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Polarization switching of synchrotron radiation has wide application prospects in various areas,
requiring a high switching frequency between horizontally linear polarization (HLP) and vertically linear
polarization (VLP) or between left-hand circular polarization (LCP) and right-hand circular polarization
(RCP). To make it possible for realizing a fast polarization switching, in this paper we simplify and
incorporate the previous schemes based on segmentally helical undulators connected by phase shifters.
Adjacent undulators are set by the same or opposite polarization state to generate circularly or linearly
polarized radiation. Theoretical analysis and simulations for radiation characteristics are reported in details.
By combining the polarization adjustment of each helical undulator with the phase shifters, both the
switching for HLP/VLP and LCP/RCP can be realized in the same undulator scheme. The on-axis heat load
can always be effectively suppressed. Benefiting from the extremely low emittance and taking into account
the space occupied by phase shifters, the proposed scheme shows a significant advantage in preserving the
photon flux with a high polarization degree in a diffraction limited storage ring compared with a typical
third generation storage ring. In addition, we also study the influence of beam deviation at each undulator
segment, the segment number limited by the practical length of straight section and the issues related to user

experiments.
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I. INTRODUCTION

Polarization control of undulator radiation has attracted
wide attention due to its great application prospects in
various areas. In the storage ring light sources, several types
of undulators have been developed to realize arbitrary
polarization states, such as APPLE-II [1,2], APPLE-X and
DELTA [3-5] undulators. FIGURE-8 [6,7], APPLE-KNOT
[8,9], and DELTA-AMPU [10,11] undulators have been
further proposed or put into practice to reduce the on-axis
heat load. In general, the polarization state of the pure-
permanent-magnet undulator can be easily tuned by shift-
ing the magnet array mechanically. The ultimate limit of the
polarization switching frequency is smaller than the level of
Hz. However, there is still a strong demand to improve the
switching frequency of the polarization state. For example,
detecting the spin and orbital moment of a material in x-ray
magnetic linear/circular  dichroism (XMLD/XMCD)
requires a high switching frequency between horizontally
linear polarization (HLP) and vertically linear polarization
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(VLP) or between left-hand circular polarization (LCP) and
right-hand circular polarization (RCP).

To obtain a high switching frequency, various methods
have been proposed or put into practice, such as electro-
magnetic switching [12,13], photon beam line switching
[14,15], electron beam orbit switching [16—18], and nature
close orbit switching [19]. However, these methods face
different defects, including a heavy disturbance on the
storage ring, different photon beam lines and the other
technical issues, thus cannot realize a high switching
frequency in the normal operation mode of storage ring.

Cross-planar undulators have been initially demonstrated
to generate circularly polarized radiation based on the field
superposition between HLP and VLP radiation in the
storage ring light sources [20-22] and free-electron lasers
[23-29]. The polarization state is switched by swapping the
phase shift. The switching induced longitudinal mismatch
has little influence on the storage ring, and the orbit bump
and distortion induced from the phase shifter are quite
small, thus a much higher switching frequency can be
expected. However, in the typical two crossed undulators,
the polarization degree is greatly degenerated and the on-
axis heat load also cannot be suppressed. In the past few
years, two kinds of segmentally helical undulator schemes
have been proposed [30-36]. One is able to obtain linearly
polarized radiation by setting each helical undulator with
the opposite polarization state to its adjacent segments.

Published by the American Physical Society
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By optimizing the phase shifts, linearly polarized radiation
can be flexibly tuned with an arbitrarily polarized direction.
The on-axis heat load is always effectively suppressed.
Another scheme is already an idea which is made for an
upgrade plan for SPring-8 [34,37]. It utilizes two helical
undulator segmentations with the opposite polarization
states. Each helical undulator in one segmentation is the
same. One undulator segmentation is able to generate
spectrum split on the axis, while another segmentation
with the opposite polarization state is optimized as a single
helical undulator. The undulator radiation can be switched
between LCP and RCP by alternately changing the phase
shifts. However, in a typical third generation storage ring,
due to a large emittance and a large beam size, these
schemes have difficulty overcoming a sharp reduction in
flux or polarization degree, especially for the second
scheme.

The well-known diffraction-limited storage ring (DLSR)
[38,39] can reduce the emittance by 1-2 orders of magni-
tude smaller than before, and obtain a small beam size.
Most of the resonant photon flux is focused on the axis,
thus the reduction in flux or polarization degree of the
segmental undulator scheme can be greatly relieved. The
previous work requires the delicate control of phase shifter
to obtain arbitrarily linear polarization. Actually, in the fast
switching of linear polarization, HLP and VLP are adequate
for most of the relevant user experiments. In this paper,
these two segmental undulator schemes [32,34] are sim-
plified and merged into a same undulator scheme.
Combining the polarization adjustment of each helical
undulator with the optimizations of phase shifters and
monochromator, both the switching of HLP/VLP and LCP/
RCP can be realized with a considerable photon flux and a
relatively high polarization degree in a DLSR. In general,
the switching frequency with dozens of Hz can be expected
by using the electromagnet phase shifter in this scheme. It
is also possible to be further improved if the induced beam
bump coupled with the eddy current can be well controlled.
The on-axis heat load is always effectively suppressed. The
rest of this paper is organized as follows: First, the
theoretical analysis is given based on an ideal electric field
model. The radiation performance with different phase
shifts and segments is studied in details. Then we compare
the radiation performance between a DLSR and a typical
third generation storage ring. In addition, the influence of
beam deviation is studied based on the electron radiation
model, which is given in the Appendix. A thoughtful
discussion is also made, focusing on the segment number
limited by the practical length of straight section, the
specific issues related to user experiments and the polari-
zation switching frequency. Finally we make a summary.

