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APPLE-Knot undulator can effectively solve the on-axis heat load problem and is proven to perform well in VUV
beamline and soft x-ray beamline in high energy storage ring. However, for soft x-ray beamline in a medium energy ring,
whether the APPLE-Knot undulator excels the APPLE undulator is still a question. Here, a merged APPLE-Knot undulator
is studied to generate soft x-ray in a medium energy ring. Its advantages and problems are discussed. Though the on-axis
heat load of the APPLE-Knot undulator is lower in linear polarization modes compared to the APPLE undulator, its flux is
lower. The APPLE-Knot undulator shows no advantage when only fundamental harmonic is needed. However, in circular
polarization mode, the APPLE-Knot undulator shows the ability to cover a broader energy range which can remedy the

notable shortcoming of the APPLE undulator.

Keywords: synchrotron radiation, APPLE-Knot undulator, soft x-ray

PACS: 41.60.AP, 41.85.Lc

1. Introduction

APPLE-Knot undulators,'~* inherited from APPLE[5-]
and Knot!”! undulators, have been proposed to solve the heat
load problem of undulator with high deflection parameter K.
The eight-row APPLE-Knot undulator proposed by Ji et al.!”}
was proven to perform well in the vacuum ultraviolet beamline
BLO3U of Shanghai Synchrotron Radiation Facility (SSRF)
with photon energy ranging from 7 eV to 300 eV.[®] Another
structure proposed by Ji et al. is the merged APPLE-Knot
undulator, which combines the APPLE and Knot magnets
with vector addition of their magnetizations.!”] The merged
APPLE-Knot undulator has higher performance and its struc-
ture is simpler. For both of Ji’s design, it was found that the
polarization decreases when increase gap to generate high en-
ergy photons in vertical polarization mode. To solve this prob-
lem, Zhang et al.'*) proposed a better structure with increased
size of merged magnets to reflect its larger magnetization and
shifted-Knot-rows to achieve a balance between the horizon-
tal and vertical polarization modes. For soft x-ray beamline
in high energy rings, APPLE-Knot undulator also shows good
performance.”) Meanwhile, it is found that the shift of Knot
parts led to a notable net kick for electrons in circular polariza-
tion mode. Yang et al. proposed a new structure to solve this
problem by adjusting the size of the merged magnets with-
out the shift of Knot rows and this method can also remedy
the drop of polarization in vertical polarization mode.!'%! For
soft x-ray beamline in a medium energy ring, for example,
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a 3 GeV ring, because the K value needed is not so high,
whether the APPLE-Knot undulator still excels APPLE un-
dulator and what structure has better performance needs to be
studied. Here the performance of APPLE-Knot undulator to
generate soft x-ray in a 3.0 GeV storage ring is studied. Our
calculations show that for fundamental harmonic in vertical
polarization mode, either the increased size of merged mag-
nets or the shift of the Knot part has little effect on the po-
larization. However, for higher harmonic, they both have a
significant improvement in polarization. For linear polariza-
tion mode, the APPLE-Knot undulator shows similar perfor-
mance as the APPLE undulator when generating fundamental
harmonic and worse performance than the APPLE undulator
when generating the third harmonic. For circular polarization
mode, the APPLE-Knot undulator can cover a wider energy
range, making it a better choice when circularly polarized pho-
tons with a broader energy range are needed, for example, for
a magnetic circular dichroism beamline.
2. Performance of different structures of
APPLE-Knot undulator

First, we investigate the performance of undulators with
different structures. Figure 1(a) shows the structure with in-
creased width of merged magnets. Figure 1(b) shows the struc-
ture with the increased width of merged magnets and shifted-
Knot-rows. The following discussions are based on 3.0 GeV
storage ring energy, 500 mA ring current, 16 mm minimum
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gap, 4.5 m total undulator length and 260 eV to 2000 eV pho-
ton energy range. The root mean square errors of size o and
divergence angle ¢’ of photons generated by undulators are

o =[(1/27*)AL)'?, o' = (A/2L)'/?,

where A and L are the photon wavelength and total length of

U1 In most cases discussed below

the undulator, respectively.
except specially indicated, a 46’ acceptance angle is chosen,
in which 95% photons are included. The length ¢ shown in
Figs. 1(a) and 1(b) is chosen as 6.55 mm so that the minimum
energy of fundamental harmonic in all modes can be lower
than 260 eV. For pure APPLE magnets (white cuboids), a satu-
rated magnetic field near the axis is obtained when width a and
height b are increased to 40 mm and 50 mm. For merged mag-
nets (black cuboids), width a’ is selected as 50 mm to achieve
the maximum photon flux in vertical polarization mode. The
magnetization of the merged magnet is obtained by vector
addition of magnetizations of the APPLE and Knot magnets
and normalized to the remanent magnetization of the magnetic
material. The ratios of magnetizations of the APPLE and Knot
parts are chosen as 3.22 and 2.94 for structures in Figs. 1(a)
and 1(b), corresponding to a rotation angle of 17.22° and
18.78°, to achieve as high photon fluxes of the third harmonic
as possible in both vertical and circular polarization modes
while the on-axis heat load is below 100 W. The clearances
between adjacent magnets are 3.5 mm in the x direction and

