

e(cnmQc

2.2. Synchrotron radiation emitted in ID

Hereafter we will look at the properties of radiatiwhich is emitted by an electron beam

throughout an insertion device. The SR propertiesderived from the vector field Q. The
inspiration for this section mainly comes from theture given by P. Elleaume and R. P. Walker in
[14],[17], [18] and [19].

Ultra relativistic electron beam emits SR whenewee bends its trajectory. A constant magnetic
field is the most simple field geometry used tdetdfan ultra relativistic electron beam trajectdhys
constant field is produced by using a bending magBg combining short bending magnets of
opposite polarity, one drives the electron intooanillating trajectory perpendicular to the magpeti
field. As a result, the synchrotron radiation eadtfrom each bending magnet accumulates along the
average electron velocity, providing therefore ayugigh spectral flux. This is the basis of ingamti
devices; IDs are periodic magnetic devices and ymreda periodic magnetic field. In addition, an
interference process between the SR emitted in Eageriod may further increase the spectral flux;
where the interference process is predominant afle the IDs undulators. The other devices are
called wigglers. One should mention that the imtenfice process only concerns the SR emitted by
each single electron in the different ID period& SR emitted by several electrons is incoherent.

First we describe the SR emitted in bending magmetd wigglers where we ignore the
interference process. Finally we will review the &Ritted in undulators.

2.2.1. Bending magnet and wiggler radiation

Bending magnet radiation

We assume that the bending magnet produces aalertagnetic field / , / and the electron
velocity parallel to the magnetic field is null. & electron motion is a circle in the horizontalnga
We analyse the bending magnet radiation emittediraradhe retarded time / in a direction
perpendicular to the acceleration. The observatioection makes an angles with the horizontal
plane ; = < . The electron position at the retarded timé defines the origin O. Considering the
small angle approximation exposed in section 2dng, has:

#

B
B e oF
# #
EQ / Q 5 F (2.28)
# # % ¥

With } the radius curvature arig the angular frequency of the circular motion:

3%

}

Q <

; (2.29)

One computes the dimensionless vettdd, Ug by inserting equation (2.28) in equation (2.11):
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Uy b—— $¥ & euo g
0
Q%E . (2.30)
Ug Q0 $ e $* g ko q

* 4 opande . o, are the Bessel modified functions, the subscip&and 6 indicate the order of
the Bessel functiong) is the so called critical frequency defined as:

6 $% Q} u Y #

The critical frequencyQ shares in two equal parts the spectral radiatedepoA critical
wavelengthv and a critical energy are associated to the critical frequency. Theregsions are in
practical units:

Q

vi3, b~ 188% ft, *it" . (2.32)

T, #1° ,
The spectral angular flux is:
) ¥]
)M)Q Q
Figure 2.4 displays the angular distribution W{# and Ug# as a function of the normalized
vertical angle.U,* Ug# is maximum (null) on the axis, thus the BM on axigliation is
horizontally polarizedUg # is maximum off axis. At a wide angle, bdiy # andU, # decrease to 0,

the intensity radiation tends to zero. The operdngle of the radiation decreases with the photon
energy.

o Hwe we (2.33)

10 1 1
e/e=0.01: |Hzf |fo
08 ele=0.1: --- [Hzf —— |Hx[ ]|
2 ele=1. --- |Hzf S |fo
% 0.6 ele=5: —— [Hzf --- |Hx{ ]|
=
2 o4 -
IS
O]
x
0.2 .
0.0 . :
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Vertical anglegq, [ rad ]

Figure 2.4: Angular distribution of the horizontdy# and verticalUg# polarized radiation as a
function of the normalized vertical angle for salgshoton energies. The electron energy is 6 GeV
and , /7...%.

In equation (2.30), is imaginary whildJg is real; there is a 90° phase shift between thgced
and the horizontal field components. The electrametig field observed outside the orbit plane
exhibits a circularly polarized component. The paktion ratesg G and@,are:

Up¥ U 08UpS  SUgS

“ GF we “ O TgE e @3
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Wiggler radiation

The wiggler is a periodic magnetic assembly. ltdoiees a strong magnetic field and has therefore
a rather long period. Typical wigglers designedhat ESRF have a period larger than 80 mm; they
produce magnetic field with peak field amplitudgher than 0.7 T. Wigglers period number varies
from 5 to 20. We assume the field to be:

i) | —<Z 13— <2/2 (2.35)
|
Interference in wigglers is negligible. Hence weiailate the wiggler as being the sequence of
0{ bending magnets with opposite polarity, one beltiredother{ is the number of periods. Since
we ignore the interference, the photon emissiomfeowiggler is simply the sum of the intensities
emitted in each bending magnet. This leads to aisséon increase od{ compared to standard
bending magnets. Figure 2.5 compares the spekixatiitted in a bending magnet and in a wiggler.

10135 " — 1 " " — 1
(Wiggler B,=0.8T,| ;=80mm, N=20
~E 1012 3
g C
=
S
:\! 1011 -
% - Bending magnet 3-0.85T
2 [
Q10
10 3 On-axis spectral flux per unit surface
F at 30 m from the source
102 3 456789I 2 3 456789I
10 100

Photon energy [ keV ]

Figure 2.5: Spectral photon flux generated by ar®@) 6 GeV electron beam for a 0.85 T bending
magnet and a 0.8 T wiggler with 20 periods. Theglagperiod is 80 mm.

The opposite polarities of the two bending maguetstroy the circularly polarized component of
the wiggler radiation. In addition an observer techoff-axis would collect the wiggler radiationtiwvi
a natural depolarized component. The polarizattes G andG@,are:

Up¥ U ¢ )36
G UF U G G (2.36)

Off axis Ug is not null whileU, decreasedg is different to 1. Off axis the wiggler radiatios
naturally and partially depolarized. At a wide andglothUjand Ug are asymptotically equal, the
radiation is fully depolarized.

The on axis brilliance of wiggler radiation generhiy a thick electron beam can be estimated
as [19]:

) {
)R QZ.-! 0, Ué# uF# upt T # @#U,&# 0, ug? @#Ué# 0

Where@is the wiggler lengthyg, u§ (ua, u) are the vertical (horizontal) RMS electron beadre s
and divergence%"v is the angular spectral flux in the orbit plan@darced by a filament
I Zoo

!

' Dy (2.37)
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electron beam in a bending magnet with field u” is the RMS standard deviation of angular
divergence of the bending magnet radiation. It banshown that at photon energies close to the
critical energy, one may expras® as [18]:

| %08' Q 9! d#e
1—

uf 2.38
s 0 (2.38)
' is the amplitude of the sinusoidal motion of thecton in the horizontal plane:
Ve
’ : 2.39
0% (2:39)

2.2.2. Undulator radiation

Here we focus on undulator radiation emitted in thieection . An undulator produces a

transverse and periodic magnetic field , < g < [/ along its longitudinal axis. v, is its period
length and its number of periods. In the small angle appr@tion one has:

A B
I (2.40)
s ¢
Ea B 05 F
With:

C C
A g3 O g <)<t B %3 O A <r)<r (2.41)

9M 9IM

At any undulator period an electron is deflectedd aamits an electromagnetic wave at

frequencyQ. In the following period this electromagnetic waweél interfere with a newly emitted
wave at frequency)). Whenever the phase advance between both waeesiidgeger multiple 00 ,

the interference is constructive otherwise it igiply destructive. This is the interference cdiuh.

As a result, the vector field and the spectral éargilux are made up of a series of harmonics with
frequency equal to a multiple integer @, the fundamental frequency. A radiation emittedhat
fundamental frequend®, has a0 phase advance from one period to the next. Thdafmental
frequencyQy depends on the observation direction g :

#
Q A e v Fo o F $O o F 7 (2.42)
In practical units, the photon energy at the funelatal frequency is:
- . L
A pf™, .‘."'v! 3. T0 F0 & I ¢ (2.43)

is the electron beam energy, ande g are the deflection parameters. They are dimeresssnl
and defined as:

O # T
. —io A< ik =72 (2.44)
V)

One computes the dimensionless vedfior, g Q by inserting equation (2.40) into equation
(2.11). The periodicity of the magnetic field armhsequently that of the electron velocity, allows t
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split of U 5 g Q into an integral over each undulator period. Wtienorigin of the laboratory is
located in the middle of the undulator, one maytewi 5 g Q as follows [14]:
<z { > >y

U s eQ {U, aeQ (2.45)
{ <z > D>k

With:
U, o eQ iOO<=RK]<Q)<
” 0%
'
] <Q Q @) off <k ) <F (2.46)
0 $# '

The vectolJ , g Q is the product of two terms:

The firsttermU-,, o g Q represents the flux produced in one perldd, is the vector field
U with the integral in equation (2.11) being limitexla single period of the insertion device. The

vector fieldU-, is emitted in the observer direction at the freguye. Usually this term varies
smoothly with the frequency.

The% term is called the interference term. Figure 2@resents the interference
i* ¢

term for 50 periods. This term is responsible foe harmonic peak series. For each peak, the

amplitude is proportional to the squared numbgvesfods. This is the signature of the interference
process.

15

1.0

0.5

<z { Q
Q

{

-15 l l l

W/W1

Figure 2.6: Graph of thé:\('% term as a function @@ Q for 50 periods.
i* ¢

The spectral angular flux defined in equation (Ri&6or a filament beam [17]:

# ¢ » ’
)/\))(; Q A eQ _{#U*n A eQ ’ E{ Z_(Z{ ggkk F (2-47)
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For the on axis resonant frequer@gy Q  // angles, the spectral fluér‘a% is [17]:

# o o # #
)gg]¥Q : )A))(; " 28 A ey ) o (2.48)

0 $* 0 0
On odd harmonics of the undulator radiation emittgda thick electron beam, the on axis
brilliance can be approximated as [17]:

)]y

| D )Q Q (2.49)
oo o
Where" g, "¢ ((«, " () are the horizontal (vertical) RMS photon beane sand divergences in

the middle of the undulator. They are approximatgé function of the RMS electron beam sizgs
Ugp Ua @ndup,as follows [17]:

\%
. # # \Y
. u v . # # Vv
Y- TR (250)
5
- H# TR ve - # # v(
- A . # « Ug #

Where@is the length of the undulator ands the wavelength associatedQo
Planar undulator

The planar undulator produces a vertical sinusaitidnetic field along the electron beam path.
We assume the field to be:

0
Vo <K1-<2/2 (2.51)
|

The electron undulates along the x axis. We ddheeelectron velocity 5, g from the Lorentz
force:

e, 10 o / : Al (2.52)
AT Ty . E 03 * '

One deduces from equations above a practical eteon of the deflection parametes: * g $
represents the amplitude of the horizontal veloditypractical units one has:

e 176 ft,v 33, (2.53)

Figure 2.7 and Figure 2.8 show the electric field #he radiation spectrum for two differen
On the axis, the positive and negatives pulsebettectric field , are equidistant. As a result
the on axis spectrum doesn’t contain even harmoiiies on axis spectral angular flux vanishes for
even harmonics. For small valug -  the electric field is nearly sinusoidal. The rdidia spectrum
reduces to the fundamental frequency. On the aliderfor large deflection parameses, the electric
field is made of a periodic sharp peak. Thus tleegpm contains high harmonics.
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Figure 2.7: Horizontal electric field emitted bgiagle electron and spectral angular flux produzgd
a filament beam (I = 200 mA, E = 6 GeV) in a pemonhagnetic field withe /76 . Calculation
computed using B2E [10].
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Figure 2.8: Horizontal electric field emitted bgiagle electron and spectral angular flux produzgd
a filament beam (I = 200 mA, E = 6 GeV) in a perochagnetic field withe 6 . Calculation
computed using B2E [10].

The electric field has no vertical component foradnserver located in the horizontal plane (z=0),
the SR is then horizontally polarized. Actually aloserver in any direction sees a linear polarized
light. However the plane of polarization dependgl@emission direction and the harmonic number.
Such a planar magnetic field cannot produce cirufmlarized light [20].