II. PRINCIPLE

To illustrate the basic principle of the proposed helical
undulator scheme, in the following we introduce an ideal

electric field model. The electron radiation model in the
Appendix is used to accurately calculate the radiation
performance under some specific situations.

In the electron storage ring, the radiation electric field
from the planar undulator can be simplified as an N-cycle
cosine wave (N > 1). The frequency spectrum of electric
field around the fundamental frequency is obtained by
Fourier transformation

T
E/(w) = E, /_ cos(w;1)e~dr

2

z¥smc{(@-wl)§], (1)

where E is the amplitude of the electric field, w; is the
fundamental frequency, T = 272N /w, is the time duration of
radiation, and N is the undulator period number. Under the
given undulator strength parameter K and Lorentz factor of
electron y, w; depends on the observation angle 6 as

1 +K?

01(6) =00 g

(2)

For a helical undulator, the magnetic field can be
decomposed to two mutually orthogonal components in
the horizontal and vertical direction with a constant phase
difference (r/2). The electric field of LCP/RCP radiation in
time domain is simplified as

E(1) = E((1) + E,(1)
= E cos(w,t)e, £ E; sin(w;1)e,. (3)
Assume an undulator scheme is composed of M segments
with the same undulator parameter and the adjustable phase
shifter AT, between the (m)th and (m — 1)th segments. Here

AT, is the phase shift before the first segment and is set to
zero. The frequency spectrum can be deduced as

M -

Ew=;[‘

Then the whole energy spectrum is calculated as

éEm(t)e_i”’[l+('n_l)T+ZZ:| AT"’]dl. (4)
7

l(w) = 1(0) +1;(w)
= |E\ (o) + |Ey (o). (5)

First, let us consider the case of each helical undulator
segment having an opposite polarization state to its
adjacent segments, as shown in Fig. 1(a). LCP and RCP
undulators are alternately arrayed with the same phase shift
(Ag,, = 0, AT,, = Ap, m > 2) between them. According
to the equations above, we have the energy spectrum
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FIG. 1. Polarization control and switching of (a) HLP/VLP
radiation and (b) LCP/RCP radiation at segmentally helical
undulators.

sin’[Mw(AT +T)/2]
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Particularly, if M is an even number, /(w) can be
described as

sin?[M(2zN + Ap)w/2w]

I<w)opposite = 4E?((1)) SiHZ[(Zﬂ'N + A(p)a)/a)l] (10)
with
B 1 —cos[(2zN + Ap)w/w]
Ey(w) = Ed(@) sin[(2zN + Ag)w/w] 1
=FE, tany, (11)

where y is (22N + A@)w/2w;.

This indicates that E,(w) and E,(w) have the same
phase. Circularly polarized radiation is effectively can-
celed, and then linearly polarized radiation is generated.
The polarization angle y is determined by Eq. (11). For the
fundamental frequency on the axis, y is fully dependent on
Ag. If Ag is 0 or the even multiple of =, tany equals 0
which means that the radiation is horizontally polarized. If
Ag is the odd multiple of z, tan y is infinity, then vertically
polarized radiation can be obtained. The polarization angle
increases linearly from 0° (horizontal) to 90° (vertical) with
Ag increasing from 0 to z, while the on-axis energy
spectrum achieves the maximum at 0° and 90° polarization

angle. The switching of HLP/VLP radiation can be realized
by swapping the phase shifts.

In addition, according to Eq. (10), we can find that the
energy spectrum at @ = @, vanishes if Ag equals 2z/M
and M > 4 (M is an even number). In fact, here the photon
flux does not fully vanish, but is spatially diffused. At the
fixed observation frequency of w;(0), the right fraction of
I(®) becomes an approximately periodic wave depending
on (). The peak flux density is distributed within the
angular width of the first oscillation period Ad,,, which can
be described as

1 [1+K 1 [1+K?
AB, =~ M; Ty RIS
y +1 7V MN

where ¢, is the diffraction angle.

Let us further consider the case in which each undulator
segment is identical and has the same polarization state,
E . (w) and I, (w) will be the same as in Egs. (8) and (6),
respectively. In this condition, E (@) equals —iE,(®) and
I,(w) is the same as I, (). Different from the former case,
the polarization state in this case is the same as that of the
single helical undulator. The whole energy spectrum can be
given as

(12)

sin?[M (22N + Ag)w/2w,]
sin?[(2zN + Ag)w /2w,
= ZCOSZ[(ZﬂN + A(p)a)/2wl]l(a))opposile' (13)

