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Preface

The 11" International Conference on Mechanical Engineering Design of Synchrotron Radiation
Equipment and Instrumentation (MEDSI) took place from July 26-29, 2021, in virtual format on
the Whova virtual conference platform. This conference, known as MEDSI2020, was originally
scheduled as an in-person conference on July 13-17, 2020, in downtown Chicago. Due to the
COVID-19 pandemic, the in-person conference was postponed a year to July 26-30, 2021.
However, with the ongoing pandemic and travel restrictions, we finally had to change the
conference to a virtual format. This important biennial conference was hosted by the Advanced
Photon Source (APS), Argonne National Laboratory in the United States. MEDSI provides a forum
for engineers from facilities around the world to meet and share their experience. The conference
topics include insertion devices, storage rings, front ends, beamlines, optics, end station
instrumentation, and core technology development in vacuum, cryogenic, optics, and precision
mechanics.

This is the first ever MEDSI virtual conference. We tried hard to make the virtual conference as
interactive as it can be. We retained all original in-person conference elements including the
industrial exhibition. We had about 440 registered attendees, the highest in MEDSI history, and
many of the attendees were college students. We had 169 submitted abstracts (talks + posters).
The conference featured 4 keynotes, 4 invited talks, 24 contributed talks, and 8 poster sessions
with 15-18 posters at each session. We also had 22 industrial exhibitors/sponsors, and many of
them had a very well-designed virtual exhibition booth filled with product information, photos, and
video. Some exhibitors hosted live-streamed events. We had a great conference, and we learned
to interact with each other virtually during this trying time.

Finally, | want to take this opportunity to thank all the members of the Local Organizing Committee,
the Local and International Scientific Program Committee, the International Organizing
Committee, all session chairs and co-chairs, and, of course, the industrial exhibitors and
participants for all of their work that made this conference a success.

YWk A5~

Yifei Jaski

MEDSI2020 Conference Chair
Advanced Photon Source
Argonne National Laboratory
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BM18, THE NEW ESRF-EBS BEAMLINE FOR HIERARCHICAL
PHASE-CONTRAST TOMOGRAPHY

F. Cianciosit, A.L. Buisson, P. Tafforeau, P. Van Vaerenbergh
European Synchrotron Radiation Facility (ESRF), Grenoble, France

Abstract

BM18 is an ESRF-EBS beamline for hierarchical to-
mography, it will combine sub-micron precision and the
possibility to scan very large samples. The applications
will include biomedical imaging, material sciences and
cultural heritage. It will allow the complete scanning of a
post-mortem human body at 25 pum, with the ability to
zoom-in in any location to 0.7 um.

BM18 is exploiting the high-energy-coherence beam of
the new EBS storage ring. The X-ray source is a short tri-
pole wiggler that gives a 300mm-wide beam at the sample
position placed 172m away from the source. Due to this
beam size, nearly all of the instruments are developed in-
house. A new building was constructed to accommodate
the largest synchrotron white-beam Experimental Hutch
worldwide (42x5-6m). The main optical components are
refractive lenses, slits, filters and a chopper. There is no
crystal monochromator present but the combination of the
optical elements will provide high quality filtered white
beams, as well as an inline monochromator system. The
energy will span from 25 to 350 keV.

The Experimental Hutch is connected by a 120m long
UHV pipe with a large window at the end, followed by a
last set of slits. The sample stage can position, rotate and
monitor with sub-micron precision samples up to 2,5x0.6m
(H x Diam.) and 300kg. The resulting machine is 4x3x5m
and weighs 50 tons. The girder for detectors carries up to 9
detectors on individual 2-axis stages. It moves on air-pads
on a precision marble floor up to 38m behind the sample
stage to perform phase contrast imaging at a very high en-
ergy on large objects.

The commissioning is scheduled for the beginning of
2022; the first “friendly users” are expected in March 2022
and the full operation will start in September 2022.