Fig. 1. Structures of a period of (a) APPLE-Knot undulator with larger
merged magnets, (b) APPLE-Knot undulator with larger merged magnets
and shifted-Knot-rows, (c) APPLE undulator. The black cuboids rep-
resent the merged magnets and the arrows represent the magnetization
directions.

0.5 mm in the z direction. The magnetization of all the mag-
nets is chosen as the remanent magnetization of NdFeB, which
is 1.33 T. All the magnetic fields and radiation properties are
calculated using the RADIA'?] and SPECTRA 3] programs.

Both structures have similar performances in horizontal
and circular polarization modes. In vertical polarization mode,
they also perform similarly when generating the fundamental
harmonic. The fluxes are almost the same and the polariza-
tions can maintain above 99%. However, the difference occurs
when generating the third harmonic. As shown in Fig. 2, the
polarization of the structure with shifted-Knot-rows is higher
than 97.1% while the other is only 93.7%. So, the shift of the
Knot rows is still necessary when higher vertical polarization
of the third harmonic is needed.
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Fig. 2. Polarization of the third harmonic photons of different APPLE-
Knot undulator structures in vertical polarization mode.

3. Comparison with APPLE undulator in differ-
ent modes

APPLE-Knot structure shown in Fig. 1(b) is used for
comparison in this section because of its better performance
discussed before. The parameters a, b, and ¢ of the APPLE
undulator shown in Fig. 1(c) are chosen as 40 mm, 50 mm
and 6.6 mm to get less than 260 eV energy of fundamental
harmonic in all modes and a saturated magnetic field near the
axis.

When the rows of APPLE-Knot undulator at the positions
are shown in Fig. 1(b), it is in horizontal polarization mode
and horizontally polarized photons will be produced. In this
case, our calculations show that a high linear polarization in
the 45° direction relative to the x axis (PL4s) is get, which
damages the horizontal polarization. By shifting row 2 and
row 4 by —0.34,/8 and 0.34,/8 respectively in the z direc-
tion, where A, is the period of the APPLE part, PLys can be
reduced to less than 1% and the horizontal polarization can
reach 99.9% for all photon energies in different gaps. As
shown in Fig. 3(d), when the gap is set as 20 mm, the en-
ergy of fundamental harmonic can reach 256 eV. To switch
from horizontal to vertical polarization mode, row 2 and row 4
need to be shifted by 4.5, /8 and —4.5A, /8 to maximize the
vertical polarization and minimize PL4s at minimal gap. As
shown in Fig. 3(e), the energy of the fundamental harmonic
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can reach 252 eV for a 16 mm gap with a vertical polarization
of 99.9%. The rows need to shift different values for different
gaps to get maximum vertical polarizations. When open gap
to 45 mm to increase the energy of the fundamental harmonic
to 1269 eV, the shifts of row 2 and row 4 need to be changed
to 44, /8 and —44,,/8 to achieve a maximum vertical polariza-
tion of 99.8%. To switch from horizontal to circular polariza-
tion mode, row 2 and row 4 need to be shifted by 2.2, /8 and
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2.6A,/8 for a 18 mm gap. As shown in Fig. 3(f), the energy
of the fundamental harmonic is 254 eV with a circular polar-
ization of 99.9%. When open gap to 45 mm to increase the
energy of fundamental harmonic to 1247 eV, these shifts need
to be changed to 2.4, /8 and 2.8, /8 to achieve a maximum
circular polarization of 99.3%. Here, the rows also need to
shift different values for different gaps to get maximum circu-
lar polarizations.
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Fig. 3. Magnetic fields and performance of APPLE-Knot undulator with the structure shown in Fig. 1(b) at gaps of 20 mm, 16 mm and 18 mm in
horizontal, vertical and circular modes. (a)-(c) Magnetic fields in horizontal, vertical and circular polarization modes. (d)—(f) Fluxes (left axis)
and polarizations (right axis) in horizontal, vertical and circular polarization modes at different photon energies.

