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Abstract: Synchrotron radiation provides a powerful tool of high brightness and tunable energy range for scien-
tific applications in different domains such as chemistry, biology, material science and many others. The scientific
community has recently shown a great interest in high-energy photons for other applications such as archaeological
studies. To meet different demands, this study gives two proposals: called proposal 1: wiggler of 164 mm period
and proposal 2: wiggler 98 mm period. Each proposal provides a single insertion device that can operate in the
wiggler regime at high-energy range and in the undulator regime at low-energy range by simple gap adjustment. It
develops the concept of insertion devices, gives a detailed study of the possible technologies, provides a simulation
of the emitted photon flux by the proposed insertions, and compares the emitted radiation of each of them. It is
found that proposal 1 provides 10° more flux in the undulator regime and 10 times more flux in the wiggler regime.
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Introduction

Synchrotron radiation can be generated by acceler-
ated charged particles travelling in magnetic field per-
pendicular to their direction of motion. This process
provides radiation of unique characteristics over tradi-
tional light sources. Synchrotron radiation is of high in-
tensity and covers a large spectral range, from far infra
red to hard X-ray [1]. Third generation synchrotron ra-
diation sources are storage rings like SOLEIL (France)
[2], MAX IV (Sweden) [3], and SESAME (Jordan) [4].
In a typical third generation light source, an electron
beam circulates at energy of few GeV and radiation is
mainly produced by electrons being accelerated through
insertion devices: magnetic systems composed of series
of dipoles of alternating polarities that generate a peri-
odic magnetic field. At each dipole, the electron beam
is deflected and a light wave of small aperture is emit-
ted. The emitted light waves overlap and the photon
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flux (number of photons emitted per second per spectral
bandwidth) adds up producing at the end synchrotron
radiation of high flux. In general, insertion devices in-
clude two types: undulators and wigglers. The principle
of an undulator was first proposed by V. Ginsburg in
1947 [5] in a 70 MeV synchrotron by the General Elec-
tric Society in New York (USA). The idea of using a
magnetic system composed consecutive magnetic fields
of alternative polarities in order to obtain radiation with
higher intensity than that obtained from bending mag-
nets was developed in [6].

According to the magnetic field they generate, two
types of insertion devices are distinct: planar and el-
liptical. A planar insertion device generates magnetic
field vector in a constant plane, most commonly the
vertical plane. An electron beam propagating through
such device follows a sinusoidal trajectory in the plane
perpendicular to the plane of the magnetic field. Ellip-
tical insertion devices generate a magnetic field of vari-
able direction along the horizontal (z) or the vertical
(z) axis with ¢ phase advance between the field compo-
nents. The trajectory of the electron beam propagating
through an elliptical insertion device is helical around
its axis. According to the adopted technology, different
types of insertion devices are distinct: electromagnets,
permanent magnets and superconducting magnets. Fig.
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FIG. 1: Common magnetic designs and dimensions of
insertion devices. Blue arrows indicate the
magnetization direction, red arrows indicate the
current direction [7].

1 shows common magnetic design for different insertion
devices technology. Electromagnetic insertion devices
consist of copper coils of alternated polarities that gen-
erate a varying magnetic field based on the circulating
current. Pure permanent magnet (PPM) insertion de-
vices are composed of two parallel arrays of permanent
magnets and the magnetic field is varied by adjusting
the gap; i.e. the separating distance between the two
magnetic arrays. The magnetic field of a planar device
can be enhanced by inserting ferromagnetic poles be-
tween the permanent magnets. In this case, it is called
hybrid permanent magnet (HPM) technology. The ap-
plications of the superconducting magnets are limited
by the high cost.

This work is a study of a high field hybrid perma-
nent magnet wiggler with planar configuration that can
operate both in the undulator and the wiggler regime.
The undulator-wiggler regime transition is made possi-
ble by tuning its magnetic field that can be tuned by
a simple adjustment of its gap. The proposed wiggler
is based on the magnetic field of a planar wiggler given
by Halbach formula [8] in terms of its period and gap
in addition to other parameters calculated in [9] for dif-
ferent wiggler technologies. We give two proposals for
an insertion device that operates in both the wiggler
and the undulator regimes and fulfills the gap to period
ratio condition. Then we compare their performance in
terms of the emitted radiation.
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Radiation from insertion devices