BM18, HIERARCHICAL PHASE-CON-
TRAST TOMOGRAPHY

General Concept

BM18 is a project that developed within the ESRF-EBS
project. It aims at benefiting from the new capabilities of
the “bending magnet (BM)” X-ray sources from the new
lattice. Indeed, the ESRF-EBS is reaching a new level in
terms of X-ray coherence in a storage ring. The progress is
impressive for undulators in the straight sections of the ma-
chine, but in fact, the smallest possible X-ray sources (and
then the highest spatial coherence) are obtained using short

T ciancios@esrf.fr

Beamlines and front ends

Beamlines

wigglers installed on the BM ports of the previous ma-
chine. As coherence depends on the X-ray source size and
of the distance between the sample and the source, the
BM18 concept has been developed to combine the smallest
possible X-ray source with the longest possible beamline
at the ESRF (220m in total).

The ESRF has a long tradition of X-ray full-field imag-
ing at high energy, especially using propagation phase con-
trast. During the past two decades, important efforts have
been made in order to increase the maximum size of the
sample from a few mm up to about 20 cm in diameter and
50 cm vertically.

X-ray Source

This new beamline will allow a dramatic increase of
sample sizes (up to 0.7m in diameter, 2.5m vertically and a
total weight of 300 kg), while also increasing the sensitiv-
ity, especially at high energy. The source was then selected
as a tripole wiggler with the central pole at 1.56T (the two
lateral poles being at 0.85T) in order to produce a continu-
ous X-ray spectrum optimized for very hard X-rays.

Optical Scheme

The beamline has been designed to be operated only in
polychromatic mode in order to maximize the average us-
able energy, as well as to preserve the coherence as much
as possible. The optical scheme is then based on mirror pol-
ished filters with different materials (C, SiO2, A1203, Al,
Ti, Cu, Mo, Ag, W, Au), with different thicknesses and
shapes allowing the energy to be tuned from 25 keV to 350
keV. In addition, several systems of inline monochromators
have been implemented using refractive lenses and high
precision slits to be able to tune the bandwidth and beam
geometry when needed. A chopper is integrated in order to
fine tune the beam power without changing its spectrum.
All in all, these optical combinations bring most of the
functionalities from a classical insertion device beamline
with a moveable gap, even if BM18 will be on a fixed gap
system.

Experimental Hutch

Considering the large energy range and foreseen appli-
cations, the experimental hutch has been designed to be as
long as possible (45m). This allows a propagation distance
up to 38m between the centre of the sample and the most
distant position of the detectors. The extremely small size
of the X-ray source on this beamline makes it possible to
exploit this long propagation distance for pixel size down
to 13 um. For smaller pixel sizes, the propagation distance
can be reduced as required.

MOI002
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Detectors and Automation

The main purpose of this new beamline is to offer a
highly automated multi-resolution platform to investigate
large samples through a hierarchical approach. The differ-
ent detectors (up to 9 in total, covering from 100pm down
to 0.7um) will all be based on indirect detector principle.
A scintillator screen is observed by CMOS sensors via dif-
ferent optical mounting systems (microscope, zoom, tan-
dem optics, macro optics). These various optics will be in-
stalled on a large motorized detector stage that will be able
to move along the entire hutch on a polished marble floor.
The concept is to automatically change from one configu-
ration to the next, without having to enter the hutch, mak-
ing it possible to zoom-in anywhere on a sample via a
graphical user interface.

Applications

BM18 will make hierarchical imaging possible in a large
range of diverse samples, as well as high-throughput imag-
ing of a large series of samples. The main scientific topics
that motivated the construction of BM18 are material sci-
ences (for both academic and industrial applications), cul-
tural heritage (especially palacontology which is a long
standing tradition at the ESRF), as well as more recently
geology, and biomedical imaging. This last topic emerged
recently on BM18 following the covid-19 pandemic when
it appeared that this beamline would have the capabilities
to completely scan a human body (post-mortem), with an
accuracy that’s never been reached, and with the possibility
to zoom-in down to the cellular level using the hierarchical
imaging system.