() = 2E3(o)

identical —

Assuming an undulator scheme consisting of 2M helical
undulators, as shown in Fig. 1(b). The first M segments are
LCP undulators and the second M segments are RCP
undulators. We can find that the on-axis energy spectrum
also vanishes at w = w; if A equals to 2z/M, in which
most of the flux is spatially diffused. In this condition, with
the decrease of the slit width, the received flux will be
sharply reduced. The on-axis energy spectrum achieves the
maximum at the phase shift of 0 or 2z. If the phase shifts
between LCP/RCP undulators are set to O while the phase
shifts between other RCP/LCP undulators are set to 2z/M,
RCP/LCP radiation has little flux on the axis and LCP/RCP
radiation can be collected. To fully filter the RCP/LCP
radiation and obtain a high polarization degree for the LCP/
RCP radiation, the slit width should be reduced to some
extent, which will cause an inevitable reduction in flux.
Obviously, LCP and RCP radiation can also be switched
when we swap the phase shifts. Specifically, in a same
segmentally helical undulator scheme, the effective undu-
lator length of the identical case is half of the opposite case,
thus the photon flux in identical case should be smaller than
that in opposite case.
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III. BASIC RADIATION PERFORMANCE

In this paper, the radiation performances are mainly
simulated by SPECTRA [40]. The parameters used in
simulations are given in Table I, which are referenced to
the Hefei Advanced Light Facility (HALF), a 2.2 GeV
DLSR developed by the National Synchrotron Radiation
Laboratory in China [41,42]. The natural emittance is about
100 pm rad. The target photon energy is selected at 700 eV,
where the edges of several kinds of rare earth elements
locate around. The undulator period length is set to 41 mm
and the strength parameter K is set to 0.776. The period
number per segment N = 20 is preliminarily chosen with
four helical undulator segments, and three 0.2-m-long
phase shifters placed between them. The total space
occupied by this scheme is near 4 m. The polarization
state of each segment can be mechanically adjusted from
LCP to RCP.

A. Polarization switching

For the opposite case, each helical undulator segment is
set with an opposite polarization state to its adjacent
segments. As shown in Fig. 1(a), linearly polarized
radiation is realized by the superposition between LCP
and RCP radiation. Following the theoretical analysis given
in the above section, the phase shifts Ag are alternately
switched between 0 and z to generate HLP and VLP,
respectively. The flux is reduced by approximately half in
the above progress, nevertheless, a helical undulator gen-
erates a higher flux than a planar undulator. The total flux in
this linear mode will be close to a planar undulator.

The flux and polarization degree for HLP/VLP are
shown in Fig. 2. Under the same acceptance angle, these
two different linear modes have the same flux and polari-
zation degree. The angular divergence o, is defined as
Eq. (A3) in the Appendix. The flux increases from 6.5 x
10 to 1.7 x 10" when the acceptance angle increases
from lo), to 26, but the polarization degree decreases from
93.2% to 76.8%. Note that here the flux is after passing
through the monochromator at the energy with the highest
polarization degree. Most of the on-axis flux can be
collected within the acceptance angle of 2¢,. To make a
direct comparison between the proposed scheme and the

TABLE I. Parameters used in simulations.

Parameter Specification Unit
Period number per segment N 20/10/5

Segment number M 4/8/16 e
Period length 41 mm
Undulator strength parameter K 0.776 e
Photon energy 700 eV
Electron energy 2.2 GeV
Average current 500 mA
Natural emittance 100 pmrad
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FIG. 2. Photon flux and polarization degree for (a) HLP
radiation and (b) VLP radiation.

conventional planar undulator, a single long undulator
(4 x 0.82 m) is taken as the reference. When the accep-
tance angle increases from 1o, to 26, the flux increases

from 1.0 x 10" to 2.3 x 10" while the polarization degree
remains above 99%. The flux of the proposed scheme is
about 35% less than a planar undulator and a considerable
polarization degree can still be obtained.

Compared with linear polarization switching, circular
polarization switching is also achieved by the superposition
of circularly polarized radiation, however, superposition
occurs in undulators with the identical polarization state.
As shown in Fig. 1(b), it contains 2M undulators, in which
the first M undulators are set with LCP/RCP while the last
M undulators are set with RCP/LCP. To keep the same
layout as the opposite case, here M should be set to 2. The
radiation superposition from M undulators is strengthened
and the radiation in another M undulators is canceled on the
axis. The phase shifts Ag are alternately switched between
0,7 and 7, 0 to generate LCP and RCP, respectively. Since
the identical case only has half the effective undulator
length, both the flux and polarization degree in identical
cases should be smaller than those in opposite cases.

The flux and polarization degree for LCP/RCP are shown
in Fig. 3. For LCP, when the acceptance angle increases from
16, to 26, the flux increases from 4.2 x 10! to 1.5 x 10",
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FIG. 3. Photon flux and polarization degree for (a) LCP
radiation and (b) RCP radiation.

but the polarization degree decreases from 91.3% to 62.9%.
For RCP, the flux increases from 3.8 x 10'* to 1.5 x 1015,
and the polarization degree decreases from 87.1% to 50.9%.
Polarization degree decreases sharply with increasing accep-
tance angle, which comes from the imperfect off-axis
counteraction of radiation fields between undulator segments
with Ap = 7. RCP achieves almost the same flux as LCP, but
has a lower polarization degree. Such a difference in
polarization degree is caused by the space occupied by
phase shifters and the sequence between LCP and RCP
undulators. If we utilize the ideal phase shifts without actual
space, this difference will be reduced. In addition, we can find
that both the flux and polarization degree in the circular mode
are indeed smaller than those in the linear mode. We also
compare the circular mode with a single helical undulator. By
matching the phase shifts and adjusting the undulators to the
same polarization state, the entire scheme is equivalent to a
single long helical undulator. When the acceptance angle
increases from 1o, to 26, the flux increases from 1.3 x 10"

to 2.9 x 10" while the polarization degree remains above
99%. Within 16, acceptance angle, the flux is reduced by
approximately 3 times compared to the conventional undu-
lator, and the polarization degree is reduced to 91%. Within
20, acceptance angle, the flux is reduced by 2 times

compared to the conventional undulator, but the polarization
degree is significantly reduced.

