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Magnet material improvements

NdFeB   Br =          1.15T                      1.25/1.26T 1.37T
2000 2010 2018

Sm2Co17 Br =          1.1T                                      1.18T

Dy diffusion Tb diffusion

• at room temperature with high coericity of Hcj = 2400kA/m

NdFeB   Br =                                  1.6T @ 135K                        
2000 2010 2018

PrFeB   Br =                                                                  1.7T @ 77K or lower

• at cryogenic temperatures with huge coericities  Hcj > 5000-6000 kA/m

Br: strength       Hcj: stability, i.e. radiation hardness



Magnet improvements: Temperature

stability
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Dy or Tb diffusion to increase coercivity

Magnet improvements: Diffusion



Br                                                           Hcj

high field ➪ small period                              high stability  ➪ small gaps

CPMU cryogenic permanent magnet undulator
Hcj: 2400kA/m                > 6000kA/m
Br:   1.3T                         1.7T

use dBr/dT and  dHcj/dT

Magnet improvements: Temperature



Magnet improvements: Diffusion
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Period length for 17.5 GeV

Electron 
Energy 
[GeV]

period 
length
[mm]

gap [mm]
vacuum

Br [T] K - value Photon Energy 
[keV]
Kmax – K = 1

17.5 15 4.4 1.25 1.2 113 SwissFEL RT 
S38EH

17.5 15 3.0 1.25 1.8 74

17.5 15 4 1.7 1.76 76 CPMU

17.5 20 5 1.7 2.39 37-100

17.5 22 5 1.7 2.84 26-88 SmCo: K =1.3

17.5 25 5 1.7 3.5 16-78 SC: K = 3.93

17.5 35 7.5 1.7 3.76 10-55 SC: K = 3

magnetic gap = vacuum gap + 0.2mmm



SwissFEL: undulator concept

soft x-ray variable polarization
APPLE II   

twin UE56  (<- BESSY II)
UE54 soft & tender x-ray
fixed gap UE44

quasi-periodic elm

SLS 2.4 GeV

hard x-ray 
in - vacuum (<- SPring-8)

work horses: U19   -> 20keV
CPMU U14             -> 30keV

gap min = 4mm, 2m long 

2.9 - 3.4 GeV SwissFEL 2 – 5.8 (7) GeV

soft x-ray  variable polarization
APPLE-X  

UE38, Chic Modes 

in - vacuum
U15   3mm, 4m long  -> 12keV
U10   sc ?!  (2025 ff)  -> 36keV



construction phase I
2013-2016 2.  Konstruktionsphase

2017-2020 

Linac 3Linac 1Injector Linac 2

ATHOS 0.7-5nm

ARAMIS 0.1-0.7 nm0.35 GeV 2.0 GeV 2.9-3.15 
GeV

2-5.8 GeV

user 
stations2.9-3.4 GeV

BC1 BC2

SwissFEL in a nutshell
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SwissFEL ARAMIS U15



SwissFEL U15 

chamfered pole pieces
block keeper extruded & sliced
flexor keeper design
precise tuning with adjustable wedge

new design:

closed O-shaped frame

wedge based gap drive

staggered bellow array





SwissFEL: Aramis U15



Laser based SAFALI Measurement systems1):

1st without tank: trajectory and phase

2nd inside tank: phase and calibration field vs gap

Senis Hall probe, linear motor

laser based axes stabilization

Juri 2.0

Senis Hall probe, piezo stepper

laser based axes stabilization

PSI measurement benches

1) SAFALI concept by T. Tanaka



U15 optimization step 1: center the axis

measure axial B
differential screws in columns



U15 opt. step 2: long range errors



U15 opt. step 2: long range errors



U15 opt. step 2: long range errors



Yuri 2.0 automated optimization

Yuri 2.0 automated optimization

U15 opt. step 3: local errors 



after 1st Yuri run

U15 opt. step 3: local errors 



after 3rd Yuri run

U15 opt. step 3: local errors 



IDs for SwissFEL: Aramis U15

for the future:
automated correction also in the vertical plane
i.e. after every block keeper to straighten the trajectory only
horizontal and phase to be corrected as it was