The last important topic on BM18 is the industrial appli-
cations that span across many different fields, even if the
material sciences remain the dominant topic.

BEAMLINE COMPONENTS

The components of the beamline are grouped into two
zones, the ones located in the Optical Hutch (OH) and the
ones in the Experimental Hutch (EH). They are connected
by a 120m in-vacuum transfer pipe.

The first hutch is the OH (Fig. 1). It is a shielded hutch
in the ESRF Experimental Hall, located in the vicinity of
the storage ring and front-end wall. It contains 4 sets of
slits, 15 axis of filters, 2 sets of lenses (1D and 2D respec-
tively), a chopper, a beam enlarger and the safety and vac-
uum standard beamline equipment.

The second zone is the EH. It is placed in a new remote
satellite building in order to put the sample at the maximum
possible distance (172m) from the source on the ESRF site.
It contains the final window, a last set of slits, two sample
stages for tomography (the large one and a smaller one
equivalent to the systems already installed on BM0S5, ID19
and ID17 at the ESRF) and the detectors on a movable
girder (Fig. 2).
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Figure 1: Optical hutch layout.
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Figure 2: Experimental hutch layout.
Optical Hutch Slits

Four sets of identical slits are placed in the Optical
Hutch. The design, including manufacturing drawings, was
made by the ESRF. The construction was assigned to CI-
NEL S.R.L. (Italy). The characteristics are listed in Table
1, and the design is shown in Fig. 3.

The main technical difficulty was to make a vertical scan
with a minimum gap of 10 um. As the vertical blades are
100 mm wide, the wobbling around the beam axis shall be
in the order of 10 prad. This result was obtained by: a)
guiding the blades by precision rails put directly in vacuum
and well-spaced carriages, b) careful cooling to reduce
thermal deformation, ¢) actuating one of the blades with
respect to the other, to have a motor to set the position and
a second one to set the offset. This permits the beam to be
scanned with nearly absolute constant aperture.

The motors (2-phase stepper) have very high reduction
ratio gearboxes to ensure the irreversibility of the stages,
leading to very high resolution (0.25 pm/step horizontally,
0.15 pum/step vertically) but relatively small maximum
speed.

The test carried out by the supplier and repeated at the
ESRF indicated that the maximum wobbling is about 20
urad. This value is slightly higher than expected but small
enough to ensure the proper functioning. The lower than
expected performance could be due to a relatively bad run-
ning parallelism of the guides.

—
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Figure 3: OH slits.

2D (2x1D) Cross-Lenses

The 2x1D Cross Lenses shown on Fig. 4 are composed
of two sets of lenses: a horizontal block and a vertical
block. Each of these blocks can hold two micro-lens chips
intended to be made from sapphire, silicon or glassy car-
bon, with the dimensions: 100x50x2mm. The chips are
clamped into water-cooled copper blocks and can be actu-
ated along 5 degrees of freedom thanks to a stack of linear
and rotary stages. To increase the thermal conductivity be-
tween the chip and the copper blocks, a pyrolytic graphite
sheet is inserted (which can withstand a temperature of
400°C instead of the standard indium which would melt on
the chip). The homogenous 2MPa pressure is obtained,
over the whole chip, thanks to an assembly of 32 spring-
pistons forming an elastic “bed”.

Each motor is linked via a copper thermal braid to a wa-
ter-cooled loop to avoid a global heating of the positioning
system.

The ESRF has made the design and carried out the as-
sembly.