Ellipsoidal undulator

A periodic magnetic field, which combines horizdrdad vertical components, is sufficient to
produce an elliptical polarization. Indeed the hontal component introduces a vertical acceleration
This acceleration produces a vertical field compbre/en when the observer is on the axis. The
magnetic field is:

0 0
1p <21—< @2 g «z1—<2/2 (2.54)
The deflection parameter, ands 5 are:
AV B Vi
A 03 # £ 03 #
Like a planar undulator, the on axis spectral aamgtiux vanishes for even harmonics. For a
filament electron beam, the spectral angular fRixnaximal on the axis. The filament beam radiates

(2.55)
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SR on the axis with elliptical polarization. Thelgmization rates of any odd harmonic can be
expressed as:

+,- <Z R
(k Al Bi . (# 0 Al B . ) ® (DA 0 Al By . zZ® (256)
Al Bi Al Bi Al Bi

The polarization is purely circulalg G /  when the vertical and horizontal components have
the same amplitude with a0 phase. Electrons then have a helicoidal motiothénundulator and
their longitudinal velocity ¢ is constant. With a constant velocity, only oregfrency can fulfill the
interference condition introduced above. Finallg #pectrum of a purely circular polarized radiation
is reduced to only one harmonic. This offers paogrgy tunability for the users. Consequently, in
practice, we choose to use an elliptical polararatrather than a purely circular one, so that the
spectrum contains a broader range of harmonicschdéde the elliptical polarization by using vertica
and horizontal magnetic field components that dohave the same amplitude.

We have overviewed the SR emitted by an ultra ivestit electron beam in three different
magnetic devices, the bending magnet, wiggler artilator. In addition, we showed we can choose
the polarization state thanks to the selectiormeffield geometry and the observation directionwNo
we come to the selection of the most appropriateatidording to its usage. Depending on their
research field, scientists are interested in potwithin a specific energy spectrum. One would
naturally design the device which produces the dsgtbrilliance in this energy range. Figure 2.9
compares the brilliance produced by a typical weggind a typical undulator. One observes that the
undulator brilliance decreases rapidly at high phanergy. On the other side the wiggler brilliaizce

rather flat on a large photon energy range. Finaligglers are necessary to produce high energy
photons with high brilliance.
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Figure 2.9: Brilliance achievable at the ESRF wathndard wiggler and undulator computed with
SRW. One varies the undulator magnetic gap in ai@énne the photon energy. Computation dome
using SRW [21]; the beam parameters are thoseedEBRF even straight section, listed in Table 2.2
presented in section 2.3.1.

2.3. Magnetic properties of ID

We will then introduce the magnetic quantities thally characterize the radiation properties, as
well as the effect on the electron beam. Thesetdiggnare of primary interest for the realizatiamd
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the optimization of a real insertion device. AnhBs to fulfil two requirements in order to be ifigi@

on the storage ring. It should produce radiatiothefhighest intensity for the users without disiing

the electron beam dynamics in the storage ring.RM& phase error is used to quantify the effect of
magnetic errors on the radiation intensity. It rdyorelevant for undulators in which interferense i
predominant. On the other side, the perturbatiovwiich an insertion device induces, are mainly
related to its field integrals. We will now revigtese two magnetic quantities.

2.3.1. Field integrals

Magnets in the storage ring drive and focus theteda beam. The reference particle experiences
a closed trajectory, which is called the closeditdis]. Electrons, which deviate from the closed
orbit, oscillate in the transverse plane aroundréfierence particle. The transverse oscillatioestlae
so called betatron oscillation. The transversetjosof an electron in a storage ring free of maigne
errors is [16]:

< +,- EO

=< A ©

A < )< |AF

A (2.57)
)< |eF

o

B °p < *-EO —
B

A °pg Isthe horizontal (vertical) beta function (not® confused with the transverse electron

velocities o and g). The constants 5, g, | o and| g are defined by the initial position of the

electron. The horizontal (vertical) tung®, #3 is the number of horizontal (vertical) betatron

oscillation per turn:

o

b= (2.58)

Insertion devices and user instrumentation areatigvith respect to the closed orbit. An installed
insertion device which might disrupt the electraaim dynamics would displace the electron beam
closed orbit; electrons then oscillate around thupbed closed orbit. As a result this would niggal
the radiation axis of any installed insertion devitherefore, any insertion device which distuties t
closed orbit would disrupt every single user of ¢iachrotron facility.

The net angle , g and position offset 3 5 35 of an electron recorded between the entrance

and the exit as it crosses an undulator is dedfroetthe Lorentz equation. To the first order it$ ,
the net angle and the position offset are given by:

A $T 1@2 B $T(A u1§2
(2.59)
- I g h M2
WhereG G @ and] 9 | are the first and the second field integral aleng
PM PM C
C O _<) . O) O _«< )<t b =? (2.60)
9M 9M  9Mm

The angle and the position offset are respectipedportional to the first field integral and the
second field integral. IDs with non zero on axédiintegrals disturb the closed orbit. Practicatiye
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can tolerate the fact that a “perturbing” ID cauaesangle and a position offset smaller than 10% of
the beam size and divergence [15]. Such limits teate following relations [22]:

$3 N $3
% 1A ) % ° EI\E

_E
‘B
_ (2.61)
$3 M $3 I

oy *h 4—

K ~«z * o, N
B' Ty A, °AlA

(A' ~«<Z 1 4 ~<Z *p

G -
A
M N is the horizontal (vertical) emittance of the éles beam. -, -, is the horizontal

(vertical) beta function in the middle of straigtgction. Table 2.2 lists the value of the transvers
emittances, the tunes and the beta function imildelle of the straight sections.

Table 2.2: Horizontal and vertical emittances, tuaad beta functions in the middle of the straight
sections at the ESRF.

Even straight Odd straight
section section
Horizontal emittancé, / Vertical emittancéys [m rad] 3.9 10%2.5 10"
Horizontal tunet, / Vertical tunetg 0.44/0.39
Horizontal beta - , / Vertical beta function. , [m] 0.5/2.73 35.2/2.52

The electron beam parameters at the ESRF leadetdoltowing upper limits for the field
integrals:

A- 01) A 13 g 1%1) 3, %13

G- 17 13 o 3% oG- /0 13 o gy 1633t (262

The magnetic field in the undulator gap or in tiperéure of storage ring magnets is given by
solving the Maxwell’'s equation in vacuum:

0 % / o / (2.63)

Since we solve the same Maxwell's equation to cdmthe magnetic field in an ID gap or in the
aperture of a conventional magnet, we may applyhtéirenonic analysis widely used in accelerator
magnet technology to IDs [23]. Because of the dyloal geometry of magnet apertures, one usually

expresse&using the following Fourier expansion in a cyliidl basis
M
C » bk Ty +-0p 1, ~<Z b
Yo k
M
G » b"k ,.zb y+,- b
Ve k

(2.64)

4, and ., are the constant coefficients known respectivedytl@de skew and the normal
multipoles. The development becomes in the Cartesgiatem (X, z, S):
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In other words, equations (2.64) and (2.65) sta&t, twhatever the coordinate system used, the
insertion device integral might be split up inteuan of usual multipole components used to focus and
drive the beam in the accelerator. As a result, @andd investigate the disruption that an insertion
device induces on the beam dynamics by breaking ihto the sum of its multipole components and
computing the effect of each component. Table it8 the usual multipole components used to focus
and drive the beam in the accelerator [23].

Table 2.3: Integral field components for 2D multgmup to sextupole.

Multipole of order k Skew lenses Normal lenses
G Tk G/
Dipole k=1
e / @ «
(A O_#: (A 0 #?
Quadrupole k=2 B
G 0 47 @ 0 4=
(A 6_% =# ?# (A 8 (y?:
Sextupole k=3
(E 8_%?: CE 6 o =# ?#

Every multipole component must be corrected in otdecancel the undulator effect on the beam
dynamics. The process done to correct any multipolmponent of the field integral is called
“multipole shimming”.

An efficient multipole correction is based on a Welown property of the Maxwell equations. It

can be demonstrated that the field integedh G in an undulator gap or in an aperture of an
accelerator magnet, satisfies the 2D Maxwell’s #qoan vacuum [10]:

A AG / A AG
A= A7 AT A=
Equation (2.66) is equivalent to the Cauchy coaditiConsequently the first field integral may be

represented in vacuum with an analytical functidnaocomplex variable [22]. One defines an
analytical functiorq of the complex variablg = K? :

(2.66)

¢qg G=A Kg=A (2.67)

In vacuum the complex integréis continuously derivable and admits a Tayloresegxpansion.
The Taylor series around the insertion device isxis

éq » q—/@‘ / & ))?6/ (2.68)
Yol
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The field integral representations using either midtipole expansion or the Taylor series are
equivalent. Therefore one relates the multipole waments y and y to the successive complex field
integral derivative®* / :

_ o ) ¥ok
v (2.69)

According to equation (2.69), the multipole compase y and y vanish whenever we cancel
the successive-derivatives ofG andG. The Cauchy integral formula provides a poweradl tto
cancel theG and G derivatives. Indeed the complex field integésatisfies the Cauchy integral
formula, over any contour delimiting a region freé magnetic source. Thus for any complex
variableq inside the contouf one has:

. / ¢cC
¥ 2 __ 2.70
¢ g 0K i C q ¥Pk )C ( )
For a field integral equal to zero on the contdirthe field integral is null within the surface

bounded by the contouwE An efficient multipole shimming then consists @incelling the field
integral along a particular contour. This processxposed in detail in section 2.4.4.

2.3.2. Phase error

Besides disturbing the electron dynamics in theagi® ring, magnetic errors in undulators cause a
reduction in the SR intensity.

The on axis electric field emitted in a perfectnalaundulator is displayed in Figure 2.10. Thia is
series of peaks equally spacé&drefers the successive times when an observerldaat the axis and
at infinite receives th@{ peaks of the electric field. The correspondingcipen is represented in
Figure 2.11, it contains numerous harmonics. Magnators in the undulator shift the timds
change the fundamental frequency of the undulaftiation and introduce destructive interference. As
a result errors reduce the radiation intensityh@nharmonics of the X-ray spectrum.

107 | - | 3
1
— Ideal undulator :
— Undulator with errors! . I
— 0.5 1| d 1 —
S —> | |
k] . | !
e} I !
2 0.0 | |
2 1 1
5 1 1
ks ! T tdTig 0 Ti1
(i1} 1 1
-0.5— | 1 —
1
1
1
Ti-l Ti —>I <_d" N
1.0k l L l ' ¢ —
0.90 0.92 0.94 0.96 0.98
Time[a. u.]

Figure 2.10: The on axis electric field emittedabgingle 6 GeV electron propagating through anlidea
(black curve) planar undulator 7...... v 0/33{ .. . It is a series of peaks equally
spaced. Errors in the magnetic field shown in FagRrl2 cause a shift of the electric field peaks.
Computation made using B2E.
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Figure 2.11: The on axis spectrum produced byaaint electron beam (I = 200 mA, E = 6 GeV) for
an ideal undulatore 7...... vi 0/33{ .. and for an undulator with localized amplitude
errors shown in Figure 2.12. Computation made uBRig.

RMS Phase error

In order to study the impact of magnetic error ewulator spectrum, one uses the phpse
instead of the time delaj.7The phasé _ measures the slippage of one optical wavelengtieam
the electron and the light [24]. The phdsds defined as:

o #

1. Ao - 2)< (2.71)

| C

Where  is the longitudinal velocity of electrons ai@, the fundamental frequency of the
undulator radiation. As one assumes the magnedit df a real planar undulator with magnetic errors
is to be written as:

0
E B ~<Z 1_v <2 | g< | g < - (2.72)
' !

g < represents the magnetic field error. The longrtabtivelocity is:

o # 0 #
c < D @ Fﬁl+’- 1w<2 |A <2 (273)
With:
C
| A < O] gc )c (2.74)
Vi g
" oM

| o < is the normalized integral of the magnetic fieldoe| g < ; it measures the angle error
which introduces the magnetic field erforg < at the position s. The phake defined in (2.71) then
becomes:

1. K |]- (2.75)

With:

33



T

#
o #

0
|]. ———FOE|[a<
V!l TZI B

# B <

0
-2 1= <2F)< (2.76)
|

|] _is the phase error; it describes the deviatioanef optical wavelengthvy, ~ Q | from the
ideal slippage due to errors. A magnetic field efrog < contributes twice to the phase erfpr_
Magnetic errors introduce some modulatjorg < in the undulator field; the effect of the modubati
is contained in the sinus term in (2.76). In gehtdma term is dominant on-axis. In addition elects
may experience a trajectory with angle errors. Japgared term| 5 < *in (2.76) resumes the effects
of angle errors on the phase error, meaning tsatall phase error requires a straightforward edectr
trajectory within the undulator.

For randomly distributed phase errors, the redoctd flux and brilliance on the spectrum
harmonic is given byG u [25]:

G u =R #u# (2.77)

Whereu, the so called RMS phase error, is the RMS valuke{ phase error§ _

» || F (2.78)

We consider hereafter some typical magnetic ewaorperiodic magnetic field. As plotted on the
left graph in Figure 2.12, we assume a linear magfield amplitude variation, i.e. a taper, anango
localized variations. In both cases the maximumatian of the field amplitude is 0.5%. The phase
error|] _ of the electric field, which a 6 GeV electron wab@mit throughout the different magnetic
fields, is also displayed. The RMS phase erroread with the tapered field is 3 times higher than
the RMS phase error induced by localized peak fezldrs. Magnetic errors, which spread over a
large number of periods, have a greater impachenRMS phase error than the localized magnetic
errors.