Aramis U15 Series Performance

SPEC <10°
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VAC

Hitachi

Hitachi*



Undulator Performance: magnet strength

VAC

Hitachi



from in-vac to CPMU

cryogenic in-vacuum undulators differ in

columns: tubes instead of massive rods, 

LN2 to room temperature at columns and flexible taper
(remark: at SwissFEL we have no flexible taper at all
but shrinking inner I-beam will increase the gap
-> wakefield studies or flexible taper

flexible taper is the foil (or better a second piece of foil)
for EUXFEL required because of MHz reptition rate?

cooling by cryo cooler or cold head 



SLS CPMU14  T = 135K!

Challenges:
shrinking of columns: direct gap measurements
measurements under vacuum 
Experience: phase error changes can be recovered

Benefit for FEL:  higher K-value or larger gap
very high coercivity and expected radiation hardness



In-situ Measurement / Optimization Bench

Screw robot

Hall probe



SwissFEL Outlook

phase 1 (2013-2016)
phase 2  (2017-2020) 

Linac 3Linac 1Injector Linac 2

ATHOS 0.7-5nm

ARAMIS 0.1-0.7 nm0.35 GeV 2.0 GeV 3.15 GeV 2-5.8 GeV

user 
stations2.9-3.4 GeV

BC1 BC2

phase 3 (2025-2029)

2-7  GeV

PORTHOS 0.03-0.7 nm

Undulator: U10 K = 2.4



SC undulator performance
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magnetic gap = 4.0mm  
E.R. Moog, R.J. Dejus, and S. Sasaki , Light 
Source Note: ANL/APS/LS-348
James Clarke, FLS 2012, March 2012

NbTi electromagnetic undulators mature technology
APS and KIT/BN

Techniques for measuring the field at cryogenic temperature as well as shimming to
achieve compatible phase errors have been demonstrated

Nb3Sn

prototypes LNBL, APS

training behaviour to be understood



field is proportional to expð"g=!uÞ. Thus, we introduced
the normalized undulator field B0

0, which is defined by
B0
0 ¼ B0 % expð"4=10Þ=expð"g=!uÞ. Here, B0

0 represents
the expected undulator field at 4mm gap and 10mm period.
BHSAU has the higher B0

0 than other types even at 20K; the
higher performance will be expected if the improvements in
HTS material maintain the same pace.

In the calculation, critical current densities of 5 kA/mm2

at 20K and 10 kA/mm2 at 4K were assumed. If a 5mm
period and 2 T undulator field BHSAU is realized, a 10 keV
X-ray fundamental can be obtained from a 3GeV electron
beam and 9th harmonics from an electron beam of less than
1GeV. Alternatively, high-energy X-rays (80–1000 keV)
can be obtained if BHSAU is used in conjunction with a
high-energy electron beam.

The experimental setup is as follows. Figure 2 shows
a prototype of the undulator. The prototype was installed in
a vacuum chamber, in which the prototype is thermally in
contact with a helium-gas pipe. The chamber was placed in a
2 T superconducting solenoid aligned so that the central axis
of the undulator coincided with that of the solenoid. The
cooling system of the undulator is independent of that of the
superconducting solenoid, and can be changed from around
5 to over 77K by adjusting the helium flow rate and heater
current. The prototype features include six periods, 10mm
period (!u), and 4mm gap (g) (other parameters are given
in Ref. 23). For the six-period prototype, twelve bulk HTSs
are located in a staggered array configuration, supported
by copper supports. The HTS material is QMG-GdBCO,
from Nippon Steel Corporation,24) in which nanoparticles
of Gd2Ba1Cu1O5 (211) are distributed in a Gd1Ba2Cu3O7""