Table 1. Main performances of APPLE and APPLE-Knot undulators in
different polarization modes with normal 46’ acceptance angle.

Polarization mode =~ APPLE  APPLE-Knot
horizontal 34x105  3.0x10
Flux around 260 eV orlz:)nla 33 x 1015 25 x 1015
(ph/s/0.1%BW) vertea S
circular 5.8x10°  3.7x10
horizontal 165 81
Heat load around or12fon 1a 162 1
260 eV (W) vertica
circular 6.9 26
horizontal 47x 10" 33x10"
Flux at 2000 eV Omtfmf i x 0 1 x o
.0 X 2Z X
(ph/s/0.1%BW) vertica "
circular - 2.3x 10
hori 1 11 .
Heat load at orlz:)ntla 1 2 z
2000 eV (W) vertica :
circular - 6.6

Magnetic fields, fluxes and polarizations of APPLE-Knot
undulator at gaps of 20 mm, 16 mm and 18 mm in horizontal,
vertical and circular modes are shown in Fig. 3. Comparison
of fluxes and heat loads of fundamental and the third harmonic
photons between APPLE and APPLE-Knot undulators with
40’ acceptance angle in different modes with different photon
energies are shown in Fig. 4. Main performances of APPLE
and APPLE-Knot undulator are shown in Table 1. Electron
velocities in the x—y plane of APPLE and APPLE-Knot undu-
lators in different modes at gaps to generate fundamental har-
monic with photon energy around 260 eV are shown in Fig. 5.

For horizontal polarization mode, as shown in Fig. 5(d),
the electron beam velocities in the x—y plane always deviate

from the undulator axis by greater than 0.1 mrad. As shown
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in Figs. 4(a) and 4(d), the heat load inside the 0.093 mrad x
0.093 mrad acceptance solid angle is 81 W at 256 eV, which is
about 49% of APPLE undulator’s while the flux is about 90%

of that of APPLE undulator. The flux of the third harmonic ex-
ceeds the fundamental one when the photon energy is higher
than 1200 eV with a horizontal polarization of 99.8%.

Energy (eV)
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Fig. 4. Fluxes and heat loads with 46’ acceptance angle at different photon energies of APPLE and APPLE-Knot undulators in different modes.
(a)—(c) Fluxes of fundamental harmonic (solid line) and the third harmonic (dashed line) of APPLE (red) and APPLE-Knot (blue) undulators in
horizontal, vertical and circular polarization modes. (d)—(f) Heat loads of fundamental harmonic (solid line) and the third harmonic (dashed line)
of APPLE (red) and APPLE-Knot (blue) undulators in horizontal, vertical and circular polarization modes.

For vertical polarization mode, as shown in Fig. 5(e), the
0.4 | | _ electron beam velocities in the x—y plane always deviate from
the undulator axis by greater than 0.1 mrad. As shown in
Fig. 4(e), the heat load inside the 0.093 mrad x 0.093 mrad ac-
ceptance solid angle is 51 W at 252 eV, which is about 31% of
that of the APPLE undulator. As shown in Fig. 4(b), the flux of
APPLE-Knot undulator is about 85% of APPLE undulator’s at
252 eV and decreases to 45% at 1269 eV because of the imbal-
anced magnetic field in vertical polarization mode. As shown
in Fig. 6, the magnetic field of the APPLE part in vertical po-
larization mode (blue solid line) is weaker than that in hori-
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|
o
~
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zontal polarization mode (red dashed line) while the Knot part
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horizontal magnetic field component attenuates more quickly

Fig. 5. (a)-(c) Electron velocities in the x—y plane of APPLE undulator in than the vertical magnetic field component when Increasing

horizontal, vertical and circular polarization modes. (d)—(f) Electron ve-
locities in the x—y plane of APPLE-Knot undulator in horizontal, vertical
and circular polarization modes.

the gap because the gap is always larger than the magnet clear-
ance in the x direction, and the situation becomes worse with
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a larger gap. A feasible way to solve this problem is widen-
ing the acceptance angle. When the acceptance solid angle
increased to 56’ (0.11 mrad) at 252 eV photon energy, the flux
is the same as that of the APPLE undulator. Meanwhile, the
vertical polarization is higher than 99% and the heat load is
71 W, which is only 43% of APPLE’s.