In general, the linear mode can achieve a better perfor-
mance than the circular mode. Compared with the conven-
tional undulator, the linear mode still has the considerable
flux and polarization degree, while in the circular mode the
polarization degree is greatly reduced. To obtain a consid-
erable polarization degree, the acceptance angle in the
circular mode must be narrowed, that is, on the sacrifice of
received flux. Actually, the obtained polarization degree
and flux in this scheme are already possible to satisfy most
of the relevant experiments. Another notable merit is the
on-axis heat load suppression. In a typical planar undulator,
a heavy heat load can be found on the axis, especially for
resonating at a low photon energy in a high-energy storage
ring. In the proposed scheme, both linear and circular
polarized radiation are realized by the helical undulator.
The on-axis heat load can be reduced by nearly an order of
magnitude compared to a planar undulator.

B. Undulator segments

We have demonstrated the radiation performance with
four undulator segments. Actually, under the same total
period number, increasing the segment number is beneficial
to improving the polarization degree or increasing the flux
under the same polarization degree [32,34]. In the follow-
ing, the segment configuration is changed from 4 x 20 to
8 x 10, 16 x 5. Here we only limit ourselves in the case of a
constant total period number, without taking into account
the actual space of a given straight section. We will make a
specific discussion with the limitation of actual space at
HALF in Sec. VL

First, we increase the segment number to 8. The flux of
the linear mode is always greater than that of the circular
mode, as shown in Fig. 4. With the increase of acceptance
angle, both P; of the linear mode and P, of the circular
mode are decreased. For the polarization degree, the

— 1.0
: Bezzno-o. .-
= 15p TR ®
o T 2
o b o
é —m—Flux of HLP N %
. —8—Flux of VLP
< 1.0f —&—Flux of LCP =
%) ~—¥—Flux of RCP A 10.9 Q
~ ~—
E <
o, * N
7o - W=7, of HLP ‘5
= 05¢F - @-Pof VLP *, —
— - A-PLof LCP o
:’ - v P.of RCP A~
=
0.0 . ' 0.8

0.5 1.0 1.5 2.0
Acceptance angle (cp)

FIG. 4. Radiation performances depend on the acceptance
angle with 8 segments at 700 eV.
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FIG.5. Radiation performances of HLP and LCP depend on the
segment number at 700 eV.

circular mode is more sensitive to the acceptance angle than
the linear mode. Within ls,, both P; and P, are greater
than 95%. If increasing the acceptance angle to 26, P; can
still be maintained above 94% but P is reduced to 85%-—
90%. Nevertheless, compared with the 4-segment scheme,
the polarization degree in the 8-segment scheme is signifi-
cantly improved. The reduced flux within a large accep-
tance angle implies that the superposition/counteraction
mechanism is strengthened in this 8-segment scheme.
Figure 5 shows the radiation performances depending on
different segment numbers. The HLP and LCP radiation are
taken as examples. As the segment number increases from
4 to 8, the flux decreases slightly but the polarization
degree increases significantly. When we further increase
the segment number to 16, the change in polarization
degree slows down. The polarization degree can reach a
high level under a large number of segments. Even at a
large acceptance angle, both P and P; can reach 90%,
while at a small acceptance angle the polarization degree is
always above 97%. However, with the increase of segment
number, the number of phase shifters should also be
synchronously increased, so the actual space used by
undulators will be further reduced. In the case of 16
segments, the required number of phase shifters is up to
15. The segment number should be optimized by a
comprehensive consideration of the available space in
the straight section, the experimental demand for radiation
performance and the evaluation of technical difficulty.

IV. THIRD GENERATION STORAGE
RING AND DLSR

The above simulation results are based on the parameters
of a 2.2 GeV DLSR, in which the divergence angle at
700 eV is basically determined by the diffraction angle. For
the third generation storage ring, the electron beam is
normally a flat beam and its natural emittance is 1-2 orders
of magnitude larger than that of a DLSR. In the following,

10 1.0

= ot

tﬁ —— ':[uxtof 100 pi’l rad— 06

°\° 4--- Flux of 3 nm rad

; 10.2

2 05,

:g | 1-0.2
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= / K 1-0.6

>

=

= 0.0 : : — ——1.0
660 680 700 720 740 760

Energy (eV)

FIG. 6. Radiation performances (HLP) within 1, for the third
generation storage ring and DLSR.