(123) crystal to enhance its magnetic properties in trapping a
high field, known as field pinning. The critical temperature
Tc is around 90K. The bulk HTS is roughly semicircular
with radius Rs of 12.5mm; the dimensions in x, y, and z are
about 24.7, 10.5, and 5mm, respectively. The measurements
were performed at around 6K. A Hall-effect probe and
Gaussmeter (Lake Shore HGCT-3020 and Model 460,
respectively) were used to measure the y-component of the
magnetic field along the z-axis ByðzÞ. These devices were

calibrated in the field range from "2 to 2 T and over a
temperature range from 4 to 300K. The total probe error of
less than 4% arises from position inaccuracies, finite volume
of active area, calibration residual, and from the Gaussmeter.
The measurement increment in the z-direction was 0.508mm.

Measurements were performed under zero-field cooling
(ZFC) and field cooling (FC) conditions. These are imple-
mented by controlling the bulk HTS temperature and the
solenoid field independently. In ZFC, the solenoid field Bs

was zero before superconducting transition of bulk HTSs,
and changed to a target value after cooling bulk HTSs down
to 6K. In FC, Bs of "2T was applied before the transition,
and changed to the target value after cooling. We define !Bs

as the change in the solenoid field before transition and
measurement. For instance, !Bs ¼ 3T at Bs ¼ þ 1T under
FC conditions.

Figure 3 shows the y-field along the z-axis ByðzÞ at various
!Bs under FC conditions. The sinusoidal By, i.e., the
undulator field, was successfully generated. Reproducibility
of the field was confirmed after the temperature increases

Table I. Comparison between BHSAU and other undulators.

IVU1) CPMU21) LTS22) BHSAU19)

20K 4K 20K 4K

Period !u (mm) 11 9 15 10 10

Gap g (mm) 3.3 2.5 6 4 4

B0 (T) 0.68 1.45 1.46 1.6 3.2

B0
0 (T) 0.62 1.28 1.46 1.6 3.2

Rs

λu

g

Bulk HTS

Copper
z

y

x

Fig. 2. Six-period, 4mm gap (g) and 10mm period (!u) prototype of
BHSAU (with centimeter ruler). Twelve bulk HTSs were positioned in a
staggered array configuration.

Fig. 3. Measured field profile in the prototype at various solenoid fields
under FC condition.

z

y

x

Solenoid Field

Undulator Field
Bulk HTS and
its magnetization
by supercurrent

Fig. 1. Schematic diagram of a BHSAU.

R. Kinjo et al.Appl. Phys. Express 6 (2013) 042701

042701-2 # 2013 The Japan Society of Applied Physics

GdBCO short prototype
31

above the transition temperature. Furthermore, the undulator
field scale changed with !Bs. The undulator field amplitude,
B0, defined as the average amplitude of variation in By,
reached a value of B0 ¼ 0:85T. The bulk dimensions in
x- and y-directions were not sufficiently large to reach the
expected performance;19) however, even with this small
prototype, the undulator field was stronger than those for
existing shortest-period IVUs (B0 ¼ 0:68T with 11mm
period and 3.3mm gap25)).

Variation of peak field, a barometer of the undulator field
uniformity, were 1–3% without any field correction such
as magnet sorting. We tolerated 15% individual differences
of the critical current density of the bulks at shipment time,
while it can be reduced by performing triage. Furthermore,
the critical current density was inhomogeneous in the
sample. The reason why the variation of peak field were
much less than the individual differences is the following.
The bulks have almost the same intensity of magnetization
independently of its critical current density. From Bean’s
critical state model, the current density in the bulk HTS
is equal to the critical current density (J ¼ "Jc) or zero
(J ¼ 0), and current starts flowing from the outer periphery
of the bulk to negate the field change inside the bulk. In a
low-Jc bulk, the current-flowing layer is large; in a high-Jc
bulk, the current-flowing layer is small. Therefore, the bulks
have almost the same intensity of magnetization; the varia-
tion of peak field was reduced to much less than the
individual difference of bulks. Quantitative discussions are
difficult with the measured data; thus we introduce related
numerical results.26) Although only one bulk was assumed to
have a different critical current density from the others, the
calculation showed that the difference between the peak
amplitude near the bulk and the average amplitude is sup-
pressed to 1/7–1/5 in the difference of the critical current
density. The experiment result was consistent with the
numerical calculation. This phenomenon that the appearance
of the individual difference of magnets to the undulator field
is automatically suppressed, is not seen in other undulators
and can be an advantage of BHSAU. Particularly in the
high-field undulator, because the absolute field error to
be corrected is also high, the field correction based on the
intrinsic property of superconductor, which has an effect at
a constant rate in any critical current density, is important.