1D lenses
(from ID19)

6

In-vacuum
5axis stages

2D cross lenses |
(new design) -

3 cooling loops
{ for lenses and

~ willis
Spring “bed” to optimize :
the contact pressure 1

Figure 4: 2D Cross lenses — spring bed.
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Attenuators

The attenuators system is composed of 5x3 movable axis
(3 chambers with 5 axis each) carrying 3 types of filters of
various materials. The filters have 3 possible shapes: a)
thin sheet (up to Smm thickness in the beam direction), b)
blocks (from 5 to 100mm), ¢) rods (Smm diameter, with the
cylinder axis placed horizontally, normal to the beam).

conceptual design of the chamber and axis was made by
the ESRF, while the detailed design and manufacturing was
assigned to CINEL S.R.L.

The ESRF has made the detailed designed of the brack-
ets for the filters. The challenge was managing the cooling
of different types of filters and many materials, keeping the
design simple and affordable. The mechanical solution to
hold thin filters is a simple copper bracket, cooled by water.
For the other types (blocks and rods), a multilayer design
was selected, alternating the filters with water cooled
blocks of copper and uncooled intermediate plates (Fig. 5).

Brackets
{{f for rods

— i

L :

Bracket [ : Bracket for |/
] for blocks E i thin filters {8

Figure 5: Attenuators.

Chopper

The aim of the chopper in BM18 is to reduce the average
power of the beam without changing the beam characteris-
tics, by cutting the beam temporally.

The design (Fig. 6) is based on 2 rotating wheels, in
which radial slots reduce half of the total contact surface
with the impinging beam. When the slots of the 2 wheels
are aligned and are in rotation, 50% of the beam can pass
through. When the phase difference is equal to the slot step,
no beam is transmitted. The intermediate beam position al-
lows the power to be adjusted between 0% and 50%. The
entire beam can pass through when the wheels are aligned
and stopped with a slot in the beam position. The requested
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aperture frequency is 2 kHz. As the wheels have 100 slots,
the angular velocity is 20rps -1200rpm.

The wheels are rotated together by a stepper motor. They
are cooled by forced airflow, placed outside the vacuum
chamber; a magnetic feedthrough transmits the torque. The
phase is adjusted with a mechanism that transforms the ax-
ial movement of one-wheel in respect to the other to an an-
gle, using the principle of a long pitch threading. The
wheels are made in tungsten alloy. The cooling is secured
only by radiating from a water-cooled cage located be-
tween the wheels and the chamber. As the temperature of
the wheels can rise up to 200°C, ceramic bearings are used.
The complete design was made internally at the ESRF,
including the manufacturing drawing. The instrument was
produced and assembled by Alca Technology S.R.L. (It-

aly).

Magnetic L
feedthrough

Stepper
motor

Water cooled shielding

2 tungsten discs

'
System to transform axial
displacement in phase difference

| Aperture set by e
—| phase difference ;

Figure 6: Chopper.
Window

A large window (in development) will be placed at the
end of the transfer pipe in the OH. Its role is to separate the
vacuum part of the beamline from the in-air part, with the
minimum impact on beam quality and intensity. Table 1
contains the main requirements for the design of the win-
dow.

Several possible materials were investigated. Finding
one with a high transparency to X-rays, low thickness and
possibility of mirror polishing at a reasonable price is chal-
lenging. The best material candidate is 1050’ series alumin-
ium (even if reducing the thickness to a reasonable value
in terms of X-ray absorption is challenging) and beryllium
(for this material the challenges are the safety and cost).
Vitreous Carbon was also studied and samples were tested
however, this material was not available in the required di-
mensions.

In order to start the operation of the beamline as soon as
possible, a preliminary smaller beryllium window
(330x30x0.6mm), was installed.
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Table 1: Window Specifications

Requirement Dimension
Beam dimension 360x200mm
Max thickness (Z=13) 2 mm
Max thickness (Z=6) 6 mm

Mirror polishing Ra min=0.1 pm
Homogeneity @ tomography resolution (0.5 pm)
Radiation resistance

Vacuum pressure mechanical resistance

Low leak rate for UHV

Safety (resistance to impacts...)