Electromagnetic radiation emitted by accelerated
electrons through insertion devices are concentrated in
a narrow cone with an opening angle of % (v is Lorentz
factor). The radiation cones are centered around the
tangent to the particle trajectory with angle 6 with re-
spect to the beam axis. As the direction of the tangent
varies along the sinusoidal trajectory, the emission an-
gle 0 varies accordingly. Therefore, the emitted radia-
tion receives contributions from various sections of the
trajectory that interfere with each other. Constructive
interferences between the emitted radiation from differ-
ent periods take place only if the resonance condition is
satisfied. The resonance condition implies that the tem-
poral delay between the emitted light waves must be an
integer number of the temporal period of the wave. Ra-
diation is emitted at the resonance wavelength and its
harmonics:

A K2
0 (1+ - ~26%) (1)

)\ =
R 2nvy2
with n the harmonic number, \g the magnetic period,
v the relativistic factor, 6 the observation angle and K
the deflection parameter defined as:

K — €B)\0
2mmgce

(2)

with e the electron charge, my its rest mass, c the speed
of light in vacuum and B the magnitude of the magnetic
field.

The spectral angular flux emitted by an insertion de-
vice is made up of a series of harmonics with A\; the
wavelength of the fundamental harmonic. Higher or-
der harmonics are of wavelength equals to a multiple
integer of the fundamental harmonic. In the forward
direction only odd higher harmonics are observed while
the off-axis radiation contains both even harmonics and
the odd ones.

As the emitted radiation is the contributions from
various sections of the electron trajectory, the radia-
tion spectrum in the forward is composed of a narrow
spectral line at the resonance wavelength and its har-
monics. This is called the undulator regime. However,
if the maximum emission angle exceeds the radiation
cone angle by a large factor, the regime is called the
wiggler regime.

In the undulator regime the angular deviation is close
to the angle of the emitted cone, so interferences occur
between the radiation emitted by the same electron at
different points. Consequently, the amplitude of the
fields (radiation cones) adds up coherently and the in-
tensity increases with NZ [10]. Ny is the number of
periods of the insertion device . In the wiggler regime,
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FIG. 2: Schematic presentation of Halbach pure
permanent magnet insertion device based on 8
magnets per period. The arrows show the
magnetization direction of the permanent magnets.

the transverse oscillations of the electrons are very large
and the angular deviation with respect to the axis is
much wider than the natural opening angle of the radi-
ation cone. For that reason, interference effects between
the emission from the different poles can be neglected
and the flux output is obtained by summing the con-
tribution of the individual poles. Hence, the intensity
increases with 2Ny [10].

Hybrid permanent magnet (HPM)
insertion devices

The magnetic field generated by an electromagnetic
insertion device can be varied by tuning the current
circulating in the coils. However, the maximum current
density achieved at room temperature is limited to 20
A/mm? [11]. Therefore, electromagnet technology is
restricted for long periods low fields insertion devices.
Another limitation of this technology is the high run-
ning cost due to the high power consumption [12]. Su-
perconducting coils can provide a solution to achieve
deliver higher current density [13]. A Superconducting
wigglers can achieve a peak field as high as 10 T [14].

Permanent magnets are made of rare earth materials.
The most common materials are Samarium Cobalt [15]
and Neodyme-Fer-Bore (NdsFe14B) [16]. Pure perma-
nent magnet (PPM) insertion devices were first pro-
posed by Halbach [8] based on building an insertion de-
vice with two parallel arrays of permanent magnets as
shown in fig. 2. The magnetization direction from one
permanent magnet to the next is rotated by 90°. The
most common case of Halbach structure is based on 8
magnets per period Ag. The magnetic field is varied by
adjusting the gap; i.e. the separating distance between
the two magnetic arrays.

Hybrid Permanent Magnet (HPM) technology [17] al-
lows for increasing the magnetic field of the insertion
device by enhancing the magnetic induction. This is
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made possible by inserting poles made of ferromagnetic
material such as Iron and Vanadium Permandur (iron-
cobalt alloy) between the permanent magnets. In ad-
dition to the field enhancement, the magnetic field im-
perfections seen by the electrons are less sensitive to
the in-homogeneity of the magnetization of the blocks.
However, the HPM technology is more expensive due to
the high cost of the inserted poles.

According to Halbach, the on-axis peak magnetic
field of a planar wiggler for each type of the previous
technologies is related to the wiggler gap g and period

Ao by as:
B:aemp.[b(;;)ﬂ(;oﬂ o)

where a, b and ¢ are parameters that depend on the
wiggler performances and the magnet material. a is
given in units of Tesla, b and ¢ are unitless. These
parameters were studied and calculated using RADIA
in [9] for different kinds of planar wigglers leading to
coefficients a, b and ¢ presented table I.