we also take HLP and LCP as examples to compare the
proposed scheme under a small emittance and a large
emittance. We only artificially increase the natural emittance
from 100 pmrad to 3 nmrad to represent a typical third
generation storage ring. To make a clear demonstration of the
influence of emittance, the other parameters are the same.
Four segments are used here. Note that the angular diver-
gence ¢, is normalized to each case with different emittance,
thus, 3 nm rad corresponds to a much larger 6, than 100 pm
rad. As shown in Figs. 6 and 7, with the significant increase
of the emittance, the change in the flux is relatively small, but
the polarization degree decreases significantly. Within 1o,
the polarization degrees of HLP and LCP radiation are
decreased from 93.2% to 50.7% and from 91.3% to
45.4%, respectively. The unshown simulation results within
20/, reveal that the corresponding polarization degrees are
further decreased from 76.8% to 34.6% and from 62.9% to
26.7%, respectively. Both the HLP and LCP radiation suffer a
sharp reduction in polarization degree with increasing
emittance. Such a low polarization degree in the third

10 1.0
=

N Prof 100 pm rad 7 —0.6
m; - P, n:';()|111:) rad
é Flux of 100 pm rad
O. -- Flux of 3 nm rad - —0.2
«» 05
v:a ‘ 10.2
=
= 10.6
= 0.0 : : S ;
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Energy (eV)

FIG. 7. Radiation performances (LCP) within 16, for the third
generation storage ring and DLSR.
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generation storage ring makes it difficult to satisfy user
experiments. Even if the polarization degree can be improved
by narrowing the acceptance angle to some extent, the
received flux will be greatly reduced. For example, to obtain
a same polarization degree in these two different situations,
we must broaden the acceptance angle in the DLSR and
narrow the acceptance angle in the third generation storage
ring. The flux in the former case is about 45 times larger than
the later case with a same polarization degree of 62% and
52% for HLP and LCP radiation, respectively.

It is worth noting that the interval length between
adjacent segments also plays an important role. In the
preliminary design, a space of 0.2 m is used to place each
phase shifter. The extra diffraction effect at the undulator
interval will deteriorate the superposition/counteraction
mechanism, as shown in Fig. 8. For the case of a large
emittance, the interval length shows a strong effect on
reducing the polarization degree. For a small emittance
close to the diffraction limit, the dependency on interval
length can be significantly relaxed. With the emittance of
100 pm rad, the polarization degrees of HLP and LCP vary
slowly, and the maximum polarization degree can reach
93% at zero interval. In contrast, with the emittance of
3 nmrad, a sharp reduction in polarization degree can be
observed, and the corresponding maximum values are less
than 63% and 52%, respectively.

In practice, unlike the ideal case in which the interval
length is ignored, it is no longer possible to make the
polarization degree of a third generation storage ring reach
a DLSR by reducing the acceptance angle. Figure 9 shows
the polarization degree depending on the acceptance angle.
There is an upper limit of polarization degree for both the
linear and circular mode. In a third generation storage ring,
the upper limits of HLP and LCP are approximately 62%
and 52%, respectively, while in a DLSR the corresponding
upper limit can reach 95%. The DLSR has a higher upper
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FIG. 8. Polarization degrees (absolute value) of HLP and LCP

depend on the interval length within 1o, for the third generation
storage ring and DLSR at 700 eV.
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FIG. 9. Polarization degrees (absolute value) of HLP and LCP
depend on ¢, for the third generation storage ring and DLSR at
700 eV, with the interval length set to 0.2 m.

limit of polarization degree than a third generation storage
ring in this scheme. For a given photon energy and storage
ring with the fixed parameters, this upper limit should also
be constant. Additionally, the above discussion only con-
siders the influence from emittance. In a typical third
generation storage ring, a large beta function will further
increase the beam size, then deteriorate the radiation
performance. Therefore, for the proposed scheme, a better
radiation performance can be expected in a DLSR than in a
typical third generation storage ring.

V. BEAM DEVIATIONS

The superposition/counteraction of undulator radiation is
the primary mechanism in the proposed scheme. The
longitudinal phase shift is the key to optimizing the polari-
zation feature. Obviously, the transverse mismatch is also
important to the proposed scheme. In practice, the field
integral can be introduced from each undulator segment and
phase shifter. Itis possible to cause transverse beam deviation
along the undulator, then deteriorate the radiation perfor-
mance. The beam jitter can also reduce the radiation stability.
Next, we will discuss the influence from beam deviation on
this scheme. A random beam deviation is assumed. Of
course, this deviation should not be too large, otherwise
the radiation superposition/counteraction between different
segments will be fully destroyed, or the electron beam
possibly cannot be maintained in the storage ring.

Based on the electron radiation model in the Appendix,
we develop a code to accurately calculate the flux and
polarization degree with a small random deviation. The
simulation results without beam deviation are consistent
with SPECTRA, which validates the effectiveness of the
developed code. Then we set two deviation parameters in
each segment, including the horizontal deviation and
vertical deviation. The deviation parameters are set by
random numbers within a certain limit. The circular mode
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TABLE II. Average polarization degree, average flux and the
corresponding standard deviations under different deviations, in
which upper is for the 4-segment scheme and lower is for the
8-segment scheme. The unit of flux and the corresponding
standard deviation is ph/(s 0.1% B.W.).