Good thermal conductivity and high T resistance

Experimental Hutch Slits

A large set of slits (Fig. 7) is settled at the very beginning
of the EH. The whole assembly, and its nitrogen chamber
(300kg total weight), are fixed on the concrete wall, to re-
serve space on the floor for the Sample Stage and its mov-
able floor.

The main characteristic of this set of slits is its large di-
mensions, as the beam can have dimensions of
400x200mm. The minimum gap of 50 pm needs high pre-
cision guiding (max yaw error 12 um), and fine resolution
(0.5 um/step). To reduce the thermal deformation on the
edge of the slits the 20mm-thick tungsten blades have an
inner cooling loop that should reduce the thermal bump to
Sum. All of the translated parts are lubricated with a special
radiation-resistant grease (Lubcon - Turmotemp I11/400
CL2).

The whole design is owned by the ESRF and produced
by KINKELE GmbH & Co KG (Germany).

7| Aluminum
structural plate [~

N2 chamber Lead part of

blades for
enlarged beam

e

Precision tungsten
blade edges for
thin beam

¥ W,
Micrometric screws
= for precise alignment

Figure 7: Experimental hutch slit.
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Sample Stage

The Sample Stage is used to position and rotate a large
sample in the beam in order to perform tomography. The
combination of high precision and large (and heavy) sam-
ples is very challenging from a mechanical point of view
(Table 2).

The ESRF made a call for tender to assign the supply of
this machine to a single supplier, LAB Motion Systems
(Belgium).

The proposed machine, currently in construction,
(Fig. 8) weights approximately 50T and it will be placed in
a 70m3 pit at the beginning of the EH. The main structure
is made from steel, and the translation axies are obtained
with balls linear rails and balls screws (Fig. 8).

The most innovative part is the air bearing spindle. It is
based on 3 rotating air-pads on a granite table to hold the
axial load (sample weight + magnetic preload). A central
air bearing holds the axial load. A counterweight system is
added to avoid static eccentricity, which can affect the
sphere of confusion. The stage over the spindle is con-
nected with a kinematic mount to avoid the propagation of
deformations.

A metrology system was added to continuously monitor
the sample error and use this information for data correc-
tion and to adjust the position of the counterweight. This
system is composed of 8 capacitive sensors (6 axial and 2
radial, normal to the beam) mounted on a kinematic sup-
port, targeting a quasi-kinematic ring machined on the top
plate of the spindle stage. The kinematic mounts should
avoid transmitting the deformation of the spindle itself and
provide the pure location of the rotation axis.

The Z stage is actuated by 4 vertical ball-screws, in order
to finely level the Y stage and ensure verticality of the to-
mography axis.

Sample

Stages to

= define the
B tomography
axis

= 1 Spindle pads
418 and metrology
: ﬁ system

L
% ,-'ﬁ Z stage (4
vertical screws

+ 2 rails)

i| Steel structure

Levelling system

Figure 8: Sample stage.
Detector Supports

Each of the 6 “generic” detectors are placed on an indi-
vidual 2 axis positioning stage. This allows the detector po-
sition to be adjusted laterally and vertically through the
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Table 2: Sample Stage Specifications

Data Dimension
Max sample weight 300 kg
Max sample dimensions H=2.5m, D=0.6 m
Z stage stroke 25m
Y stage stroke +/- 0.7 m
Z-Y stage precision 10 um
Sample positioning on spindle ~ +/- 0.3 m
Spindle sphere of confusion 0.5um @2.5m

beam and the removal from the beam when using the
downstream detectors. All of the stages are mounted on a
unique girder (5.5x1.9m) that moves 30m along the beam
axis.

The girder was designed by the ESRF. It is composed of
a granite table (produced by Zali S.R.L., Italy), supported
by a steel structure (made by Nortemecanica, Spain [1]),
sustained by precision air-pads on a stone tiled floor. A
THK JR45 rail is used to guide the movement. The motion
is driven by a friction wheel located between the structure
and the floor (Fig. 9). The air-pad system is being studied.