E 1.00 10F T T T T
3 Tap
3 1004' T 5
= local error fiel _
% 1.002 . 2 0
()]
=]
3 1.00 @ \ \
5 e Zero error field
5 0.998 . o -10F N .
=4 \_ocal error fields=2.2°
g 0.996- i Taper:s=6.8°
0.994e L 1 L L -20k 1 ! ! !
0 10 20 30 40 0 20 40 60 80
Undulator period Electric peak field

Figure 2.12: Magnetic fields deviation (left plaf) a periodic fields 7...... vi 0/33 {

and associated phase error (right plot). The btacke corresponds to a linear decrease of the peak
field along the length (tapered undulator); the cadve corresponds to localized field errors. Inhea
case the maximum variation of the field amplitusi®.5%. The computation is done using B2E.

The 8" and 7' harmonics of the on axis spectral flux, achievéith the different magnetic errors,
are displayed in Figure 2.13. Compared to zerd fetor, the on axis spectral flux with the 6.8aph
error is already reduced by nearly 35% on tfié&monic. Therefore an undulator with such a high
RMS phase error can’t produce high energy phot®hs. spectral flux with the 2.2° phase error is
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only reduced by nearly 10% on th& Farmonic.
value to produce a high energy undulator.

Consequently 2° is acceptable RMS pleass
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Figure 2.13: Impact of the different magnetic esrshown in Figure 2.12 on th& Harmonic (left
plot) and the 7 harmonic of the spectral flux (right plot). Comatibn done with B2E assuming a
6 GeV filament beam (1I=200 mA, E=6 GeV).

According to the photon energy range the scienti®s interested in, they select specific
harmonics in the undulator radiation spectrum. &ithe reduction of the radiation intensity incresase
with the harmonic number and the RMS phase erroe, understands that an undulator with a RMS
phase error of 6° is well suited for scientists kilng with the first harmonics of the undulator
radiation spectrum. On the other hand, it is nergs® lower the maximum value of the RMS phase
erroruy,z to 2.5° as the undulator is dedicated to scientigirking with high order harmonics. The
process done to reduce the RMS phase error idddléephase or spectrum shimming. This process
allows the correction of the magnetic errors whialre the heaviest weight on the RMS phase error.

To sum up, an insertion device allows the productid intense radiation. In addition, we can
choose the polarization state thanks to the seledf the field geometry. However, in practice the
device has some magnetic errors. Errors in thelataiuield are corrected in order to:

Minimize the undulator field integrals at any gague. Field integrals must be kept below the
upper limits given in equation (2.62) in order tmia large beam dynamics perturbations.

Keep the RMS phase errarbelow a maximum valuey,g in order to provide the users with
a very intense photon flux. Regarding the use efuidulatory.,g, is fixed between 2° and 6°.

Table 2.4 summarizes the maximum value admitteth@tESRF for the first field integral, the
second field integral and the RMS phase error.

Table 2.4: Maximum value admitted at the ESRF ffierfirst field integral, the second field integral
and the RMS phase error.

Horizontal first field| Vertical first field | Horizontal double | Vertical double field] <M>
, . s . phase
integral(y integralG field integralfg integralfg error

0.1 Gm 0.4 Gm 0.3 Gth1.5 um 1.8 G 9 um 2°-6°
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2.4. Technology

In this sub chapter, we review the different erigtiechnological solutions to produce IDs. Since
most IDs are made of permanent magnets, an empbhgdsced on permanent magnet material. We
also present the numerical method used at the EHSRdesign an insertion device. Finally the
magnetic measurement benches and the magnetictionréechniques are exposed. This subchapter
is mainly inspired by the lecture given by J. Cha[22].

2.4.1. Permanent magnets

Fundamental magnetism

One characterizes ferromagnetic material with angpwous magnetization and a Curie
temperature. The spontaneous magnetization is #mgnetization which a ferromagnetic material
exhibits naturally without any magnetic source. TQwrie temperature is the temperature threshold
above which a ferromagnetic material no longer leikhia spontaneous magnetization. Only few
elements exhibit ferromagnetic properties at antltemperature. The magnetic elements are mainly
the transition Metals (M) such as Fe, Ni and Co #m Rare earth elements (R) also called the
lanthanides.

The magnetic properties of a material arise froemélectronic structure of the elements of which
it is constituted. The magnetic electrons in trimisimetals are located on the 3d electronic shell
the atomic structure. The spin moments of the 8dteins govern the 3d magnetism. In metals such
electrons provide a high magnetization (up to ZLler the Fe at ambient temperature) and a high
Curie temperature. The magnetic electrons arer@titeand are very sensitive to the surrounding
electric field. One can show that it leads to a laagnetic anisotropy.

The magnetic electrons involved in the rare eardgmatism populate the 4f level. Electrons on
the 4f level are localized, giving rise to high matpcrystalline anisotropy. The magnetic ordering
temperature of R elements is below room temperaexeept for Gd whose Curie temperature is
293 K. The spin and the orbital moments of 4f etexs contribute to the total magnetic moments of R
elements. The spin-orbit interaction, which fordhe parallel alignment of the spin and orbital
moments of the 4f electrons, dominates the 4f migmeFor light R elements (Pr, Nd and Sm), the
coupling between moments is anti parallel wheremsgparallel for heavy R elements (Gd to Tm).

M-rich R-M compounds

The magnetic properties of M and R elements arepteamentary so that one may associate their
properties in R-M compounds. On one side, the |&Mgd interactions in the R-M compounds may
provide the R-M compounds with a high Curie tempes above room temperature. On the other
side, the R-M interactions allow the large magnetstalline anisotropy, which characterizes the R
ions, to be maintained at room temperature andeabov

The large R-M interaction arises from a subtle naeidm called the “hybridization” which
involves the M-3d electrons and the R-5d electrdie hybridization is directly at the origin of the
coupling between the spin moments of M-3d and Ridttrons. The coupling is systematically anti
parallel.

The anti parallel coupling in R-M interactions ttger with the spin-orbit coupling in R ions
causes a ferromagnetic coupling of R and M totaineats for light R elements whereas the coupling
between R and M total moments is antiferromagneticheavy R elements [26]. Depending on the
crystallographic structure of the R-M compoundydxd, Pr and Sm ions are potentially interesting to
develop high performance magnets based on R-M congso
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From compounds to magnets

High-performance modern magnets are based on MRl compounds. As explained above
they necessarily combine a high spontaneous magtieth and a strong magnetic anisotropy at room
temperature [26]. As detailed above the M-M and fReM interactions provide the large
magnetization at ambient temperature while therordeof R and M ions in uniaxial crystal provides
the necessary anisotropy. Only few R-M alloys eitlailh the required properties for the productidn o
high performance magnet. These are the SmCo al®ysCa and SmCo,;) and the ternary alloy

The crystallographic structure of SmCo alloys andjA¥,,B are sketched in Figure 2.14 and
Figure 2.15. The easy axis of SmCo alloys is oe@r#long the c-axis. In order to produce,So,
one substitutes some Sm with Co in the,Say, crystal. Depending on the Sm substitution withilCo
the Sm network, the SX80;; structure is rombohedral or a hexagonal. The algsfraphic structure
of Nd,Fe,B is complex. At ambient temperature, the easy akiNd,Fe,B crystals is oriented along
the c-axis.

Subsition of Co for Sm in the SmEgo

Hexagonal structure of the Sm{Jahase in order to produce SiBoys

a=0.5nm Sm,Co,; phase with Sm,Co,, phase with
rombohedral structure hexagonal structure

o)

wuy 0

c-axis
a_a)(\s

Sm atom

Sm network
in SmCog phase

® (Co atom

Figure 2.14: Structure of the SmCand SmCo,; phases. The black arrows locate the substitution i
the Sm network.
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Figure 2.15: Structure of the BbkE4B phase, picture from Okayama university web page
(http://www.magnet.okayama-u.ac.jp/magword/neonmabex.html).

The large anisotropy of R-M alloys is not suffidiea ensure that magnets based on these alloys
have a large coercive field. Indeed magnetizaterersal might occur in magnet defects. It is then
necessary to develop special microstructures innetagh order to avoid the propagation of the
magnetization reversal in the whole magnet voluifieis is the art of the permanent magnets
manufacturing process.

The most common technology used to manufacture etags the powder metallurgy. This
process allows the production of magnets with & lgigercive field and high remanence. Figure 2.16
details this process.

The magnets produced by powder metallurgy may ba as an assembly of independent grains.
The grain axes are distributed around the macris@asy axis according to a Gaussian distribution.
The Gaussian distribution variance is a few degréks grain size is typically a few tens of microns
In the thermally demagnetized state, the grains diveded into several uniformly magnetized
domains. The magnetization direction alternatesnfane domain to the next. The region between
domains in which the magnetization reverses isedadl Bloch wall. In a wall the magnetization
direction rotates progressively. After the magnes been saturated, local demagnetization takes
places on local defect in the magnet microstructlihee development of a coercive magnet requires
the prevention of the creation and growth of dommdimucleation) with reversed magnetization in the
magnet. The growth of reversed magnetization wailight be blocked on some defects present in
grains (pinning process). The magnet coercive e identified as the process which limits the
magnetization reversal. The ow;; coercive process is the pinning process. The aticle is the
mechanism involved in the coercive process of th€& and NdFe;4B.
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Figure 2.16: Production steps of rare-earth magpettire from Vacuumschmelze catalogue.

Table 2.5 lists the main permanent magnet paramatexmbient temperature produced by powder
metallurgy. NdFe 4B magnets hold the strongest remanent figldrigl offer the largest remanent field

selection compared to SmCo magnets. All of thensgrerelative permeabilitiése and! ¢ closed

to unity. Their relative variation of the coercifield is negative.

Table 2.5: Remanent field, relative permeabilitpercive field of the different R-M magnets at

ambient temperature.

— Curie 3 7 3 9k
1. 1. u.b 3, FU . TU I Tf7%,
Alloy B, [T] E E ! temperature[°C] UL 1T
SmCq 0.9-1.01 1.05 1.15 1500-240 750 -0.002
1.04- 1.05- 800
SmCo 112 1.08 800-2000 -0.002/-0.005
1.04- 1.15- 310-370
Nd,Fe;.B 1.0-1.4 1.06 117 1000-3000 -0.005

Magnets manufactured by powder metallurgy may exhilagnetization
their volume. These magnetic errors are sourcdgelof errors in insertion devices. The procedure

used to characterize the magnet errors is discusssttion 4.1.
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2.4.2. Insertion device technology

Current coils and permanent magnets are the twitabl@sources of magnetic field. Additionally
soft iron might be used to drive and concentrate miagnetic field. The most commonly used
technology to build insertion devices is based emanent magnet material. Current coil technology
is dedicated to the production of long/ low fiekevites [28] or superconducting wigglers [29].

Permanent magnet undulator

Figure 2.18 presents various periodic permanenngtagrrangements to produce planar vertical
field. K. Halbach [30] first proposed to build arpupermanent magnet undulator (PPM) with two
parallel arrays of permanent magnets. The magnietiveotation from one block to the next by 90°
allows a sinusoidal magnetic field with a perigdto be built along the longitudinal axis. To incsea
the peak field along the axis, one may use soft poles with horizontally magnetized blocks (hybrid
undulator). Both devices produce linear polarizadiation. Almost all undulators (more than 95%)
installed at the ESRF use these designs.

%

Figure 2.17: Halbach pure permanent magnet (PPijlator type (left) and hybrid undulator (right).
Both devices produce planar vertical field.

The crossed undulator [31], [32] and the ellipticadltipole wiggler [33] have been the first
undulators used to produce light with circularlylgsization. They consist of a superposition of two
distinctive devices, one horizontally and one weaity polarized. In this scheme, magnet arrayshen t
lateral sides of the storage ring vacuum chambenaeded. The lateral size of the vacuum chamber
limits then the minimum gaps of crossed undulators.