The peak field variation as a function of the ratio )\%
according to table I for different wiggler technologies
is shown in fig. 3. The use of the coefficients a, b, c,
allows for a direct peak field calculation and facilitates
the selection of the suitable wiggler technology without
dealing with magnetostatic codes like RADIA.

Results and analysis

Fig. 3 shows that electromagnet and superconduct-
ing technologies are less efficient in producing the re-
quired magnetic field at small gap to period ratio; i.e
g/Ao < 0.1. PPM provides higher field than electro-
magnetic and superconducting technologies. The ma-
terial from which the magnets are made plays an im-
portant role in the field quality. Wigglers constructed
from NdsFe14B produce higher field than those con-
structed from SmoCoi7; magnets, because NdyFei4B
has a higher magnetic remanence. However, SmoCo17
magnets are less sensitive to radiation damage and more
resistant at high temperatures compared to the more
common NdyFe14B [18]. The NdyFeq4B material used
in the computation (fig. 3) has a remanence of 1.2 T.
Fig. 3 shows that adopting a hybrid technology [17] by
inserting ferromagnetic poles between the magnets gen-
erates higher peak field, since the poles concentrate the
magnetic flux which increases the on-axis induction of
the magnets. The poles material is also an important
parameter that affect the peak field. In general, iron
enhances the field generated by a pure magnet wiggler,
but Vanadium Permendur provides even higher field.
Therefore, HPM technology with NdsFe 4B magnets
poles made of Vanadium Permendur provides a solu-
tion to achieve a high field wiggler. The magnetic field
can be tuned by adjusting the wiggler gap.
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TABLE I: Fit coefficients a, b and ¢ defining the peak field as a function of the ratio gap/\o for the different
kinds of planar wigglers [9].

case description a b ¢ gap range (mm)
A PPM planar vertical field 2.067 -3.24 0 0.1<g/h<1
B PPM planar horizontal field 24 -5.69 146 0.1<g/A<1
C PPM helical field 1.614 -4.67 062 01<g/A<1
D hybrid with vanadium permandur  3.694 -5.068 1.52 0.1<g/Xo <1
E hybrid with iron 3.381 -4.73 1.198 0.1<g/Ao<1
F  superconducting planar (gap=12 mm) 12.42 -4.79 0.385 12 < Ao <48
G superconducting planar (gap=8 mm) 11.73 -5.52 0.856 8 < A9 < 32
H electromagnetic planar (gap=12 mm) 1.807 -14.3 20.316 40 < Ao < 200
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FIG. 3: Peak magnetic field as a function of the gap to period ratio (g/Ag) for different wiggler technologies.
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FIG. 4: Photon flux of the first proposed wiggler (A\g = 164 mm) in the undulator regime calculated by SRW at
10 m from the source through an aperture of 0.1 x 0.1 mm?2. The wiggler is set at gap 16.7 mm. The magnetic
field B=1.52 T. The electron beam parameters are: £ = 2.75 GeV, [ =500 mA, 8, =4.6 m, 8, =2.2m, ¢, = 3.9
nm.rad, €, = 39 pm.rad, o, = 0.1%.
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FIG. 5: Photon flux of the first proposed wiggler (Ag = 164 mm) in the wiggler regime calculated by SRW at 10
m from the source through an aperture of 0.1 x 0.1 mm?2. The wiggler is set at gap 14.7 mm. The field B=1.65 T.
The electron beam parameters are: E = 2.739 GeV, I = 500 mA, 5, = 4.6 m, 8, = 2.2 m, ¢, = 3.9 nm.rad,
€, = 39 pm.rad, o, = 0.1%.

Here we give two proposals of insertion devices that
can operate both in the undulator and the wiggler
regimes and can be installed in a third generation light
source of medium electron energy of 2.75 GeV. The gap
to period ratio were optimized in accordence with [9].
Table II summarisez the main parameters of both pro-
posals.