The situation is different when current flows almost
everywhere in the bulk, i.e., saturation. Due to the finite
volume of the bulk, the amount of loop current is limited by
volume and Jc. As the intensity of magnetization of the bulk,
which has lower Jc, approaches saturation, the difference in
magnetization between low-Jc and high-Jc bulks become
larger. Investigation of the field correction method using the
knowledge about HTS will be an important topic especially
if BHSAU is used under a condition close to saturation.

Although the leak of the magnetic flux from the bulk HTS
called flux creep is one of the main concerns of the HTS
application, no significant decrease of the undulator field
amplitude was observed after 30min. However, because the
undulator application often requires stability at a high level,
the more precise temporal change of the field and the
application of flux-creep suppression27) will be studied.

Figure 4 shows B0 dependence on Bs under both ZFC and
FC conditions. B0 increased with an increase in solenoid

field. However, at a high solenoid field in FC, B0 did not
increased linearly. Although the bulks were not saturated
under this condition, the current-flowing layer in the bulks
extended in the y-direction far from the z-axis; thus, the
field on the z-axis did not increase with an increase of
the depth of the current-flowing layer. B0 increases until
full saturation. It is reasonable extrapolation that a strong-
solenoid, large-bulk and optimized-geometry BHSAU sur-
passes and even equals CPMU and LTS wire undulator, as
estimated numerically. Furthermore, the field in BHSAU
becomes higher if bulk HTS with a higher critical current
density is developed.

Also, in Fig. 4, B0 at Bs ¼ þ2T for ZFC and B0 at Bs ¼
0T for FC are almost the same, where !Bs is 2 T under both
conditions. In other words, B0 was independent of Bs but
dependent on !Bs. This result is explained as follows.
Because the critical current density of QMG-GdBCO does
not have a large field dependence at 6K,28) the critical
current density at any point in any bulk HTS is almost
constant irrespective of the field at the point. In the case
when !Bs monotonically increases, since the current density
is the same as the critical current density, the amount of
loop current and its distribution inside the bulk HTS are
always the same whenever !Bs is the same. Because the
y-component of the field is only generated by the current in
bulks, B0 therefore depends not on Bs but on !Bs.

In the case when !Bs decreases from a point, B0

decreases with a decrease of !Bs. The loop current in
inverse direction starts flowing from the periphery of the
bulk and the loop current in the original direction flows
inside of the bulk. Thus, the B0 curves at the increase and the
decrease of !Bs are different in a precise sense.

From the above results, one easily finds that any com-
bination of the solenoid field before and after the supercon-
ducting transition can generate an undulator field corre-
sponding to !Bs. This brings two benefits: one is that the
required solenoid field to generate the same strength in
the undulator field can be reduced by a factor that is half for
FC; the other is that Bz under operating conditions in an
accelerator is tunable because Bz depends on Bs and !Bs.
This has potential in resolving the largest problem of
conventional staggered-array undulators, stemming from

Fig. 4. Dependence of the undulator field on the solenoid field under ZFC
(red circles) and FC (black squares) conditions.