At the end of the eighties, P. Elleaume proposedHBELIOS design [34]. It was the first compact
design with two parallel arrays of permanent magnistis makes the production of both horizontal
and vertical magnetic fields possible. The upperyarproduces the horizontal magnetic field
component while the lower one produces the vertioalgnetic field component. Moreover the
longitudinal translation of the upper girder sdis phase between both magnetic field components.
The HELIOS undulator is drawn in Figure 2.18. Weerjo the longitudinal shift of the upper girder
with respect to the lower girder,, g, is the horizontal (vertical) field amplitude orethlELIOS
axis. The on axis horizontal and vertical magnigic in an HELIOS may be written as:

0 0
A At V—< )W B g tr-1—<2 (2.79)
: V) : Vi

40



As) [ , the phase between horizontal and vertical magriieid is null, the polarization is
linear. The field amplitudes do not depend on thegitudinal shift. Thus, the polarization of the
radiation is changed independently of the radiagioergy.
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Figure 2.18 : The HELIOS and APPLE-II permanent neigindulators. The translation of one array
(HELIOS) or two arrays (APPLE-II) allows the prodion of both vertical and horizontal magnetic
fields.

More recently the APPLE-II design has been propdsqutoduce ellipsoidal magnetic fields with
higher peak fields [35]. The APPLE-Il consists afot pairs of magnet arrays as shown in
Figure 2.18. One pair of magnet arrays can movgitodinally, the top left and the bottom right
magnet array. The other set of magnet arrays mdfiEach set creates a magnetic field whose
horizontal (vertical) amplitude isy, g . The longitudinal shift between the movable ancedi
arrays causes a phase between the magnetic figlded by each set. If we ngtethe longitudinal
shift between fixed and movable arrays, the fiehted by the four magnet arrays is [20]:

) 0< ) ) 0< )
10, -21224-1— 220 g +-122-z1— 222 (2.80)
: V) V) : \ \ \

Vi
The phase between the horizontal and the vertiell €éomponent is always equal td . The
polarization then is almost always elliptical. $tlinear as , / or g / , meaning respectively

) I or) v ; 0.The polarization may also be circular as:

Vi ..
) iz 9% E-ELF (2.81)
Al

Since the field amplitude ofy and g depends on the longitudinal shiff the polarization of the
radiation cannot be adjusted independently of thdiation energy. Therefore setting up the
polarization without modifying the radiation energyplies to tune the gap of the APPLE-II
accordingly.

Helical undulators present a broader variationhef peak field off axis, compared to the planar
ones. This may have a strong impact on beam dysdi®@. In order to limit this, helical undulators
with 6 magnet arrays have been built. In this ¢hsaipper and lower central arrays generate eceaérti
field while the outer four arrays generate a hariabfield. The longitudinal shift between the four
outer arrays and the central ones set the phasedretthe horizontal and the vertical component of
the magnetic field.

Opening and closing the gap change the magneticfjd and so forth the deflection parameter.
To do so, the undulator is mounted on a mechasiggport. Such mechanical supports are specially
designed to keep the arrays parallel despite tlye lmmagnetic attraction between them. Assuming a
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planar undulator with a sinusoidal field with a péiald g, , length@and widthH , the force between
the two girders is [22]:

#
B 4 &OF (2.82)

The magnetic forces between arrays can reach 4@8\W Figure 2.19 presents a PPM mechanical
support developed at the ESRF.

Magnetic assembly chanical support

Figure 2.19: Standard mechanical support develapéte ESRF.

Electromagnet undulator

Usually the ElectroMagnetic undulators (EM) are mafl Copper coils that drive the field in soft
iron poles. This technology is similar to the osedito build accelerator magnets such as quadsipole
and sextupoles. It does not require a mechaniggbasti which allows a variable gap. Indeed the
current in coils sets the peak field. For a givap @nd short period, the peak fieldy of an EM
undulator is usually smaller thagaa, the peak produced by a PPM undulator. Assumi2p anodel
of both PPM and EM undulators, their peak fieldorag [22]:

b/ 1!V!—T (2.83)

00C

Where is the magnet remanent field afithe density current. Getting the same peak fisld a
the one of a PPM design with a 35 mm period madddiFe B magnets with 70 T , requires
current density in the coils to be 244 A/farsuch a current density is far beyond the maximum
current density achievable at room temperatureA(®@m?). Consequently at room temperature, the
EM undulators are limited to long periods, low diellevices. Superconducting coils handle such
current density so that one designs supercondustigglers; the achievable peak field might be as
high as 10 T [37]. One interest of the EM is thedurction of elliptically polarized light with a fas
switching of the polarization state by using an &€rent.

2.4.3. Field computation

Magnetic field computation allows the magnetic desbptimization of an insertion device. The
numerical simulation and the magnetic optimizatiéran insertion device are generally performed in
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two steps. One first designs the periodic partrisuee that the insertion device provides the requir
peak field amplitude with the smallest magnet vaui@enerally, the magnetic field periodicity and
symmetry ensures a zero field integral. Howeversymametry is broken at the extremity. Thus some
field integrals may be generated at the extreniitye undulator extremity is designed to minimize
them. We first review the integral method used dmpute the magnetic fields of insertion devices.
Planar designs (PPM and hybrid) are then givenraagnetic calculation illustration.

Integral method

The Finite Element Method (FEM) has been succdgsfuplemented to solve a large number of
physical problems. Within the FEM software, the wiatbr geometry is meshed in order to compute
the magnetic field on each node of the meshesaltticplar the geometry needs to be meshed to
infinity in order to compute the insertion devideld integral. An accurate FEM computation would
result in a large number of nodes. An alternatppraach, the integral method is well suited to solv
magnetostatic problems with opened geometries.

A volume ™ uniformly magnetized according © with an arbitrary shape produces a magnetic
field atapointy = ? < that can be written as:

Yy 0°Y0O (2.84)
The field integralG= ? can also be expressed in the matrix form:
cYy +t°YO (2.85)

O andt are6 6 matrix which depends on the volume geometry ascetative position with the
point P. The expressions @ and} have been derived analytically for general shapesh as
rectangles [10] and general polyhedrons [38]. Titegral method approach consists then of dividing
any magnet or soft material info small volumes so that the magnetization in eacallsmagnet is
considered to be uniform. With the integral methtbat magnetic field Y and the field integral
G= ? is simply the sum of the fields or the field intalg that each single volume produces:

I I
Y » 0. YO Y » £ YO (2.86)
—e k —e k

The problem now is to determine the magnetizatineach small volumé_. In any material, the

magnetization depends on the local magnetic fiettirough the material propery U :
oOu 0O < (2.87))

O, is the material remanent magnetization @ritie material susceptibility possibly dependant on
U. Finally the magnetic fieldJ_in the centreKof each small volume_ must be first computed in
order to find out the magnetizati@ U_ . The magnetic fielt)_ in the centre&koriginates from the
magnetizatior©s, U, of all small volume$s,and its expression is:

i [
U » 0:%Fk0 U » Q.5 b SO 3 CU, T (2.88)
3o k 3o k

0,5, KOs, Uy, represents the volumeg, contribution to the magnetic field_ at the positiork

The magnetization determination in each small vellinimplies solving thg following equations:

[ [
O_ O! B CU_ O! N C» |—1/C°A (j_l/ Al/ k ok » é_; As, k O! 3/& (289)
Yo k 3 k
The matrix@,is the6 6 unity matrix and _,,the Kronecher symbol. Actually one builds for

, XA kK o A A A . : :
volumes a6{ 6{ matrix | 450 v, 1, K = S, 0,5, KO, I called the interaction matrix.
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The magnetization determination in the magneticramwolume reduces to the inversion of the
interaction matrix. However, whenever the geomérgivided in a few hundred small volumes, the
interaction matrix becomes too large and ill condiéd to allow a direct inversion. The so called
computer code RADIA [39], which is based on thisegral approach, implements an iterative
procedure to determine the magnetization insiddn esall volume. The iteration stops when the
magnetizatiorO_is stable in each small volume to a specifiedipi@s. RADIA is used for the design
of insertion devices at the ESRF.

We now present an example of PPM and hybrid desfga planar undulator with an 18 mm
period. We name PPM18 (HYB18) the PPM (hybrid) gesiThe permanent magnet is made of
Nd,Fe B material. The soft material considered for the B18 design is a low carbon steel.

Figure 2.20 displays the magnetization curves ueedescribe the N&e4B magnets and the low
carbon steel XCO06.
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Figure 2.20: Description in RADIA of the pole (losarbon steel XCO06, left plot) and magnet
(Nd,Fe 4B, right plot) material. The permanent magnet islenaf NdFe ,B material with a 1.17 T
remanence and a susceptibility of 0.06 (0.15) pergderpendicular) to the easy axis.

Periodic part design

The Halbach PPM and the hybrid undulators are tbst mommonly used insertion devices, thus
we will use their design process as an example.dBsgn of the periodic part of ID aims to obtain
the highest on axis amplitude . Another constraint is to target constant fieldpfitade along the
transverse horizontal axis, in order to minimizéeeff on the beam dynamics [40]. Designing the
periodic part of such devices means optimizingrtbeometrical parameters. Figure 2.21 compares the
peak field attainable with PPM18 and HYB18 desigas function of the magnet volume per period.
For each magnet volume, the geometries are optilrtizgoroduce the highest field. As the magnet
volume increases, the PPM18 peak field reachesitiwhile the HYB18 peak field still increases.
Consequently the main constraint in designing PP 18 minimize the magnet volume (it limits the
cost and size of the device). On the other sidégdieg HYB18 geometry means producing the
highest field for a given magnet volume.
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Figure 2.21: Comparison between peak fields redehaiih a hybrid undulator (red curve) and a
PPM undulator (black curve). Magnet dimensiodx ™ Ov, x~ Ov, v, for the PPM design.
Magnet dimension for the hybrid desigg'7 6~ g/708..." 870.

Figure 2.22 represents {/8f a PPM period on the left side, as well as 2 Rieikods on the right
side. It can be observed that by applying relesgnimetries on the elementary geometry (th& f8
the PPM period), one can build the whole periodid pf the PPM undulator. Thus, the magnetic field
of the periodic part might be computed from thisneéntary geometry, allowing a fast computation of
the magnetic field. Concerning the parameters fjasadn order to optimize the design, here the
magnet thicknesg® is constant and equals . Therefore the only free parameters left are the
magnet width@ and height@7
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% 2,2

%
Height L

01 - k\

Figure 2.22: 1/8 period of PPM18 undulator (left) designed with RAD The parameters to be
optimized are the height and width of magnets. Sgiries are applied on the f/Beriod to build the
periodic part with RADIA (right). The gap is fixed 6 mm.

Figure 2.23 represents the variation of the PPMd&xis field amplitude as a function of the
magnet width and height. The width has a stronggract on the magnetic performance than the
height. Indeed widening the magnets fréffboy to Ov, increases the field amplitude by more than
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20%. On the other hand the same height enlargeamytincreases the field amplitude by less than
5%. Moreover greater magnet width ensures bettdd fiomogeneity. The on axis field amplitude
reaches a limit when the magnet height is largen @v, . However the field amplitude decreases by
less than 3% as the magnet width is reduced femtov,. Such width reduction leads to a much
more compact design with a negligible reductiothig on axis field amplitude. This leads to the Usua

selection of a magnet width somewhere betwgeandOv, . We use similar considerations to set the
magnet height.
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Figure 2.23: Variation of the PPM18 on axis fielmmitude (left plot) and off axis (right plot) for
different heights and widths. The computationspedormed with RADIA.

Figure 2.24 represents the elementary geometryadnd period of the hybrid undulator HYB18
with 18 mm period. Designing a hybrid undulatomrsre complex than designing a PPM since we

need to optimize more parameters. The parameterbetooptimized are@,, @, @,
S@, @, @,T, which are the respective dimensions of magnedspates.
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Figure 2.24: 1/8 period (left) and a full period (right) of a HYBH#signed with RADIA.
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A hybrid design is optimized in a similar way as oPPM design. Table 2.6 presents the chosen
dimensions of pole and magnet for the HY 18 desldre optimization of the geometrical parameters
(height, width and thickness of magnet and polagiseto hybrid design with narrow pole. We will
now detail the variation of the magnetic peak fieith the different geometrical parameters.

Table 2.6: Geometrical parameters of pole and ntagne

Magnet Pole
Width Ly [mm] 50 32
Height L; [mm] 30 24
Thickness L [mm] 6.2 2.8

Figure 2.25 represents the variation of on axikgedd amplitude as a function of the magnet
width and height. The field amplitude increasehwitagnet volume and becomes almost constant as
the magnet transverse dimension exceeds the @oisverse dimension. It is a common practice to
choose the magnet dimension which allies smallamEhigh peak field.

Peak field B [T]

Figure 2.25: On axis peak field variation with thagnet width@,, and height@,,. The inserts label
the contour lines of the on axis peak field (blaoks). The computations are performed with RADIA.
Magnet dimension is @,, @, 87033 , the pole dimensior6033 0 33 07...33 . The
undulator gap is closed at 6 mm.