The system is supplemented by an additional carriage on
wheels for the electronics racks. This separation minimizes
the thermal deformation of the girder and reduces the load
on the precision air-pads.

Additional
space

Stage for 2 detectors
closer to the sample

Top plate
in granite

Tender for
electronics

&
racks ’ } T
o) = =T
Payload weight: ~3T [l

= Total weight: 8T
=
: R -
5 N#
S = 6 “generic” b =

detector stages i

Figure 9: Detectors girders and stages.
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OVERCOMING CHALLENGES DURING THE INSERTION DEVICE
STRAIGHT SECTION COMPONENT PRODUCTION AND TUNING PHASE
OF THE ADVANCED PHOTON SOURCE UPGRADE*

J. Lerch{, Argonne National Laboratory-Advanced Photon Source (APS), Lemont, IL 60439, USA

Abstract

The Advanced Photon Source Upgrade (APS-U) scope
for insertion devices (IDs) and ID vacuum systems is ex-
tensive. Thirty-five of the 40 straight sections in the storage
ring will be retrofitted with new 4.8-meter-long Supercon-
ducting Undulators (SCUs) or a mix of new and reused Hy-
brid-Permanent Magnet Undulators (HPMUs). All 35 ID
straight sections will require new vacuum systems and new
HPMU control systems. Production is well underway at
multiple manufacturing sites around the world for these
components. Simultaneously, ID assembly and HPMU tun-
ing is occurring onsite at Argonne National Laboratory
(ANL). In addition to component production and assem-
bly/tuning activities, our team also started the ID swap out
program at the Advanced Photon Source (APS) in late
2020. This program allows us to remove HPMUs intended
for reuse from the APS storage ring and retune them to
meet the APS-U magnetic specifications to reduce the tun-
ing workload during the dark year. These activities have
presented technical and logistical challenges that are as
unique as the components themselves. Additionally, the
ongoing Covid-19 pandemic presented unforeseen chal-
lenges that required new work processes to be created to
sustain pace and quality of work while maintaining the
high workplace safety standards required at Argonne. This
paper will summarize the many challenges encountered
during the project and how they were overcome.

INTRODUCTION

The APS-Upgrade (APS-U) project plan calls for the
current APS 40-sector storage ring (SR) to be retrofitted
with a new 6 GeV, 200 mA storage ring optimized for
brightness above 4 keV. 35 of the 40 sector straight sections
will be dedicated to insertion devices (ID) which will pro-
duce photons at various energies to ID beamline users
based on their needs. The APS-U ID group is responsible
for upgrading equipment within the straight sections for the
upgrade. The group’s extensive scope can be broken up
into three main technical areas: Hybrid Permanent Magnet
Undulators (HPMUs), Superconducting Undulators
(SCUs), and ID Vacuum systems (IDVS). The following
sections will detail each areas scope, major challenges en-
countered during production, and solutions to those chal-
lenges.

*This research used resources of the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility at Argonne
National Laboratory and is based on research supported by the U.S. DOE
Office of Science-Basic Energy Sciences, under Contract No. DE-ACO02-
06CH11357.

T jlerch@anl.gov
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HPMU

Scope

HPMUs are the main type of ID utilized in the APS-U.
30 out of 35 straight sections will be equipped with at least
one HPMU. This requires our group to deliver 55 HPMUs
for which 12 are the revolving type. Of the 55 HPMUS re-
quired for the APS-U, 32 will be new period devices and
23 will be made from existing period magnet structures
harvested from devices currently in use. The harvested de-
vices will require retuning to meet APS-U magnetic speci-
fications. All HPMUs require new motors and control sys-
tem due to the obsolescence of the current motors and con-
trols currently in use at the APS.