Deviation range P  o(P¢) Flux o (flux)

0.80, 0.777  0.105  3.01 x10'* 6.83 x 10"
0.40), 0925  0.021 351 x10" 2.64x 10"
0.20, 0.952  0.005 3.73x 10" 7.49 x 10'?
Deviation range P o(P¢) Flux o (flux)

0.80, 0.864 0.071 226x 10" 4.22x 108
0.40), 0.968 0011 3.11x10" 238 x 10"
0.20, 0.985 0.002 3.59x 10" 6.88 x 10'?

for the 4/8-segment scheme is chosen as the example with
an acceptance angle of 1o ,. To evaluate the influence only
from beam deviation, the interval length is ignored. One
hundred groups of calculations for each deviation range are
carried out to find the allowed deviation. The radiation
performances with the corresponding standard deviations
are listed in Table II. At a small deviation range of 0.2,
the changes in flux and polarization degree are quite small,
thus a good stability can be preserved. With increasing
deviation range, the flux and polarization degree decrease,
and the corresponding stabilities also become unsatisfac-
tory. Comparing the 8-segment scheme with the 4-segment
scheme, we can find that the stability can be further
improved by increasing the segment number. For a large
segment number, the reduced segment length increases the
diffraction angle at each segment. A large diffraction angle
then will lower the contribution from beam deviation at
each segment. Although the multisegment scheme has high
technological difficulty in practice, the superposition/
counteraction mechanism can relax the demand on beam
deviation to some extent. Actually, in our case, the beam
deviation of 0.26), is approximately 4 prad. For a typical
third generation storage ring or DLSR, the current technol-
ogy is able to limit the beam deviation within the micron
level, normally equivalent to microradian. The radiation
performance influenced by beam deviation in the proposed
scheme can be well controlled under the current technology.

VI. DISCUSSION
A. Straight section length

Each storage ring light source is characterized by
specific beam energy with different straight section length.
In the above simulations, the space occupied by phase
shifters has been taken into account, but without the
practical limitation of straight section length. The length
of a standard straight section at HALF is 5.3 m, in which
the standard space for insertion device is designed as 4.2 m.

With the 0.2-m-long phase shifter, the total space occupied by
the 4/8/16-segment scheme is 3.88/4.68/6.28 m. Under the
current limitation for available space of undulator, we do not
have enough space to carry on the 8/16-segment scheme. If
we keep the same total space (about 4 m) and the same phase
shifter length, the period number of each segment should be
reduced from 10 to 8 for the 8-segment scheme. Taking the
circular mode as an example, in the 8-segment scheme, the
flux is 3.0 x 10'* in 1o, and is 8.5 x 10" in 20,. The
corresponding polarization degrees are 97.4% and 91.1%,
respectively. Compared with the 4-segment scheme, the
polarization degree is always significantly improved while
the flux is still considerable. In the 8-segment scheme, the
period number of each segment reduced from 10 to 8 only
leads to a flux decrease of 32% in 1o, and 29% in 2c,,. The
polarization degree changes little. However, in the 16-
segment scheme, the available period number of each segment
will be reduced to 1. It cannot work well in this condition.

Actually, it is not difficult to save some space for a
specific straight section at HALF. We have kept enough
space redundancy for undulator. The 8-segment scheme
without reduction of period number (4.68 m) can still be
expected to be installed at HALF straight section (5.3 m). In
addition, the 0.2-m-long phase shifter is very general in
practice, as reported at FLASH and TPS [43,44]. From the
aspect of technology, there is still some optimization space
to further reduce the phase shifter length. Here we assume
to have a small phase shifter with length of 0.1 m, which is
a little challenging but still possible to be realized. The
8-segment scheme with 10 periods each segment (3.98 m)
can be completely placed at HALF straight section, and the
16-segment scheme with 5 periods each segment (4.78 m)
is also possible to be used. Of course, the whole scheme
will be very compact. If we still limit the total space of the
16-segment scheme to about 4 m, the period number of
each segment should be reduced from 5 to 4. The
simulation results show a flux decrease of 29% in lo,
and 24% in 20/, while the polarization degree maintains
the same. In this way, the radiation performance is not
deteriorated too much in the 16-segment scheme. In fact,
some light sources have an ultralong straight section, the
space is no longer a noteworthy issue for them. To improve
the space utilization in a normal straight section, both the
phase shifter length and undulator period length should be
reduced.

B. Issues related to user experiments

For an elliptically polarized undulator, such as APPLE
II, the photon energy scan in a small range can be done by
only scanning the monochromator, in which the polariza-
tion degree or flux does not have a large variation. For
the proposed scheme, as indicated in Figs. 2 and 3, the
radiation features show a strong relationship with the
acceptance angle. The acceptance angle cannot be too
large, otherwise the polarization degree will be significantly

080701-8



POLARIZATION SWITCHING OF SEGMENTALLY ...

PHYS. REV. ACCEL. BEAMS 26, 080701 (2023)

reduced, which is not allowed for most of relevant experi-
ments. To work at a large acceptance angle and ensure a high
polarization degree in this scheme, the segment number must
be increased. In addition, we can observe that the spectrum
splits and the polarization degree decreases significantly near
the target photon energy. It is indeed an obvious disadvant-
age of the proposed scheme. During a gap scan the spectral
window of monochromator must precisely follow the center
photon energy, i.e., undulator gap, to ensure a high polari-
zation degree. Actually, even in a typical APPLE II source,
most of the relevant experiments also prefer to scan
undulator gap together with the monochromator in a large
range of photon energy. Of course, compared with the
proposed scheme, the synchronization relationship between
monochromator and APPLE II can be relaxed to some
extent. Several light sources have developed relevant tech-
nologies to solve the synchronization problems, such as the
Turboscan process developed by SOLEIL [45,46] and a
similar technology at SLS [47]. This technology will also be
required in the proposed scheme. A good synchronization
relationship between undulator gap and monochromator
should be calibrated in advance.