Figure 2.26 displays the on axis peak field asretion of the pole width and height. The peak
field is almost constant as the pole width (heigh8maller than 50 mm (30 mm). Indeed, for smaller
pole dimension, the peak field varies from 0.8 TOtB40 T meaning an optimization of 5%. We
choose the pole height (24 mm) which maximizespibak field. The design pole width (32 mm) is
much larger than the width (18 mm) which maximittes peak field. Indeed it is necessary to select a
wide pole in order to get constant off axis fieldmitude. With this design the peak field is eqtamal
0.832 T, meaning a peak field difference with treximum achievable less than 1%.
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Figure 2.26: On axis peak field variation with fhale width@; and height@,. The inserts label the
contour lines of the on axis peak field (black $heThe computations are performed with RADIA.
Pole dimensiorS@; @ 07... 33T Magnet dimension%./ 33 6/33 07...33 . The undulator

gap is closed at 6 mm.

Figure 2.27 displays the off axis field homogeneityng the horizontal axis as a function of the
magnet volume. The field homogeneity increases ighmagnet width. The field is nearly constant
off axis over 10 mm with a 50 mm magnet width.

1 1 1 1
| 0:18 mm, Gap=6 mm
12 Magnet dimension:
=B LXm , Lzm = 0.6Lxm, Lsm =6.2 mm 7]
Pole dimension: Ly =10,
LX = 064'9( , LZ =048LX , Lg =2.8 mn
& 1.0 = — - N
@ 7
Ly =50mm
0.8 Ly =2 .
0.6 ] |\ ] ]
0 2 4 6 8 10

Horizontal position x [ mm ]

Figure 2.27: Field homogeneity along the horizordals as a function of magnet width. The
computations are performed with RADIA.

The on axis magnetic field is not a pure sinusoidadl contains higher harmonics. Its
decomposition in Fourier series is:

48



M
0
B » ¥ —<Z 1— <2 (290)
¥e k :
y is the amplitude of the"hmagnetic field harmonic. As the magnetic fieldriade of several
harmonics, the deflection parameter becomes [41]:

M Vi #
A —» 1—0:'% ¥#2 (2.91)
¥e k

Because of the term in brackets, high harmonics have a reduceguhdmon deflection
parameter. The presence of high harmonics chamgdetiection parameter,; this causes a shift of
the fundamental harmonic in the X-ray spectrum.réfoge the thickness of magnets and poles should
be optimized in order to maximize the first harnwoaf the magnetic field while keeping the higher
order harmonic as small as possible. This is aiqudatity of the HYB18 design. Actually the
magnetic field of PPM undulator also contains saivBarmonics. However thg  PPM structure
ensures that high order harmonics have rather toplitude [42]. Figure 2.28 displays the variatidn o
the peak field and the first harmonic as a functbthe magnet thickness. Concerning the maximum
peak field (first harmonic) is achieved for a magnelth equal to 6.5 mm (6.2 mm).
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Figure 2.28: Variation of the on axis peak fieldldinst harmonic with the pole and magnet thickness
The computations are performed with RADIA.

The main advantage of the hybrid design is thedrigieak field that can be achieved for a given
gap and a given period. Figure 2.29 presents thation of the field amplitude with respectlib v,
the ratio of the gap over the period assuming PRMhg/brid design with a 18 mm period. For small
U v, the field diverges from pure sinusoid and thénbigpeak field arises from higher harmonics. As
far as peak field is concerned, hybrid design &ty advantageous for small v, . Thus devices
with a small gap or a large period are designed pales made of soft material.
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Figure 2.29: Peak field and first harmonic variatior a 18 mm period undulator. PPM and HYB
designs are considered. The computations are psgtbwith RADIA.

Field termination

In an undulator, the symmetry of the periodic parsures a zero field integri@l However at its

extremities the symmetry is broken and a fieldgraéGmay be produced. The field integral depends
on the magnetic gap and on the permeability of raigmaterials used. If one considers an insertion
device made of magnetic material with zero susb#ipyi its extremity design is rather simple arsd i

a pure geometrical problem. On the other handgda®l extremity with materials, which have non
zero susceptibility, is a full 3D magnetostaticlgem.

At the ESRF, insertion devices are generally degign such a way that both extremities generate
a field integral with opposite signs. Such an iheardevice has a zero field integral and is saité

antisymmetrical. In the meantime it produces a tlofibld integral | As a result, a design with low

integral at each extremity is necessary to ensmadl s/alues for bothGand § at any gap. The field
integral generated at the extremities can be brakento three contributions:

C (_0(_]¥ (jU (_¥( (292)

Gopuy G is the field integral produced by the lower (uppeagnetic array assuming the upper
(lower) girder is removed. Because of the matedkitive permeability, each magnetic array modifies
the magnetization of the other one at a small gdpev As a result the field integral may differrfro

the sum of the upper and the lower girder. Thited#ihceGy is called the interaction. The interaction
is rather low for PPM design and may be large fdorid design. The interaction tends to be zero at
large gap values.

Both Ggyy andG, are sensitive to the magnet position and magrt&tiearl his offers some tools
to correct them. On the other side the interaci®ralmost insensitive to magnets position and
magnetization so there is no easy way to correeffitiently. Additionally the interaction has a
specific dependence on ID gap which is often diffictco correct with conventional methods
(shimming). Optimum design of termination is theref needed to minimize the interaction variation
with the gap.

Several PPM terminations have been developed &3t [22], [43]. Figure 2.30 represents two
of them. The most complicated PPM termination usagnets whose magnetization has an angle with
the horizontal axis in the range of 30°-45°. Theusidble parameters are the end magnet width and
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the magnetization angle. Such end field structin@se been specifically designed to segment the
undulators without significant loss on the spedtitat. Indeed if one considers two PPMs with an air
gap in between, this type of end structure is algtimized to minimize the phase advance variation
with the gap from one PPM to the other. Insteadssfembling several meters long PPM, one builds
smaller undulators that are phased together. THd B&gmentation also eases the design of the
mechanical support. The other structure represeimegigure 2.30 uses two magnet blocks, one
horizontally magnetized and the other one verfjcatlagnetized. The vertically magnetized end
magnet has its longitudinal dimension which is édoaone half of standard magnets used in the
periodic part. The thickness of the end magnet witlte horizontal magnetization is
approximatelyv, 0/. Thanks to this end structure we obtain a smaihtian of the field integral
with the gap. This has mostly been used for PPMacuum undulators. In-vacuum undulators are

discussed in section 3.1.1.
N

Y4

h
‘»"t \L“ ‘ ‘\\

Figure 2.30: PPM design terminations. The left PR¥Mnination design uses magnets with tilted
magnetization. The right PPM termination designsus®o magnets with vertical or horizontal
magnetization.

Designing a hybrid end field termination is morenpdex than for a PPM. The hybrid termination
optimization minimizes only the field integral vation. Figure 2.31 represents the hybrid end
structure and is designed with two narrow magnetagfet A and B) and one thin pole. The
parameters to play with, in order to minimize tteddf integral, are the air gaps and the thicknéskeo
end pole and magnets. The dimensions of pole agthetaare listed in Table 2.7.

Air gap

N ot

End pole

\ Magnet A

\ Magnet B

Figure 2.31: HYB18 design termination. The hybedntination is made of two narrow magnets (A
and B) and one pole. The pole is placed in anagrlgetween ends magnet.
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Table 2.7: Air gaps and thickness of end magnedspale for HYB18 termination.

Ls (mag. A/ mag. B/ pole) 4.75 mm/2 mm/ 1.85 mm
Air gap between mag. A and pole 2.7 mm
Air gap between pole and mag. B 3.75 mm

Figure 2.32 represents the field integral achiguedextremity with both designs described above.
The interaction and the field integral per girdehiaved with the PPM18 design are rather low, less
than 2 Gem. Hence the field integral per extrenstyalso low. The hybrid extremity optimization
keeps the field integral below 10 Gem. The fielad petremity is maintained at any gap below the
maximum tolerated value reported in equation (2.5®wever, in practice, magnetic correction on
both girders may lower the field integral to a deralvalue. Now we will introduce the magnetic
measurement and correction.
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Figure 2.32: Field integral variation with the matjn gap per extremity for the PPM18 (left plotdan
the HYB18 (right plot).

2.4.4. Magnetic field measurement and correction

The field integrals and the RMS phase error charixet the effect of magnetic errors on the
closed orbit and on the spectral flux. Hence meamant of both magnetic quantities is necessary to
characterize magnetic errors. We detail heredfterdifferent measurement benches to perform field

integral and local field measurement.

Field integrals measurement

The field integral measurement benches are bas#ueomagnetic flux measurement that a closed
loop intercepts [22], [44]. The wire used for tlw®p is a conductor. As a magnetic flux variation
through loop surface induces a voltage at the BdEmities, the loop is moved within the magnetic
source. Finally the created voltage is then intiegkaTwo loop geometries are used at the ESRF to
measure the field integral:

The rotating coil.

The stretch wire.

Figure 2.33 represents the rotating coil geometijclv is used to measure the undulator field
integrals. The geometry is a large rectangularaloihg the longitudinal axis. Practically speakitigg
rotating coil is built using a multiturn wire whidls stretched between two synchronized rotation
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stages. The coil can be rotated around its longighdand translated along its own vertical and
horizontal axis. In order to measure the secorid figegral, the coil is twisted so that its cresstion
is no longer rectangular. Later on, we expressrthgnetic flux through the different coil geometries

/

Figure 2.33: Rotating coil geometries used in otdaneasure the first and second field integrall Co
rotation measures locally vertical and horizonteldf integral while a coil translation measures the
integral variation.

The rectangular section of the rotating coil inégts the magnetic flux centred on the
position = 7 . The coil orientation allows the selection of first field integral component to be
measured. When the coil is in the vertical (hortatrplane, the magnetic fluXg (Y ) collected by
the coil, is given by:

ETIPE R
Ye= 2 { O "0 a5 ?2<)<&)
B:9E  OR
‘ (2.93)
AnPE R
Ye= 2 { O "0 g=7% < )<&)=
An9E  9R

N is the number of turns and 2a is the width ofdbi In practice the rotating coil length is much
longer than the undulator length in order to indptcthe entire undulator field produced along the
longitudinal direction, including its edge fieldt Ahe ESRF the coil is 4m (3-4 mm) long (width).
Since the undulator length does not exceed 2 m,replaces@ (@) with & (-a) in equation
(2.93). We write the flux intercepted by the cailfallows:

Ye= ? Of & = 2 e Ye= ? O ¢ = ? &g (2.94)
With:
EWPE AnPE
&= A G o O G=7)? = 7 & o O =72 )= (2.95)
B9 E A9 E
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The horizontal (vertical) magnetic flux is proportal to the horizontal (vertical) first field
integral component averaged over the coil width.

When the rotating coil is twisted, the magnetixfluhich it is intercepted becomes [22]:

Ye= ? Of 1eG = 2 & EéTA = A &2
(2.96)

Ye= 2 Ol 1G = 2 &; 5-é1E = % &2

It is well known that the magnetic flux variatiam fineasurable whereas the magnetic flux itself is
not. As the coil is moved from position 1 to pasiti2 between the timg and 4, the variation of the
magnetic fluxdY is given by the Lentz law:

(#
iV Y, Y. 09 (2.97)
(k
is the voltage at the edges of the cofly (Y.) is the flux through the coil at

position 1 (position 2). The coil is rotated arouhd position = 7 to perform local field integral
measurement whereas it is translated in order &sare the variation of the field integral.

Figure 2.34 represents the stretch wire geometay We use to measure the undulator field
integrals. The stretched wire is a closed loop whes$urn is in a region with a negligible magnetic
field. The stretch wire is displaced arourgl 2 in order to intercept the magnetic flux centred on
this position. Similarly to the rotating coil geotng the stretch wire has a sufficient length idearto
measure the entire undulator field produced altvegldngitudinal direction. Consequently we set to
fa the boundaries of the longitudinal integration.

Figure 2.34: Stretch wire displacement used to areathe first and second field integral. The stretc
wire displacement measures the component orthogorthk plane that the stretch wire displacement
defines.