Challenges and Solutions

There have been many major challenges associated with
the HPMU scope. Our group is required to deliver 55
HPMUs for installation to the Removal and Installation
group (R&I) prior to the start of commissioning. We have
also encountered issues during assembly of the HPMUs
that occurred prior to sending the devices for tuning. Fi-
nally, our tuning facility has limited space for device tuning
given the aggressive timetable required to meet our deliv-
ery schedule.

Schedule The APS-U ID group project schedule is one
of our largest challenges. We are required to deliver all 55
HPMUs, canting and phase shifter magnets, and ID control
system to the R&I group prior to the start of commission-
ing. We implemented two strategies to meet our schedule:
pre-tune new period devices and swap out reused periods
during maintenance periods.

Pre-tuning new period devices will allow our team to
tune all new period magnet structure sets to the APS-U
magnet requirements. New period devices represent the
largest subset of HPMU s that need to be delivered. To ac-
complish this, our group has procured 6 additional gap sep-
aration mechanisms (GSM) from our central shops. After
the magnetic structure set (MSS) is assembled onto one of
the spare GSM, our tuning group tunes the MSS to meet
APS-U magnetic requirements. The MSS is then removed
from the GSM and stored until the start of dark time when
it can be assembled onto the GSM that will be installed into
the storage ring. The MSS cannot be considered “final
tuned” until it has been installed onto the GSM it will be
installed with due to minor variations in deflection that oc-
cur between different GSM. The exception to this is the re-
volver HPMUs, which our group redesigned the GSM as
part of the design phase of the APS-U. This allows us to
assemble the MSS onto the unique revolver GSM, which
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in turn can be final tuned and then stored until R&I is ready
to take possession for installation in the storage ring. The
only additional tuning that will need to occur with this de-
vice, and this is true for non-revolving HPMUs as well, is
to account for the center phase shifter for revolver HPMUs
that will be installed in the inline configuration.

The strategy for the reused period devices is slightly dif-
ferent. Reused period devices represent a smaller subset of
the overall quantity of HPMUs to be delivered prior to the
start of commissioning. Our group is utilizing the remain-
ing maintenance periods leading up to the dark year to
swap out devices that are intended for reuse. Swap out is a
logistically challenging exercise, as it requires coordina-
tion between APS operations (OPS) and the APS-U. The
process begins with APS-U delivering a completed device
to APS OPS prior to the start of a maintenance period. The
device is an exact match to the device that will be swapped
(i.e., same type of GSM and same MSS). APS OPS then
remove the device that is installed in the storage ring and
replaces the device with the exact match delivered by APS-
U. The removed device has it is MSS retuned to meet both
APS and APS-U magnetic specifications. The retuned de-
vice is then delivered back to APS OPS for swap with a
device in a different sector. This process is repeatable for
most devices; however, a subset of swapped devices re-
quires swapping of the MSS and GSM which can compli-
cate the process. This challenge will be further described
in the next section.

Assembly Assembly activities mainly involve assem-
bling new period devices or reassembling reused devices
removed during a maintenance period as part of the swap
out program. Additionally, activities can require quality
checks (QA) of manufactured assemblies upon delivery
from the vendor as a pre-determined amount of time in the
procurement contract. Challenges we have encountered
during assembly activities are typically logistical or tech-
nical in nature.

Logistical issues arise due to late deliveries from manu-
facturers and sudden manpower needs by APS OPS. To try
and mitigate this issue we require vendors to meet with the
responsible technical team weekly. While this does not
eliminate delays, we have found that it helps uncover de-
lays sooner so that we can update our high-level schedule
to accommodate the delays and reprioritize work accord-
ingly. Unfortunately, this strategy does not work when
sharing manpower with APS OPS. OPS require matrixed
staff to support operations whenever an emergency arises
that threatens the facilities ability to provide usable syn-
chrotron radiation to users. Due to the nature of the need,
notice is often extremely short or non-existent. To deal with
this challenge, technicians and engineers were hired to spe-
cifically support the upgrade. These staff support OPS only
during maintenance ID swaps. They maintain productivity
when emergency situations occur that require OPS staff to
support the current APS operations.