R. Kinjo et al.Appl. Phys. Express 6 (2013) 042701

042701-3 # 2013 The Japan Society of Applied Physics

field is proportional to expð"g=!uÞ. Thus, we introduced
the normalized undulator field B0

0, which is defined by
B0
0 ¼ B0 % expð"4=10Þ=expð"g=!uÞ. Here, B0

0 represents
the expected undulator field at 4mm gap and 10mm period.
BHSAU has the higher B0

0 than other types even at 20K; the
higher performance will be expected if the improvements in
HTS material maintain the same pace.

In the calculation, critical current densities of 5 kA/mm2

at 20K and 10 kA/mm2 at 4K were assumed. If a 5mm
period and 2 T undulator field BHSAU is realized, a 10 keV
X-ray fundamental can be obtained from a 3GeV electron
beam and 9th harmonics from an electron beam of less than
1GeV. Alternatively, high-energy X-rays (80–1000 keV)
can be obtained if BHSAU is used in conjunction with a
high-energy electron beam.

The experimental setup is as follows. Figure 2 shows
a prototype of the undulator. The prototype was installed in
a vacuum chamber, in which the prototype is thermally in
contact with a helium-gas pipe. The chamber was placed in a
2 T superconducting solenoid aligned so that the central axis
of the undulator coincided with that of the solenoid. The
cooling system of the undulator is independent of that of the
superconducting solenoid, and can be changed from around
5 to over 77K by adjusting the helium flow rate and heater
current. The prototype features include six periods, 10mm
period (!u), and 4mm gap (g) (other parameters are given
in Ref. 23). For the six-period prototype, twelve bulk HTSs
are located in a staggered array configuration, supported
by copper supports. The HTS material is QMG-GdBCO,
from Nippon Steel Corporation,24) in which nanoparticles
of Gd2Ba1Cu1O5 (211) are distributed in a Gd1Ba2Cu3O7""

(123) crystal to enhance its magnetic properties in trapping a
high field, known as field pinning. The critical temperature
Tc is around 90K. The bulk HTS is roughly semicircular
with radius Rs of 12.5mm; the dimensions in x, y, and z are
about 24.7, 10.5, and 5mm, respectively. The measurements
were performed at around 6K. A Hall-effect probe and
Gaussmeter (Lake Shore HGCT-3020 and Model 460,
respectively) were used to measure the y-component of the
magnetic field along the z-axis ByðzÞ. These devices were

calibrated in the field range from "2 to 2 T and over a
temperature range from 4 to 300K. The total probe error of
less than 4% arises from position inaccuracies, finite volume
of active area, calibration residual, and from the Gaussmeter.
The measurement increment in the z-direction was 0.508mm.

Measurements were performed under zero-field cooling
(ZFC) and field cooling (FC) conditions. These are imple-
mented by controlling the bulk HTS temperature and the
solenoid field independently. In ZFC, the solenoid field Bs

was zero before superconducting transition of bulk HTSs,
and changed to a target value after cooling bulk HTSs down
to 6K. In FC, Bs of "2T was applied before the transition,
and changed to the target value after cooling. We define !Bs

as the change in the solenoid field before transition and
measurement. For instance, !Bs ¼ 3T at Bs ¼ þ 1T under
FC conditions.

Figure 3 shows the y-field along the z-axis ByðzÞ at various
!Bs under FC conditions. The sinusoidal By, i.e., the
undulator field, was successfully generated. Reproducibility
of the field was confirmed after the temperature increases

Table I. Comparison between BHSAU and other undulators.

IVU1) CPMU21) LTS22) BHSAU19)

20K 4K 20K 4K

Period !u (mm) 11 9 15 10 10

Gap g (mm) 3.3 2.5 6 4 4

B0 (T) 0.68 1.45 1.46 1.6 3.2

B0
0 (T) 0.62 1.28 1.46 1.6 3.2
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Fig. 2. Six-period, 4mm gap (g) and 10mm period (!u) prototype of
BHSAU (with centimeter ruler). Twelve bulk HTSs were positioned in a
staggered array configuration.

Fig. 3. Measured field profile in the prototype at various solenoid fields
under FC condition.
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Fig. 1. Schematic diagram of a BHSAU.