Depending on the displacement applied to the extyesf wire, one measures either the first or
the second field integral. In order to measure fir& field integral, the stretch wire swaps a
rectangular area. The direction of the displacersetd the component to be measured; a horizontal
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(vertical) translation measures the vertical (hamtal) integral field component. The integrated
voltage that corresponds to the displacen@érnis then:

(o (o
0" ) 0{ &= 7 & 0" ) O &= 2 & (2.98)
(¢ (¢
The stretch wire displacement measures directly Itleal integral field around= 2 . The
stretch wire also measures the double field integhen it swaps a triangular area. To do so, one

extremity is moved fromf around = % whereas the other extremity stays at the fixed
position = 7 . The integrated voltage which corresponds toribedular area is:

(o

(OA ) Oof EG= 7 O—@TA = 2 F
¢

(o

(OA ) Of EG= 7 O—@TE = 2 F
¢

The stretch wire is typically displaced over 1 mmperform field integral measurement. The
position error of the stepper motor is usually abd mm. The area swept by the stretch wire, is
precisely known. Measuring with a similar accurdlbg area of the rotating coil is difficult, it is
therefore not easy to derive the absolute fieldgral with a rotating coil. Therefore the rotatuail is
best suited to measure magnetic devices with Zetd iintegral such as an undulator; whereas the
stretch wire is also used to measure the absaklteihtegral of bending magnets or quadrupoles for
which an accurate absolute measurement is required.

Figure 2.35 represents the field integral of a 3@ period PPM undulator measured with rotating
coil.
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Figure 2.35: Hoarizontal (black line) and verticagd line) field integral of a 32 mm period PPM
measured with rotating coil before any correctibime undulator gap is closed at 10 mm.

Local field measurement

We compute the RMS phase error from the local nreasents of the magnetic field all along the
undulator longitudinal axis. The phase error depemdthe magnetic field geometry. Thus the probe
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position must be known very precisely to accurateqp the field geometry. In addition the magnetic
measurement needs to be reliable to ensure repbbelyzhase error measurement. Obviously the
sensor used shall be small enough to permit loealsorement; the active area of the Hall probes has
a 0.23 mm diameter.

Figure 2.36 represents a typical bench used aE8RRF to perform local magnetic measurement
[22], [44]. A linear motor drives the probe longitoally. The linear encoder reads the longitudinal
position with Irm accuracy. The magnetic probe is a semiconducabenmal such as InAs or GaAs.

\
/

Figure 2.36: Typical Hall probe bench developethatESRF.

A permanent current of several mA is driven throtigl semiconductor. A Hall effect occurs in
the semiconductor when it goes through the undulatagnetic field. The voltagésgn,created
between the semi conductor extremities is thern [44]

“aent JCZg $ca oM F (2.100)

WhereZ is the Hall voltage coefficient argithe planar Hall effect. These coefficients reldie
voltage to the undulator field. The Hall voltageeffwient Z is the main Hall contribution. This
coefficient is not a constant; it depends mainhtlom temperature and the field amplitude. In pcacti
Hall voltage coefficient is calibrated in a uniformagnetic field. The other ones are corrected thigh
undulator itself [44]. Indeed higher order Hall giaueters introduce some artificial harmonics such as
even harmonics into the undulator field. Higheresrdarameters are corrected in order to cancel such
harmonics.

A voltmeter records the Hall voltage on-the-fly gsborten the measuring time. With a typical
speed of 30 mm/s, a 2 m long undulator is measurdelss than 2 min. For undulators with period
larger than 20 mm, 1 mm is a typical sampling diséa For smaller period undulators, the sampling
distance is lowered to 0.5 mm.

Because of a voltage noise, the Hall probe benchoissuitable for integral measurements.
Usually one corrects the local magnetic field meadwvith the Hall probe bench so that its integral
equals integral field measurement. Finally bothdbes are necessary to perform an accurate magnetic
measurement. Figure 2.37 represents the on axigsetiadield along a 32 mm period PPM, it has
been measured with the Hall probe bench. The tiwisecomponents are represented in Figure 2.37.
In a perfect planar undulator the horizontal and tbngitudinal field would be null along the
undulator axis. Magnetic errors, off axis measumgnaed Hall probe misalignment explain the finite
value of both components. The accuracy of Hall erbbnch is a few G. Now we will introduce the
magnetic corrections which are also called shimming
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Figure 2.37: On axis magnetic field of a 32 mm @e&rPPM undulator, the gap is closed at 10 mm.
The vertical (red curve), horizontal (blue curvejdalongitudinal (black) field components are
measured.

2.4.5. Magnetic field shimming

The magnetic error correction process is called gthienming. In an undulator, there are two
categories of shimming, the multipole and the phlaser shimming. The multipole shimming is the
process to correct field integral errors. The pharser shimming consists in minimizing errors which
cause a finite phase error.

The multipole shimming minimizes the vertical ame thorizontal variation of the field integral
and corrects any multipole component. The corraatibthe undulator field integral is carried out in
two steps. First the multipole shimming is sepdyatg@plied to each girder. Afterwards girders are
brought together to build the undulator. The fistalge of the field correction consists then in lomg
the interaction field integral. The multipole shimmg on each girder takes advantage of the field
integral property [22]. The methodology used atBESRF is inspired by this process. This is detailed
in chapter 4.2. Some of the other methodologiesd usesynchrotron radiation sources will be
overviewed.

If one considers each single girder, one couldyapig Cauchy integral formula on the closed
contour ZErepresented in Figure 2.38. Knowing the field gnét on the contourEis sufficient to
compute the field integral at any point in the aogf bounded by the contof We consider that the
points A and D are located at infinity and the usdof the half circle is also infinite. As a restlie
field integral is null on the half circle and megng the field integral along the line A-D is suifint
to compute the field integral at any point z lodabe the half plane above the line A-D. Finally if
@ / over the line AD, botliz andG are null for any point located in the half plarmee the line
A-D. Since the field integral is already negligilidetween A-B and C-D, one can limit the horizontal
range over which we measure the field integrahtodegment B-C. As a conclusion ensufiig/
over the segment B-C, implies a null field integrathe half plane above the line A-D; any multgol
content is equal to zero in the half plane.
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Figure 2.38: Schematic view of the rectangular conton which the Cauchy integral formula is
applied on the field integral which the lower uratal girder produces.

Practically two types of correction are appliedte field integral. One either displaces magnets
and poles or one places some thin pieces of irdheasurface of the magnets. Any pole or magnet
displacement (rotation or translation) is callemi@chanical shim. The thin piece of iron is a maignet
shim. The iron piece is placed in the undulator, gapthe surface of a magnet or a pole. The magneti
flux, which enters the gap, is then partially shmrt. The magnetic shims always reduce the value of
the magnetic field [25]. In addition, when sevaragnetic shims are closed together, their magnetic
signatures do not add linearly. For these reasamesprefers to use the mechanical shim.

Magnetic shim Mechanical shim Magnetic shim

\\\‘ 1 “h

S

Figure 2.39: Examples of magnetic (thin piece maideon) and mechanical (magnet displacement)
shims applied during a multipole shimming.

Figure 2.40 represents the signature of a mecHasitian. It is observed that a vertical
(horizontal) translation of a magnet with verticahgnetization causes a vertical (horizontal) dipole
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The field integral presents some sharp peaks. Ttation of a magnet pole with horizontal
magnetization causes a smoother field integral.dipele generated by the rotation is rather flat.
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Figure 2.40: Field integral signature of a mechanghim for a single girder of a PPM with 32 mm
period. On the left plot a magnet with vertical metization is horizontally (black curve) and
vertically translated (red curve). On the righttdomagnet with longitudinal magnetization is retht
with a 2 mrad (4 mrad) angle around the verticakifontal) axis. The field integrals are measured
with the rotating coil at a vertical distance afn above the magnets surface.

Figure 2.41 displays the signature of a magnetim.siihe field integral is localized and centred
on the shim position. This may be used to correcteslocalized errors.
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Figure 2.41: Field integral signature of a magnetiam for a single girder of a PPM with 32 mm
period. Magnetic shim is placed on a magnet witlicad magnetization at x=0 mm (blue curves) and
x=10 mm (black curves). The shim dimension {10 mm, ,=0.3 mm and =16 mm. The field
integrals are measured at a vertical distancenofibabove the magnets surface.

The phase shimming consists of ensuring amcrease of the phage from one undulator period
to the next. To do so one delays or advances #dwetreh from one undulator period to the next by
increasing or decreasing the magnetic field aldvgundulator. Magnetic and mechanical shims are
then used to decrease or increase locally the fieldk According to (2.76), the local field variati
| g due to phase shimming should not introduce fiaekggral variation. Indeed any field integral
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variation| 5 associated to the local field variatibng, would further increase the phase error. As a
result in order to perform an efficient shimmingeadisplaces independently magnets with horizontal
magnetization or one displaces simultaneously tvagmets with vertical magnetization but with
opposite polarity. One may also place magnetic shalong the undulator axis at the surface of
magnets with longitudinal magnetization. Magneticd anechanical phase shimming applied on a
PPM undulator are represented in Figure 2.42.

Magnetic shim

\\‘ “‘
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P tay

Mechanical shim

X

Figure 2.42: Examples of magnetic (thin piece maidigon) and mechanical (magnet displacement)
shims applied used to perform phase error shimming.

The signature of a mechanical and a magnetic sherdesplayed in Figure 2.43. Similarly to
multipole shimming, magnetic shim always reduces ¥hlue of the magnetic field and possible
interaction between magnetic shims may introducerelinear effect. Therefore mechanical shims are
also preferred during the phase shimming. Magnetethanical shimming changes locally the field
amplitude without changing the undulator field gre.
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Figure 2.43: Signature of a magnetic (red curve) amechanical shim (black curve) on the PPM18
on-axis peak field. The undulator gap is closed@Ginm. The signatures have been computed with
RADIA. The undulator gap is closed at 6 mm.
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We have reviewed the fundamental properties obymehrotron radiation emitted by electrons in
undulators and wigglers: electric field, brillianapectral angular flux and polarization. It apeear
that undulators are a source of more brilliant syaton radiation than the wigglers, but the latest
ones are still used for dedicated purpose, suchigis energy photon production. Nowadays most
insertion devices are made using permanent magNdibe B or SmCo (SmCH SmCoy;). Some
designing and measurement solutions for these tiosedevices have been introduced. Having
covered the foundation of the existing technologg,will now focus on a particular insertion device
development: the Cryogenic Permanent Magnet Unalu(@PMU). This is a short period high field
undulator which aims at producing high energy phstdt may replace advantageously the existing
short period high field undulator.
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3. Design of a CPMU

This chapter covers the design of a cryogenic peemiamagnet undulator (CPMU). It consists of
operating an undulator based on,Ng,B magnets cooled at cryogenic temperature. Firstwille
expand on the interest of producing such a typgesartion device. A CPMU realization underlies the
use of a cryogenic system and the developmentmégnetic measurement bench compatible with
low temperature operation; these points will beussed. We will review the numerical model built to
predict the undulator peak field and field integaflcryogenic performance. This RADIA model is
based on experimental measurements ofFBlgB magnets. The simple thermal model developed to
determine the CPMU thermal budget is reviewed. IBinave will look at the consequences of the
cooling on the mechanical structure. At this poit will detail the magnetic errors induced by a
thermal gradient along the undulator.

3.1. Need for a CPMU and design consideration

3.1.1. Short period/high field undulator

Scientific users are interested in insertion deviadich produce the highest flux and brilliance
achievable. According to equation (2.43), the photmergy at the fundamental harmonic of the
undulator radiation is inversely proportional te tmdulator period as long as the deflection parame
is kept constant. Thus a small period/high fieldiwlator produces high energy photons. This is the
major motivation to produce small period/high fielddulators. Moreover shortening the undulator
period enhances the flux since it also increasesitimber of periods per unit length. In parallello
development, an increase of the beam current fr@@nn2A to 300 mA is under preparation [45]. This
would improve the flux from any device installedtla¢ ESRF. We will first review the present status
of short period/high field undulators. The futurergpectives in the development of short period/high
field undulators will be discussed [46] and the GPkbncept is introduced.

Present status

The technological difficulty is to reduce the peritength and to increase the peak field
simultaneously. We use smaller magnets to shohempériod length, but at a given gap they produce
a lower magnetic field. Closing the gap furthethen an immediate solution to compensate for the
reduction in period length. Thus the minimum gapiewable is one of the limitation factors. The
technological progress made on the vacuum chamimdr as the availability of Non Evaporable
Getter (NEG) coated chambers has made possibleethetion of the minimum gap from 20 mm
down to 10 mm for in air undulator. Another majegsin the gap reduction has been made with the
development, first in Germany in the 80s [47], [48H then massively in Japan in the mid 90s, of the
in-vacuum undulator [49], [50], [51], [52]. As shaovin Figure 3.1, the magnetic assembly is no longer
in the air but enclosed in the vacuum chamber whetee electron beam is stored. With such an
undulator, the lowest gap is achieved when clogintper the gap reduces the beam lifetime [49].
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Figure 3.1: In-vacuum undulator. The magnetic adbgis enclosed in the vacuum chamber wherein
the electron beam is stored. Picture from ESRF.[53]

Many constraints had to be taken into accountd@eioto realize such a device:

As the electron beam circulates in the storage,riag image current propagates
simultaneously in the opposite direction at thdagg of the vacuum chamber. It is necessary to
ensure the continuous flow of the current imagen@lthe storage ring in order to prevent the
electron beam from instabilities [54]. In an in-ua undulator the thin Cu-Ni foil is used for this
purpose [49]. It consists in a 50 um thick Cu feith a 10 um thick Nickel coating on one face.
The Nickel coated side is facing the magnet array @ovides an adequate magnetic attraction to
keep the foil in position. The uncoated Cu sidefasing the electron beam and allows the
development of image current with limited heating do the high conductivity of Cu.