For XMLD/XMCD experiments, a stable polarization
degree is very important in scanning photon energy. In
general, the energy scan range for a certain chemical
element is typically around 50 eV and does not exceed
100 eV. In the following we set the energy range to 100 eV
and also take the circular mode as an example. The photon
energy is selected from 650 to 750 eV. Figure 10 shows the
circular polarization degree depending on photon energy at
a fixed acceptance angle. The angular divergence o), is
normalized at 700 eV. With the energy range of 100 eV, the
absolute variation of polarization degree is 1.5% in 1o, and
is 6.3% in 20, for the 4-segment scheme, while in the
8-segment scheme the variation is 0.4% in 16, and is 1.8%
in 20,,. It will be further reduced in the 16-segment scheme.

1.0 — . .
o 09 ° ! v v —
2
—&— P in 1o, (4 segments)
QO)D 0'8 i —&— P.in2 o, (4 segments)
o e P inl o, (8 segments)
.5 0.7 I —¥— P.in2 o, (8 segments)
—
< '\‘\—o—\‘\‘
X 0.6
=
] L
£ 0.5
0.4+
650 675 700 725 750
Energy (eV)

FIG. 10. Polarization degree depends on photon energy at a
fixed acceptance angle in the DLSR, with the angular divergence
normalizing at 700 eV.

Such a small variation of polarization degree within 1o,
has little influence to user experiments. Within 26, of
the 4-segment scheme, a slightly large variation can be
observed. However, it is approximately linear to photon
energy. In relevant experiments, the variation of polariza-
tion degree can be compensated by point-to-point precali-
bration. In addition, as suggested in Sec. V, a large number
of segments will be beneficial to improving the tolerance on
random beam deviation, which can ensure a stable output in
each photon energy. Therefore the polarization stability in
the proposed scheme is also possible to satisfy the
experimental demand. In a third generation storage ring
with a large emittance, the absolute variation is almost the
same to a DLSR, but the relative variation is increased.

C. Switching frequency

Before discussing the switching frequency in this
scheme, let us briefly recall the other developed methods
[12-19]. The mechanical adjustment of magnet arrays
cannot achieve a high switching frequency. The electro-
magnetic switching of undulator has been demonstrated to
achieve the switching frequency of 22 Hz [13]. However, it
does not have a good potential to greatly improve the
switching frequency. The photon beam line switching is a
normal method to achieve the switching frequency as high
as the level of kHz, but with different photon beam line and
different source point [14,15]. The nature close orbit
switching developed recently can achieve the switching
frequency of MHz [19]. However, it has different source
point and will introduce a heavy disturbance on the beam
orbit in other straight sections. The orbit kicker method is
developed by SPring-8 with the switching frequency less
than 10 Hz [16,33]. The introduced angular or position
deviation is typically on the level of hundreds of micro-
radian or on the level of millimetre. The switching
frequency is greatly limited by the induced orbit bump
and distortion in the storage ring. It manipulates the beam
orbit by using several kickers, which is partially similar to
the phase shifter method in this paper.

In the proposed scheme, the polarization switching is
realized by swapping the phase shifts. Obviously, only the
electromagnetic phase shifter has the potential to achieve a
fast polarization switching. The unshown simulation con-
firms that the storage ring is not sensitive to the longitudinal
phase shift of electron beam. The orbit bump and distortion
induced by phase shifter in the proposed scheme are
smaller than the orbit kicker method. Therefore, a high
switching frequency can be expected in this scheme. As
reported in a similar scheme, the practical switching
frequency by swapping electromagnetic phase shifter can
reach 13 Hz with only a marginal disturbance of beam orbit
[48,49]. The maximum frequency can be expected to
50 Hz. In an electromagnetic phase shifter, the switching
frequency more than 100 Hz can be achieved. Through
developing the phase shifter combining with the fast kicker
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technology, the frequency can even reach 1 kHz. However,
the frequency limitation is not only determined by electro-
magnetic phase shifter itself. A high switching frequency
may cause a strong eddy current on the vacuum chamber
and affect the electron beam in the storage ring. It is
difficult to precisely state that how fast we can successfully
achieve until building such an undulator scheme in practice.
Nevertheless, we can predict that the switching frequency
at least with dozens of Hz is desired to be realized. To
further improve the switching frequency, a powerful and
accurate switching power supply and a careful examination
of eddy current on the chamber will be the preconditions.
The chamber material should have a small magnetic
permeability and a large resistance. For example, the
ceramic vacuum chamber can be used to greatly mitigate
the eddy effect. At HALF, the inconel is preliminarily
chosen for the vacuum chamber which closes to the fast
corrector magnet supplying by the ac power. Additionally,
as indicated in Sec. V, a large segment number can improve
the tolerance on random beam deviation, so it will relax the
demand on beam deviation introduced by phase shifter to
some extent in this scheme.