R. Kinjo et al.Appl. Phys. Express 6 (2013) 042701
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λu = 10mm gap = 4.0mm

R.Kinjo et al., Applied Physics Express 6 (2013) 04270

field is proportional to expð"g=!uÞ. Thus, we introduced
the normalized undulator field B0

0, which is defined by
B0
0 ¼ B0 % expð"4=10Þ=expð"g=!uÞ. Here, B0

0 represents
the expected undulator field at 4mm gap and 10mm period.
BHSAU has the higher B0

0 than other types even at 20K; the
higher performance will be expected if the improvements in
HTS material maintain the same pace.

In the calculation, critical current densities of 5 kA/mm2

at 20K and 10 kA/mm2 at 4K were assumed. If a 5mm
period and 2 T undulator field BHSAU is realized, a 10 keV
X-ray fundamental can be obtained from a 3GeV electron
beam and 9th harmonics from an electron beam of less than
1GeV. Alternatively, high-energy X-rays (80–1000 keV)
can be obtained if BHSAU is used in conjunction with a
high-energy electron beam.

The experimental setup is as follows. Figure 2 shows
a prototype of the undulator. The prototype was installed in
a vacuum chamber, in which the prototype is thermally in
contact with a helium-gas pipe. The chamber was placed in a
2 T superconducting solenoid aligned so that the central axis
of the undulator coincided with that of the solenoid. The
cooling system of the undulator is independent of that of the
superconducting solenoid, and can be changed from around
5 to over 77K by adjusting the helium flow rate and heater
current. The prototype features include six periods, 10mm
period (!u), and 4mm gap (g) (other parameters are given
in Ref. 23). For the six-period prototype, twelve bulk HTSs
are located in a staggered array configuration, supported
by copper supports. The HTS material is QMG-GdBCO,
from Nippon Steel Corporation,24) in which nanoparticles
of Gd2Ba1Cu1O5 (211) are distributed in a Gd1Ba2Cu3O7""

(123) crystal to enhance its magnetic properties in trapping a
high field, known as field pinning. The critical temperature
Tc is around 90K. The bulk HTS is roughly semicircular
with radius Rs of 12.5mm; the dimensions in x, y, and z are
about 24.7, 10.5, and 5mm, respectively. The measurements
were performed at around 6K. A Hall-effect probe and
Gaussmeter (Lake Shore HGCT-3020 and Model 460,
respectively) were used to measure the y-component of the
magnetic field along the z-axis ByðzÞ. These devices were

calibrated in the field range from "2 to 2 T and over a
temperature range from 4 to 300K. The total probe error of
less than 4% arises from position inaccuracies, finite volume
of active area, calibration residual, and from the Gaussmeter.
The measurement increment in the z-direction was 0.508mm.

Measurements were performed under zero-field cooling
(ZFC) and field cooling (FC) conditions. These are imple-
mented by controlling the bulk HTS temperature and the
solenoid field independently. In ZFC, the solenoid field Bs

was zero before superconducting transition of bulk HTSs,
and changed to a target value after cooling bulk HTSs down
to 6K. In FC, Bs of "2T was applied before the transition,
and changed to the target value after cooling. We define !Bs

as the change in the solenoid field before transition and
measurement. For instance, !Bs ¼ 3T at Bs ¼ þ 1T under
FC conditions.

Figure 3 shows the y-field along the z-axis ByðzÞ at various
!Bs under FC conditions. The sinusoidal By, i.e., the
undulator field, was successfully generated. Reproducibility
of the field was confirmed after the temperature increases

Table I. Comparison between BHSAU and other undulators.

IVU1) CPMU21) LTS22) BHSAU19)

20K 4K 20K 4K

Period !u (mm) 11 9 15 10 10

Gap g (mm) 3.3 2.5 6 4 4

B0 (T) 0.68 1.45 1.46 1.6 3.2

B0
0 (T) 0.62 1.28 1.46 1.6 3.2
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Fig. 2. Six-period, 4mm gap (g) and 10mm period (!u) prototype of
BHSAU (with centimeter ruler). Twelve bulk HTSs were positioned in a
staggered array configuration.