We should also ensure smooth geometrical varidietween the vacuum chamber and the
undulator girder in order to avoid instabilities4]5 One then uses the so-called RF fingers to
smoothly connect the in vacuum chamber and thesgirébr any gap value [49], [53]. They are
generally made of Copper and are equipped withimgahannel in order to damp the heat brought
by the electron beam.

Precautions have to be taken to guaranty the heglnum compatibility. The surface of the
magnets is Nickel coated to lower the surface ¢wor rate. Heavy chemical species such as
hydrocarbons are avoided. In addition, a residuaé @nalysis validates the high vacuum
compatibility, before any in-vacuum undulator inistgon. Finally, once the undulator has been
installed on the straight section, the magnetiemasdy is baked up to 400 K to evaporate and pump
the residual water. After baking, the pressuredsiiad or below 1¢° mbar.

Finally, we use magnets with a strong resistancdeimagnetization induced by radiation
damage since partial magnet demagnetization woedptadle the undulator field quality. Indeed,
demagnetization has been observed in differentrsgtron radiation sources, ESRF [55] and APS
[56]. In the specific case of an in-vacuum undulatwo distinctive phenomena might be involved
in the demagnetization. Both of them linked to &cteon collision, either directly between the
electron and the magnet, or between a particletesniduring a former collision between the
electron and another piece of the storage ringdfifiRfer, vacuum chamber and so on).
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Several studies have been done about the radidéiovage in rare earth magnets [57], [58], [59],
[60], [61], [62]. Although the process involved the demagnetization is not clearly understood,
studies point out that:

SmCoy7 presents a higher resistance to radiation damageared to all grades of bfek4B.
For any material, the hardness to irradiation iases with the coercive field.

Finally, as far as resistance to radiation damagkhardness at high temperature are concerned,
SmCoy; is the safest candidate to build in-vacuum undutaat ambient temperature. Moreover for a
small ratio gap over periothe HYB design produces a higher peak field th@RRM design. Indeed
compared to hybrid technology, the gap of a PPMulatdr with the same period has to be reduced by
about 1.2 mm to produce the same peak field.[68} these reasons, at the ESRF, the latest in-
vacuum undulator designs are based on hybrid téotmonith SmCo;; magnets. Typically the
smallest gap achievable there is 6 mm. Howeverghwnent field is limited to 1.05 T. In addition
one should mention that the in-vacuum undulat@Ring-8 uses N#e B magnets with a gap of 8
mm. At SPring-8 they use an additional thermal ttnemt to enhance magnet resistance to
demagnetization [58].

As far as gap reduction is concerned, the in-vacuandulator is the ultimate ID. In order to further
reduce the undulator period, magnetic material Wiginer remanence is required.

SCuU

Superconducting materials are natural candidatggaduce small period undulators with a high
peak field. A SuperConducting Undulator (SCU) sdooperate at temperatures below 4 K. As with
any superconducting device, great care should\®ngpo the thermal budget to prevent any quench.
Although this technology is promising, there aravadays a number of technological challenges to
solve. In particular magnetic measurement bencleeg& Ho be developed to perform magnetic
measurements at such a low temperature. Followleg development of the High Temperature
SuperConductor (HTSC), a first design using HTSEleen proposed by T. Tanaka [64].

CPMU

Nd,Fe sB magnetic properties at low temperature open nenspectives in the realization of small
period undulators. Indeed, cooling JFé B material increases their intrinsic coercive fisld much
that their hardness to radiation damage is compatatsmCo,; [65]. Consequently Nére ,B grades
with higher remanence than SmCo are then availédlesmall period undulators. For example,
Nd,Fe B magnets with remanence above 1.25 T at ambiemparature could be used. Moreover
cooling improves the remanence down to a limitenperature where a reversible Spin Reorientation
Transition (SRT) occurs [66], as discussed in sac8.2.1. Below this temperature threshold, this
reversible effect macroscopically leads to a remaeeeeduction. This easy axis orientation occurs
below 150 K and depends on the composition of th&&,B alloy.

Such a NgFe;4,B based in-vacuum undulator operating at cryogtarigperature, typically around
150 K, is called a cryogenic permanent magnet wtdulCPMU. A CPMU project was first proposed
at SPring-8 [8], [67]. It is a 60 cm long PPM witB mm period. The purpose of this device is not for
it to be installed in the storage ring. This smatidulator is more dedicated to the study of the
magnetic performance at cryogenic temperature borktory. An alternative project has been
proposed at the ESRF [68]. This CPMU is plannedbéo operated in real conditions, on the
synchrotron facility. We review hereafter the ESEBPFMU project.

3.1.2. CPMU technological consideration
The aim of the CPMU project at the ESRF is the $alile realization of a short period high field
undulator with cooled NfFe;,B magnets and its installation on a straight sadtiothe ESRF storage

ring. The CPMU has to fulfil the same requiremeass standard in-vacuum undulators, i.e. high
vacuum compatibility and reliable operation. A @gaic system cools and maintains the magnetic
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assembly at cryogenic temperature; it should a¢scebable for daily operation. These consideration
are detailed in this section.

Selection of NdFe,,B material

Radiation damage on permanent magnets has beeiedstuensively since 2000 within the
framework of collaboration between SPring-8 andRbbang Accelerator Laboratory [58], [65]. They
have investigated the increase of the resistancadiation damage at cryogenic temperature with
different NdFe B magnet grades. The magnets used are commereadiyable products from
Hitachi (NEOMAX27VH, NEOMAX35EH and NEOMAX50BH). Tén coercive field and the
remanence of these bk 4,B magnets, measured at ambient temperature arDaf lare displayed
in Figure 3.2. Those of other Bik,B magnets produced by Hitachi and Vacuumshmelzealsie
reported and compared.

It has been shown that at 140 K, NEOMAX50BH magnétibits a strong resistance to radiation
damage, similar to those of Sbo;;. At 140 K the coercive field) 3);5 around 3800 kA/m. The

authors report also that special treatment su@nasaling and magnets stabilization in a reveedd fi
may further increase their resistance. Actually MEEOMAX50BH magnet is one of the grades with
the highest remanence and thus with the lowestiwgefield at ambient temperature. Finally, asaar
radiation damage is concerned, anyfNgl,B grade is suitable for CPMU operation.

So far, Nickel coating and magnetic assembly balkingure the high vacuum conditioning.
Anyway progress has been made at the ESRF sincstdinieof the current work; an in-vacuum
undulator working at ambient temperature has beaetessfully installed without baking [69].
However for a first step, it has been decided telihe undulator. Therefore bk B magnets with a
coercive fieldU ,, higher than 2000 kA/m are required to avoid deretigation during baking at

120°C (393 K). NegFe,B magnets with the highest remanence at ambienpdmature exhibit a
coercive field clearly below this limit. As a resmhagnets such as NEOMAX50BH are not suitable
for an in-vacuum undulator. As a consequence higbuym conditioning compatible with high
remanence and low coercive field magnet is necgssdake full advantage of the CPMU concept.

For the CPMU project at the ESRF we eventually cdett a NdFe,B grade whose intrinsic
coercive fieldU , is slightly above 2000 kA/m. The hfée,B magnet is a NEOREM product, the

495t magnet; at 300 K the intrinsic coercive fi@lq/‘tis 2150 kA/m and the remanence is 1.18 T.
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Figure 3.2: Remanence and coercive field of sevamaimercially available N&e ,B magnet grades
produced by Neorem (black cube), Hitachi (red came) Vacuumschmelze (blue cube).

HYB18 the CPMU magnetic assembly

The primary purpose of a CPMU is the developmen& ahort period high field undulator by
means of an in-vacuum undulator. For such a daheeyap is closed down to 6 mm; this leads to a
small gap to period ratio. In section 2.4.3 PPM &B structure have been compared to this ratio.
With a HYB structure, one reaches a higher pedH fier a small ratio so this structure is the best
candidate to produce a short period high field latoun

The undulator has been magnetically designed ta gieflection parameter equal to 1.5 at 150 K.
This leads to the HYB18 design already presentexskation 2.4.3. The geometrical parameters of the
HYB18 and the value of the peak field at ambientgerature are summarized in Table 3.1.

Table 3.1: Period, length, dimension of poles aagmets and the peak field at ambient temperature
of the HYB18.

, Number of | Pole dimension Magnet Peak field at
Period Length . dimension K
periods (Ly, Lz, L) 300 K
(LXI LZI LS)
18 mm| 1965 mm 108 | (32mm,24mm, | (50 mm, 30mm,| 5 ga | g5
2.8 mm) 6.2 mm)

As with any undulator, the HYB18 CPMU was assempieeasured and corrected so that its field
integrals and RMS phase error sit within the tolees specified in Table 2.4. However it is planned
to operate at cryogenic temperature, the CPMU prdjeerefore involved the development of a
magnetic measurement bench compatible with cryocgepération to measure the field integrals and
the phase errors at cryogenic temperature. Moretheerlocal and integral field measurements at
cryogenic temperature would:

Validate the non linear magnetostatic model buithwRADIA. The peak field and field
integral measurements would validate the numenzaiel.

66



Validate at cryogenic temperature the correctiomedat ambient temperature. Indeed one may
ask if the shimming done at ambient temperaturstilisvalid at cryogenic temperature or if any
further magnetic errors, growing with decreasimgperature, would need correction at cryogenic
temperature.

Measure the peak field increase at low temperaflveve the SRT temperature, an increase
of undulator peak field is expected since the mageeanence increases while temperature
decreases.

In order to figure out the performance one may aehiwith such CPMU, one plots in Figure 3.3
the computed spectra through 1 mm x 1 mm slit éxtat 30 m from the undulators produced by a
CPMU undulator based on bk 4B magnets with high remanence, 81.58 T) and a standard in-
vacuum undulator; the deflection parameter equds The electron beam parameters used for the
computation are listed in Table 3.2. The standardacuum undulator is based on 8w ; magnets
and is designed with a 20 mm period. The use aFblgB magnets with high remanence allows to
decrease the undulator period down to 17 mm. Magdesigns are based on the hybrid technology
with soft iron poles made of low carbon steel. Ldng the undulator period shifts the fundamental
harmonic of the X-ray spectrum to higher energyoider to further reduce the undulator period, one
rather uses poles made of Vanadium Permendur &ihas a higher saturation magnetization (2.35 T)
than low carbon steel (2.1 T).

1.4 T T T T T T T
Spectrum through a slit (1mm x 1mm) located at 3@m the undulator
1.2f .
g —— CPMU undulator (hybrid, ;=17mm, K=1.5) based on
% 1.0 Nd,Fe, ,B magnet with high M(INEOMAX 50BH, M=1.58T at 150K)
Qo
ég 0.8F —— Standard in-vacuum undulator ( hybrid,720mm, K=1.5) .
S based on SpCo,, magnet M=1.05T
w3 0.6 -
—
g
o 04' =
0.2 Jd -
0.0k s M Awé_a_
0 10 20 30 40 50 60 70 80

Photon Energy [keV]
Figure 3.3: Photon flux through a 1 mm x 1 mm lgitated at 30 m from a CPMU undulator (red

curve) and a standard in-vacuum undulator withGmy (black curve). The photon flux is computed
with SRW, the characteristics of the electron baaengiven in Table 3.2.
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Table 3.2: Beam parameters used for the computafitre spectrum through a slim slit.

Beam current [mA] 200
Energy spread 10
Horizontal emittance [nm rad] 3.9
Vertical emittance [nm rad] 0.025
Horizontal Beta function [m] 0.5
Vertical beta function [m] 2.73

The cooling system

A cooling system is necessary to cool the CPMU rypo@enic temperature. In addition, the
cryogenic system must prevent any temperature gmnadilong the magnetic assembly as it might
induce additional magnetic errors.