First proposal

The first proposal is HPM wiggler made of NdyFe 4B
magnets and Vanadium Permendur poles. It is 164
mm period length and optimized at a gap of 14.7 mm
(B=1.65 T) in the wiggler regime and at 16.7 mm
(B=1.52 T) in the undulator regime. This wiggler was
studied and installed at SOLEIL [19]. The photon flux
emitted by the proposed wiggler is performed using
SRW (Synchrotron Radiation Workshop) [20] over a low
energy range (1-17 V) at a gap of 16.7 mm. In addition
to simulation over a higher energy range (5-70 keV) for
the wiggler set at a gap of 14.7 mm.

Fig. 4 shows the radiation spectrum of the wiggler at
gap 16.7 mm collected through an aperture of 0.1 x 0.1
mm? located at 10 m from the source. The spectrum
is composed of clear and distinct harmonics in the form
of narrow spectral lines, this is called the undulator
regime.

Fig. 5 shows the radiation spectrum of the wiggler
set at gap 14.7 mm through an aperture of 0.1 x 0.1
mm? located at 10 m from the source. It is noticed
that the wiggler emits radiation in the undulator regime
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over the energy range (5-35 keV), since the spectrum is
composed of distinct harmonics. Beyond 35 keV, the
harmonics become closer and overlap. Therefore, the
spectrum becomes smoother and the wiggler emits ra-
diation in the wiggler regime.

Second proposal

The second proposal is also HPM wiggler made of
NdyFeiy B magnets and Vanadium Permendur poles.
However, in order to respect the condition 0.1 < g/\g <
1, it is 98 mm period length and optimized at a gap of
14.7 mm (B=1.78 T) in the wiggler regime and at 16.7
mm (B=1.63 T) in the undulator regime. The photon
flux emitted by the proposed wiggler is performed using
SRW over a low energy range (1-17 V) at a gap of 16.7
In addition to simulation over a higher energy
range (5-70 keV) for the wiggler set at a gap of 14.7
mm.

Fig. 6 shows the radiation spectrum of the wiggler at
gap 16.7 mm collected through an aperture of 0.1 x 0.1
mm? located at 10 m from the source. The wiggler
emits radiation in the undulator regime at low reso-

mim.

nance energy. The spectrum is composed of a series of
distinct harmonics.

Fig. 7 shows the radiation spectrum of the wiggler at
gap 16.7 mm collected through an aperture of 0.1 x 0.1
mm? located at 10 m from the source. The wiggler
emits radiation in the wiggler regime in high energy
range that spans from 5-70 keV. Here, the harmonics
overlap and the spectrum become smooth.
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TABLE II: Main parameters of proposal 1 and proposal 2

Proposal 1 (Ag=164 mm) Proposal 2 (Ag=98 mm)
gap (mm) g =147 g=16.7 g=14.7 g=16.7
B (T) 1.65 1.52 1.78 1.63
9/ o 0.09 0.101 0.15 0.17
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FIG. 6: Photon flux of the first proposed wiggler (Ag = 98 mm) in the undulator regime calculated by SRW at 10
m from the source through an aperture of 0.1 x 0.1 mm?. The wiggler is set at gap 16.7 mm. The magnetic field
B=1.63 T. The electron beam parameters are: E = 2.739 GeV, [ = 500 mA, §, =4.6 m, 5, =2.2m, ¢, = 3.9
nm.rad, €, = 39 pm.rad, o, = 0.1%.
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FIG. 7: Photon flux of the first proposed wiggler (Ay = 98 mm) in the wiggler regme calculated by SRW at 10 m
from the source through an aperture of 0.1 x 0.1 mm?2. The wiggler is set at gap 14.7 mm. The magnetic field
B=1.78 T. The electron beam parameters are: E = 2.739 GeV, I =500 mA, B, =4.6 m, 8, = 2.2 m, €, = 3.9

nm.rad, €, = 39 pm.rad, o, = 0.1%.

An - Najah Univ. J. Res. (N. Sc.) Vol. 37 (1), Feb. 2023 50



Conclusion

The proposed insertion devices are based on HPM
technology and respect the condition of the gap to
period ratio 0.1 < g/Ag < 1. Both proposals pro-
vide high field wigglers and can operate both in the
wiggler and in the undulator regimes. This provides
an original and cost effective solution, since it can
serve two independent beamlines for different scientific
applications. The radiation regime can be adjusted
by selecting the proper gap to select the covered
energy range. This gives a margin of flexibility for the
mechanical constrains on the minimum allowed gap in
synchrotrons. The big advantage is that it provides
a range period length for a wiggler designer. The
first proposal provides 10° more flux in the undula-
tor regime and 10 times more flux in the wiggler regime.
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