Fig. 3. Measured field profile in the prototype at various solenoid fields
under FC condition.
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Fig. 1. Schematic diagram of a BHSAU.
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Top = 6.0 K



Planar HTS staggered array

contract signed for a test structure with 6 -
10 periods (University of Cambridge)



2D Comsol Simulation



Helical Undulator - Double Staggered Array
34

Field cooling in a 10T solenoid 
background field, yields about √2×1.6T 
undulator field after driving the solenoid 
to 0T

4.2K

BzBxBy



Conclusion PPM Undulator Technology

room temperature PPM undulators state of the art FELs
out of VAC: LCLS and EuXFEL
in vac: SPring-8, PAL, SwissFEL

CPMU @ LN2 state of the art at storage rings
field increase and radiation hardness, proven technology

qualifies them also for FEL application
in competition with sc undulators

R&D advanced HTS undulator schemes 
for really small periods in combination with high K-values
“ppm like“ schemes
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Operational Aspects: 
more than 1 gain length per undulator!
U15 spontaneous radiation

•Monochromator Energy Scan over the third harmonic, from 

6345eV to 6465eV, in steps of 15eV, using Si111 crystals.

• SR from SARUN15 observed on MCP at K = 1.2

1 2 3

4 5 6

7 8 9



Individual Pointing Direction

Need to fine adjust K and electron trajectory in the individual undulators

SARUN03 SARUN04 SARUN05

SARUN08

SARUN06

SARUN10

SARUN07

SARUN13

SARUN11 SARUN12SARUN09

SARUN15SARUN14

• Undulator being measured set to K = 1.2, with the rest at K = 0.072 (full open)
• The monochromator was set to 6375eV, third harmonic, using Si111 crystals. 
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SwissFEL in a nutshell



SwissFEL UE38  (APPLE X)



UE38 keeper block

Serial block
4 periods each



UE38 keeper block

Flexor +- 50μm

Preload

Differential screw





Cu chamber supported by undulator
• galvanic on silicon hose, electro polished

round or elliptical up to 2:1
• tubes from goodfellow

- soldered
- welded

diameter              5.0mm
wall thickness      0.2mm
magnet aperture 6.5mm
minimum gap       3.0mm
surface roughness: Ra 0.5μm

after process optimization

Ultra-thin Vacuum chamber for UE38



Hydraulik Drive for shift gap axis

Hydraulik driven Cylinder as alternative to motor/spindel drive system

System: Bosch Rexroth 4WRPDH
valve with integrated regulation and interfaces or μ-controller with valve

resolution valve: 0.001%
cycle time:  <1ms

https://www.boschrexroth.com/de/de/produkte/produktgruppen/industriehydraulik/stet
igventile/regel-wegeventile/direktgesteuert/integrierter-achsregler/iac-multi-
ethernet/iac-multi-ethernet

regulations:
• position
• force
• pressure
• positon/pressure, position/force
connecitons:
EtherCAT, EtherNet, PROFINET, …

https://www.boschrexroth.com/de/de/produkte/produktgruppen/industriehydraulik/stetigventile/regel-wegeventile/direktgesteuert/integrierter-achsregler/iac-multi-ethernet/iac-multi-ethernet


Hydraulic Test setup



U15 prototype results

Magnet array needs to be unmount to install in vacuum vessel



Maximum performance of CPMU 

PrFeB, Br = 1.7T



K vs period for 100keV photon energy

4mm gap 
with CPMU

3mm gap 
with CPMU

SwissFEL
U15 4mm gap

SwissFEL
U15 3mm gap

period

K



for new undulators

design without outer I-beam
individual drives at every column
wedge based, hydraulic, ....

benefits: gap dependent fine tuning
compact, price