The CPMU operates at higher temperature than thiev@iRch is above 100 K. According to the
thermal budget discussed in section 3.3, at teryrerdigher than 100 K, the thermal budget is kept
below 200 W. Extracting such thermal power at tiaperature is not a technological issue. Several
cooling solutions, namely Gifford-McMahon (GM) coeaoler and circulation cooling system, are
already available from companies [70], [71]. In t&#&ford-McMahon cryocooler, helium gases
enclosed in a volume called the cold finger expexs a thermodynamic cycle, the isobaric-
isothermal Ericsson cycle. The cycle is theordijaaversible and the cooling power varies from 5 W
to 200 W in the temperature range 30 K-300 K [T2le heat is extracted locally at the cold fingér. |
one uses the GM cryocooler to cool the 2 m longutaidr, one may need several cryocoolers
disposed along the undulator to avoid a temperajradient along the magnetic assembly. The other
cooling technology is based on a circulation ofrgogenic fluid which flows through refrigerant
channels. Such a cryogenic system is suitable it device cooling. Circulation cooling system
allows the use of refrigerant channels similaritose used in standard in-vacuum undulators. Only
few changes are required on standard in-vacuurigeefint channels to be compatible with a CPMU
operation. Actually such a circulation cooling syst has been developed at the ESRF to cool
monochromators. More than 20 units are now in dadlgration at the ESRF. It has been chosen as the
CPMU cooling system. Their main advantages arer tleav coolant cost and the little needed
maintenance. The main drawback is the lack of lfiéif. The cooling system temperature is fixed
around 80 K. In particular, one couldn’t simply oewt the refrigerant channels to the cooling system
to operate the CPMU at higher temperature thanKLOR is necessary to control the thermal flux
between the magnetic assembly and the coolingray#ta additional heating system is also required
if one would change the CPMU temperature. The raiiin of the thermal flux between magnetic
assembly and the cooling system is detailed inchalpter 3.3.

Figure 3.4 represents schematically the coolingesysdeveloped at the ESRF. The cooling
system is made of two liquid nitrogen (bN\ircuits and one heat exchanger between bothitsrc

The inner LN closed loop.
The LN, bath at atmospheric pressure.
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Figure 3.4: Schematic description of the,lddoling system. The cooling is made of two,Ldcuits,
the inner loop and the sub cooler. Picture from BER [71].

The inner LN closed loop is connected to the refrigerant chisnide heat is transferred from
the magnetic assembly to the L the refrigerants channels in order to cool amaintain the
magnetic assembly at the temperatugg,J T, and T, are the LN temperature at the CPMU entrance
and output. A pump forces the LMirculation in the closed loop. Once the innemplé® full, the LN
consumption is very low. In a normal operation, omey need to refill the loop to compensate the
possible internal losses.

The LN, bath at atmospheric pressure is called the subcabke LN is at 77 K in the subcooler.
The heat exchanger between Ldircuits is immersed in the LNbath. Finally the subcooler setg T
the LN, temperature in the closed loop at the CPMU engraround 80 K and absorbs the thermal
flux coming from the closed loop. This heat trangfetween both circuits consumes some riNthe
subcooler. The subcooler is refilled to compengat¢his LN, consumption.

If one consider3® ) the rate of thermal heat that enters in the CPM¥,LN, flows through
the cooling pipes and transports the thermal pg®er) away from the CPMU. The thermal flux
absorbed in the refrigerant channels increasesNhdemperature from to T,. The thermal power
is:

€o
C 3 Og¢gyt (3.1)
é¢
Where3xis the mass flow and the nitrogen calorific mass. The nitrogen showt boil in the
closed loop otherwise it may create vibrationshen€PMU. As the boiling temperature increases with

pressure, the liquid is pressurized to keepb&low the boiling temperature. The vessel with the
pressure control and the heating system set tlesymein the inner loop between 3 bar and 13 bar. A
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13 bar the boiling temperature equals 108 K. Thesfflaw and the pressure in the inner loop limgt th
maximum cooling power to 2 kW. The maximum coolpawer exceeds largely the one required for
the CPMU.

3.2. Numerical magnetostatic model of the CPMU

Some magnetization curves of the,Rg ;B magnet dedicated to the CPMU project, i.e. thet 49
NEOREM magnet, have been measured at low temperatusrder to determine the coercive field
and the peak field increase. We have also creaittdRADIA, a CPMU nonlinear model based on
such experimental magnetization curves. This matktermines the temperature at which the
undulator would produce the highest on axis pea&dfi The field integrals have also been
investigated. Both results will be presented inféll®wing section.

In addition, the NgFe,B exhibits an easy axis reorientation; it introdsiseme singularities on
the NdFe B magnetization curve. First we will introduce thémy considering a single crystal. We
will then present the magnetization curves measuredeal NdFe B samples. Finally we will
discuss the CPMU numerical model.

3.2.1. Magnetic properties of the NdFe;,B compound
Qualitative description at the microscopic level

The magnetic properties of the & B compound result from the contribution of Fe andl N
magnetism [73]. In particular a competition exidtetween Fe and Nd magnetocrystalline
anisotropy [74]. The Fe anisotropy favours the ratignt of the Fe moments along the uniaxial
crystallographic c-axis of the tetragonal phasee (Bgyure 2.15). The anisotropy of the Nd ions
depends on several Crystalline Electric Field (Ct&fns. The ? order terms which are dominant at
high temperature then force the alignment of thenidanents along the c-axis, in accordance with the
Fe anisotropy. The™order terms favour a canted configuration of tlietddments with respect to the
c-axis. These terms become dominant at low temyreraind are at the origin of the SRT occurring at
135 K. below the SRT, the Nd moments depart froendaxis orientation. The competition between
the Fe anisotropy and the Nd-Fe coupling determihesorientation of the Fe moments. The Nd-Fe
exchange interaction is largely dominant and thenBenents are almost aligned with the average Nd
moment orientation.

Phenomenological analysis

This section is mainly inspired from the P. TenaudhD thesis [75]. At a macroscopic level, it
can be shown that the introduction of the magngstalline potential energysy is sufficient to
schematically describe the Nk ,B magnetic properties presented above. The energydepends
only on the global magnetization orientation andaéned as:

v 3 K -(Z# 3 # -(Zd (32)
The anisotropy constantg ande » are respectively the'2and the % order terms, is the angle
between the magnetization and the c-axis of thagenal structure. To this order of approximation,
one should note that any rotation of the crystagimasization around the c-axis keeps the eneggy

invariant. The anisotropy constantg ande » depend on the crystal temperature [75], as display
Figure 3.5.
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Figure 3.5: Spontaneous magnetization (black cuamed)anisotropy constantg Kolue curve) and K
(red curve) of NgFe 4B crystal. Data sourced in [75].

By definition, the easy magnetization axis mininsitke magneto crystalline energy, . Thus the
easy axis orientation vanisheg ¢y )

)

)

The angle . of the easy axis with respect to the c-axis depadthe value of the anisotropy
constanta , ande ;. At ambient temperature the anisotropy constaptands .. are positive. One can
easily deduce from equation (3.3) that / ; the easy axis is along c-axis. The,Nal,B crystal has
a strong axial magneto crystalline anisotropy &t tdémperature.

&y ~<z 0 ok Oy -z* (33)

At low temperature €/ ande 4 €/ , a non null angle: minimizes the equation (3.2); the easy
axis makes an angle with respect to the c-axis. The easy axis degdesta the c-axis .Since the
rotation of the magnetization around the c-axigpkae energy constant; the easy axis then describe
a cone around the c-axis. One has:

Sk

; _(29k "4
O'#

& (3.4)

In this phenomenological approach, the easy axwientates itself as; becomes non null. The
SRT then occurs with the cancellation of thg anisotropy constant. In addition, the
magnetocrystalline anisotropy provides an energyidyaat the origin of the coercivity. The coercive

field U ,,is the necessary field to apply in order to resere NdFe,,B single crystal magnetization.

The coercive field depends on the direction alongictv one applies the magnetic field. The
magnetization curve of a Meke;4B single crystal is described hereafter.

Theoretical hysteresis cycle for a bfek;4B single crystal

We will compute the ideal hysteresis cycle of af&lB single crystal according to the Stoner
and Wolfharth model [26]. In this model the meclsamiinvolved in the magnetization reversal is a
uniform moment rotation. Although the coercive diglbtained with this model is much higher than
the ones of real magnets, it can illustrate thepgestive of cooling down NBe B magnets and the
limitation that the SRT brings. Cooling b¥k,B magnets largely increases the magnet coercilee fie
whereas the SRT leads to a reduction of the magatieth along the magnet easy axis.
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As shown in Figure 3.6, one applies a magnetid fielon the NdFe 4B single crystal; the c-axis
and the magnetic field) have an angle;. We note 5 the angle between the spontaneous
magnetizatiorOc and the magnetic field. The angle between the spontaneous magnetizatign
and the c-axis equals:

a i (3.5)

We neglect the dipolar energy and the shape aoppwf the single crystal. The single crystal
energy in the magnetic field is:

a U LOMU ps 5 o<KP 5 eu<Kd g (3.6)
The first term is the Zeeman energy. This inteaagtivhich couples the magnetic field with the

spontaneous magnetization, tends to align the ntiagtien with the magnetic field. The two last
terms express the potential energy of the magmgttadline anisotropy.

THY.

%Gg

/

Figure 3.6: The NgFe ,B easy axis is aligned along the c-axis at tempegabove the SRT threshold
(left plot). Below this threshold the easy axiglistributed along a cone (right plot). The c-asighie
cone axis.

As one applies the magnetic fidldon the crystal; its spontaneous magnetizatiomtates itself
with an angle 5 in order to minimize its energy 5 U . The magnetizatio®ggmeasured along

IS
O¢ Ocp< 3 3.7)

The variation of the Ngre B crystal energy 3 U with the magnetization orientation is
displayed in Figure 3.7.a), the crystal is at ambiemperature. The magnetization orientatign
minimizes the crystal energy 3 U . The magnetic fieldJ is applied with an angle of/18 with
respect to the c-axis; it causes a non null susxiyt As a result the magnetization orientatiog
varies with the magnetic fieltd and the spontaneous magnetization is perfectiypned with U

wheni Ui € TU ,J.

As U becomes negativeg is the stable state. However the magneto crysgabinisotropy
provides an energy barrier and the crystal stayminnstable balance such thgté 0 as long as
the magnetic field magnitude is lower than the civerfield magnitudé Ui € TU . .

The calculated magnetizatiddszalongU at ambient temperature is displayed in Figureb3.7.

The magnetization curve is rectangular as the magfield is applied along the c-axis. Whenever the
magnetic field is applied with an anglg, the susceptibility is finite and the magnetizataurve is no
longer rectangular. The amplitude of the coercigtelfvaries with the angle; .
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Figure 3.7: The left plot displays the M B energy variation with the magnetization oriermatat
temperature 300 K as we apply a magnetic figloh the crystal vicinity with an angle of18 with
respect to the c-axis. The magnetization orientatgp is humerically computed from equation (3.6).
The magnetizatio®ggs displayed in the right plot as the magnetiddfis applied along the ¢ axis
(red curve). The black curve corresponds to a magfield applied with an angle equal té18. The
magnetizatiorDsgs computed using equation (3.7).

At a temperature below the SRT, the easy axis makemgle . with respect to the c-axis; is
given by equation (3.4). The combination of therdan energy and the magnetocrystalline anisotropy

leads to the existence of 4 energy minima. Figugea} displays the energy at 25 K, the orientation
is a local maximum.

This small energy bump does not lead to the existeof a coercive process since the
magnetization may freely rotate around the c-a¥er instance atJ / , the spontaneous

magnetization is oriented along an easy axis. Asesult the two angles i + and
P + minimize the energy; the magnetization “turns’r@dhe easy cone in order to align
along cor . No energy is needed in order to flip the maga¢itn from , to 4. In

addition a small susceptibility appears since tmyeaxis and the magnetic field are not collinear.

The balance betweern, and 4 is broken whenever the magnetic field is applieth\a non null
angle with the c-axis. The magnetization orientaties\g the easy axis which minimizes the crystal
energy. Thus the magnetization is aligned alopgvhen the magnetic field is oriented positively
along the vertical axis. The magnetization is d@dalong » whenever the field is directed towards
the negative.

Figure 3.8.b) displays the magnetization curvesaK2No step is observed on the magnetization
curve as long as the magnetic fiéldis applied along the c-axis. As the magnetic figlés applied
with and angle ; with respect to the c-axis, one observes a drdpearcrystal magnetization curve at

U / . This originates from the flip of the magnetizatiorientation from  to .. The magnetization
jump amounts to:

id 00c<K . <K (3.8)
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