0.6F& Horizontal Vertical APPLE-V
B, -e- -
—o-

0.5
~ 0.4
H
—~ 0.3r
Q

0.2

0.1+

I I 1 I
600 800 1000 1200

Energy (eV)

I
800 400

Fig. 6. Maximum magnetic fields of APPLE-Knot undulator in horizontal
(red), vertical (blue) polarization mode and APPLE undulator in vertical
(green) polarization mode with different photon energies of the funda-
mental harmonic.

APPLE-Knot undulator diminishes the on-axis heat load
by reducing the intensity of higher harmonics, which results in
its weaker ability to generate on-axis third harmonic photons
in linear polarization modes compared to the APPLE undu-
lator. For the third harmonic in vertical polarization mode,
as shown in Fig. 4(b), the flux of APPLE-Knot undulator is
about 60% of APPLE’s at 760 eV and decreases to about 26%
at 2000 eV with 46’ acceptance solid angles and the polar-
izations are always above 97.1%. By setting the acceptance
angle as 0.129 mrad x 0.129 mrad at all photon energies to get
fluxes as high as possible and to maintain the heat load below
100 W, the flux becomes about 114% of APPLE undulator’s at
760 eV and decreases to 75% at 2000 eV as shown in Fig. 7.
Meanwhile the vertical polarization can always remain above
95.2%.

_% 1.4+ APPLE APPLE-Knot —140
I Flux - - - —
— 1.2 Heat load O 1120 ~
S 1.0 J100 &
=08 80 3
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Energy (eV)

Fig. 7. Fluxes (left axis) and heat loads (right axis) of the third harmonic
of APPLE (red) and APPLE-Knot (blue) undulators in vertical polariza-
tion mode. Dashed lines, hollow circles and solid line, solid circles repre-
sent fluxes and heat loads of normal 46" and larger 0.129 mrad acceptance
angles.

For circular polarization mode, as shown in Fig. 4(f), the
heat load of APPLE-Knot undulator inside the 0.093 mrad x

0.093 mrad acceptance solid angle is 26 W at 254 eV, which
is a bit higher than 6.9 W of APPLE undulator. Meanwhile,

as shown in Fig. 4(c), its flux is about 64% of APPLE undu-
lator’s at 254 eV and increases to 81% at 1247 eV. Its circu-
lar polarization can remain above 99.3% for all photon ener-
gies. For circular polarization mode, the fluxes of the funda-
mental harmonic of both APPLE and APPLE-Knot undula-
tors decrease quickly when increasing the gap. The APPLE
undulator can only generate fundamental harmonic in circu-
lar polarization mode, which makes it cannot cover a broad
photon energy range. However, the APPLE-Knot undulator
has a considerable flux of the third harmonic in circular po-
larization mode because the distribution of electron velocities
is distorted from perfect circular shape as shown in Fig. 5(f).
As shown in Fig. 4(c), its flux of the third harmonic exceeds
the fundamental one above 1200 eV photon energy and de-
creases to 2.3 x 10'% ph/s/0.1%bw at 2000 eV with the circu-
lar polarization above 99.4%. To get a higher flux, it is still
possible to increase the acceptance angle. As shown in Fig. §,
with a larger 0.131 mrad x 0.131 mrad acceptance angle, the
flux of the third harmonic arises to 6.3 x 10'# ph/s/0.1%bw at
2000 eV with the heat loads and circular polarizations always
lower than 100 W and higher than 98.4%.

& 2.0 T T T T T T 140
Q
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= 9]
< 5}
Z 0.5 — Flux 40 T
ol e Heat load —20
— | ! | ! | ! |
@ 0
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Energy (eV)

Fig. 8. Fluxes (solid line, left axis) and heat loads (solid circles, right axis)
of the third harmonic of APPLE-Knot undulator in circular polarization
mode with 0.131 mrad acceptance angle.

4. Wide energy range in circular polarization
mode

For APPLE undulator in circular polarization mode, the
flux of the fundamental harmonic decreases rapidly with in-
creasing gap. It is even worse that its third harmonic flux is
negligibly small, which makes its narrow energy range a seri-
ous problem. APPLE-Knot undulator becomes a better choice
when circularly polarized photons in a broad energy range are
hoped. For example, at beamline 07U of SSREF, circularly po-
larized photons from 70 eV to 1900 eV are generated by two
different APPLE-II type undulators for x-ray magnetic circu-
lar dichroism (XMCD) measurements. It is possible to use
only one APPLE-Knot undulator to replace these two AP-
PLE undulators with enough flux. In the following discus-
sions, parameters of SSRF are used, which are 3.5 GeV stor-
age ring energy and 300 mA ring current. Parameters a, b,
and ¢ of two APPLE undulators with the structure shown in
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Fig. 1(c) are a = 70 mm, b = 70 mm, ¢ = 9.45 mm for low en-
ergy range (APPLE1 undulator) and @ = 40 mm, b = 50 mm,
¢ = 6.75 mm for high energy range (APPLE?2 undulator) with
4.8 m total undulator length. The clearances between adjacent
magnets are 3.5 mm in the x direction, 1.8 mm and 0.5 mm
in the z direction, respectively. The minimum gaps are 21 mm
and 16.5 mm, respectively. As shown in Fig. 10(a), the funda-
mental harmonic can cover 70 eV-1200 eV for the low energy
range and 275 eV-1900 eV for the high energy range. Circular
polarization can remain above 99.9% for all photon energies.