VII. SUMMARY

In this paper, we simplify and incorporate the previous
helical undulator schemes [32,34] to realize fast switching
for HLP/VLP and LCP/RCP in the same undulator line.
The basic radiation performances are theoretically analyzed
and numerically simulated. Furthermore, a large number of
undulator segments is demonstrated to be beneficial for
improving the radiation performance. Then we compare the
scheme in a DLSR and a typical third generation storage
ring. Benefiting from the extremely low emittance, the
DLSR has a significant advantage in improving the
polarization degree or flux under the same polarization
degree. When the space occupied by the phase shifter is
further taken into account, such difference on radiation
performance will be enlarged. The dependency on interval
length can be significantly relaxed in a DLSR. An upper
limit of polarization degree is demonstrated even with an
ultra small acceptance angle. We can conclude that the
proposed scheme should have a much better performance in
a DLSR than the third generation storage ring.

Currently, the fast development of DLSR significantly
reduces the beam emittance, making it possible to reju-
venate segmentally cross-type undulator scheme. Issues
that users may particularly concerned have been discussed
in details. To carry on an energy scan in this scheme, the
photon energy or undulator gap must be calibrated in
advance and synchronized with the monochromator.
Therefore a lot works should be done associating with
the proposed scheme in practice. In addition, increasing the
segment number is demonstrated to be beneficial for
improving the tolerance on beam deviation and obtaining
a stable polarization degree during an energy scan.

However, a large number of segments also will increase
the number of phase shifters, synchronically, has a stringent
requirement on the length of straight section. In our
example, HALF straight section has been used to make
a thoughtful discussion. Under the comprehensive develop-
ment of the storage ring, undulator and phase shifter, it is
worthwhile to expect a switching frequency at least with
dozens of Hz in this scheme. Swapping the phase shifts will
also greatly simplify the following works on optical beam
line. Especially, in a DLSR which has a high beam energy
and a long straight section, the beam emittance can be
further reduced and more undulator segments can be
utilized, then the radiation performance of this scheme
can be further improved. We hope it can offer a new choice
for users to obtain the polarization switching in a DLSR.
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APPENDIX: ELECTRON RADIATION MODEL

To accurately calculate the photon flux, polarization
characteristic and photon beam size, we demonstrate the
electron radiation model based on Lienard-Wiechert poten-
tial of a point charge. In the far-field approximation, the
energy radiated per unit line width, and solid angle, from a
single electron passing through the undulator can be
calculated by

2

/oo nx (i’l Xﬂ)eim(t—mr/c)dt ,

[Se]

2w 2w?

_— = Al
dwdQ  472c (A1)

where n is the unit vector from the electron position to
observation direction, f is the vector of the electron relative
velocity, r is the unit vector of the position of radiation
point. Due to the periodicity of field, the radiation from
adjacent period of undulator differs by one given phase,
which can be given as

A 2w
S=ks|——A, cosf | = :
(ﬁz ) w1 (9>

(A2)

Benefiting from a constant phase difference, the numeri-
cal cost of calculation can be drastically reduced. The
radiation characteristics can be calculated from one period.
In addition, calculating the total flux radiation from
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electron beam should convolute the flux function with the
beam density distribution. The optic slit width (or the
angular acceptance) should also be included in the calcu-
lation. For an electron beam with a standard Gaussian
angular distribution (rms width ¢7,), the angular divergence
of the photon beam can be approximately described as

— 2 2
6, =1\/0; + o).

Here we limit the discussion to a DLSR, in which ¢/, is
much smaller than ¢;.. Thus it is reasonable to replace o, by
o.. The total flux density from the electron beam with
average beam current / is simplified as

(A3)

N
sz _ Iea)2 Zei(’"‘])‘s 2
dwdQ  167°¢)c —
X / “nx (n x B)el*t=nr/e)dr (A4)
_ﬂ’ll/zﬁc

Combined with the equations of magnetic field, velocity
of the electron and the position of the electron below, we
can obtain the flux distribution. The magnetic field on the
axis can be described as

B(z) = {BO sin (?),Bo sin <?+ ¢)sz} (AS)

with the velocity and position of electron

%cos (wpt),

ﬁ“yicos (wot + @),

/)’0{1—#[1(%1(_5

—K? cos (2wyt)

—KZ cos (2wt + 2¢)} }

PoKyc
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With the calculated photon flux, the polarization degrees
can be calculated by

P
L= 2 27
|F.[* +|Fy
ZIm(FxF;)
C=To1 102
|Fo* + | Fy[?
2Re(FxF;)
P e T (A8)
[F> + |Fy P

The most important issue in the proposed scheme is the
superposition/counteraction between radiation fields from
different undulator segments. Both the flux and polariza-
tion degree are sensitive to this mechanism, thus the
transverse deviation of electron beam should be small
enough to reduce the mismatch between the undulator
radiation. Here we assume an electron beam has a small
position deviation (Ap,) and a small direction deviation
(AJ) before the entrance of the undulator. The new angular
radius of the observation angle 6, with respect to the
direction deviation is

L tan A0+ Apy,

0, = arctan<
L

) + A9, (A9)

where L is the distance from the optical source to the
observation position and =+ represents the direction of beam
deviation toward the transverse axis.
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