Our calculations show that the original merged APPLE-
Knot undulator has better performance in generating the third
harmonic in circular polarization mode. For both the origi-
nal merged APPLE-Knot undulator and the one with shifted-
Knot-rows structures, either larger or smaller width of merged
magnets (a # a') results in a lower flux of the third harmonic
in circularly polarized mode, so in the following discussion
we only need to consider the case of a = a’. With 4.8 m un-
dulator length and 16 mm minimum gap, the parameters a,
b and c of both undulators shown in Figs. 1(a) and 1(b) are
a=d =40 mm, b = 50 mm, ¢ = 8.7 mm with the same con-
siderations discussed before. The clearances between adjacent
magnets are selected as 3.5 mm and 0.5 mm in the x and z di-
rections. The ratios between the magnetizations of the APPLE
and Knot components are chosen as 3.57 and 4 respectively for
original and shifted-Knot-rows undulators, which correspond
to rotation angles of merged magnets as 15.65° and 14.04°
to achieve maximum flux of the third harmonic at 1900 eV.
Comparation of fluxes between the original merged APPLE-
Knot undulator and the one with shifted-Knot-rows is shown
in Fig. 9. For the original merged APPLE-Knot undulator,
the flux of the fundamental harmonic is a bit lower than that
with shifted-Knot-rows while the third harmonic is obviously
higher. The flux of the third harmonic exceeds the fundamen-
tal one from 1400 eV photon energy. Circular polarization can
remain above 99.3%.
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Fig. 9. Comparation between the fluxes of the merged APPLE-Knot un-
dulators in circular polarization mode with the original and shifted-Knot-
rows structures.
Comparation of fluxes of the original merged APPLE-
Knot undulator and two APPLE undulators with normal 46’
acceptance angle is shown in Fig. 10(a). The APPLE-Knot

one can cover the whole energy range with fluxes higher
than 1.1 x 10'* ph/s/0.1%bm, higher than the minimum 1.0 x
10'* ph/s/0.1%bm flux of APPLE’s. To increase the flux of
the third harmonic of the APPLE-Knot undulator, a larger ac-
ceptance angle of about 150" can be chosen. The polarization
is always above 96% and the heat load is below 100 W. The
same acceptance angle is chosen for the APPLE undulator at a
high energy range. As shown in Fig. 10(b), though the flux of
APPLE undulator is higher than that of APPLE-Knot for pho-
tons below 1890 eV, the decline rate of the third harmonic’s
flux of APPLE-Knot is much smaller than that of the funda-
mental harmonic of APPLE undulator. Flux of APPLE-Knot
undulator reaches 3.0 x 10'% ph/s/0.1%bm at 1900 eV while
that of APPLE is only 2.5 x 10'% ph/s/0.1%bm. The above re-
sults clearly show that the APPLE-Knot undulator can cover a
wider energy range.
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Fig. 10. Comparation between fluxes of two APPLE undulators and one
APPLE-Knot undulator to generate circularly polarized photons with
(a) normal 46’ and (b) larger 156" acceptance angle.

5. Conclusion

For the APPLE-Knot undulator of soft x-ray beamline in
a medium energy ring, shifted-Knot-rows are still necessary to
get higher polarization of the third harmonic photons in ver-
tical polarization mode. In horizontal polarization mode, its
flux is almost the same as that of the APPLE undulator with
a lower on-axis heat load. However, its flux in vertical mode
is lower than that of the APPLE undulator, especially for the
third harmonic, which makes it no advantage over the APPLE
undulator, provided that the 160 W on-axis heat load of the
APPLE undulator is not a serious problem. In circular po-
larization mode, the APPLE-Knot undulator has good perfor-
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mance to overcome the narrow energy range problem of the
APPLE undulator, making it a better choice when broad en-
ergy range circular polarized photons are indispensable.
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