Technical issues arise when assembling multiple mag-
netic periods simultaneously. These issues can be in the as-
sembly of the MSS or the GSM. For the MSS, the
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challenge of assembling different periods simultaneously
arises from the use of different fasteners and components
for each MSS. For example, if the wrong fastener or torque
is used, then the magnetic pole could be irreversibly dam-
aged. To minimize the risk of error each MSS is docu-
mented in our Component Database (CDB) [1]. This al-
lows our technicians and engineers the ability to identify
what components, drawings, and specifications are re-
quired to assemble the MSS. We also prepare and stage
components for each magnetic period near where the spe-
cific MSS is being assembled to avoid the risk that compo-
nents for another magnetic period will be mixed in. For the
GSM, the challenge is in identifying mechanical issues oc-
curring within the GSM that are difficult to identify by eye
or with conventional gauges. One example would be a gas
spring that isn’t providing the correct spring force. This can
lead to an issue referred to as “clunk” where the MSS sud-
denly jolts during operation when the magnetic attractive
force is overtaken by gravity while opening the magnetic
gap. This leads to unreliable reads from the linear encoders
which complicates user operation. To deal with this issue,
the technical lead for APS-U ID controls has written a
script that allows an engineer the ability to compare the ro-
tary encoder output to the linear encoder output [2]. Alt-
hough determining the specific mechanical cause (i.e., gas
spring, lead screw misalignment, etc.) discovered by this
script is still being developed, allows us to identify me-
chanical problems in the GSM before the device is tuned
or installed in the storage ring.

Tuning Tuning represents a large challenge for the APS-
U. For the APS-U, large volume of different period devices
needs to be tuned in a short period of time. Most of these
devices are new period devices which our team have little
or no experience tuning. Additionally, our facility only has
one 6- and 3-meter bench for tuning activities, limiting ca-
pacity for multiple measurements to occur at a single time.
Our tuning team has implemented automatic tuning algo-
rithms and phase error based tuning methods to overcome
these issues. These techniques have been used on 24 de-
vices thus far for APS-U with great success. More detailed
information on these techniques can be found in the fol-
lowing [3-6].

SCUS

Scope

Eight SCUs are required to be delivered to R&I for in-
stallation, however, they must be delivered prior to the start
of the dark year. Six of the eight SCUs have a magnetic
period of 16.5 mm while the remaining two have a mag-
netic period length of 18.5 mm. Four of the SCUs are ar-
ranged in a colinear arrangement. The other four SCUs are
canted devices. More information on details of the new de-
sign can be found in [7].

Challenges and Solutions

Although the SCUs represent a smaller part of the over-
all project scope, significant challenges are still present as
we progress with production. Specifically, there are large
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challenges in manufacturing the magnet cores to specifica-
tion and challenges associated with assembling the device.

The new magnet cores in the colinear devices are each
approximately 1.9 meters long. The flatness tolerance
across the length of the cores is difficult for most vendors
to hold. Additionally, footed poles are periodically required
across the length of the core to help ensure pole contact
with the impregnation mold guide plate. This is to give
added confidence that epoxy will not build on the pole face,
which could allow for contact conduction between the vac-
uum chamber operating at 20K and the 4K magnet cores.

The first attempt to solve these issues was to pursue two
different magnet core designs with two different vendors.
Both vendors had great difficulty is meeting the project
schedule, and the cores ended up being delivered behind
schedule. Additionally, once the cores were delivered, our
team discovered that the areas near the footed poles on both
designs were prone to shorts during winding. This had not
been experienced on previous SCUs. The team quickly
worked to solve both issues by coming up with a design
that did not require footed poles. This required an alteration
to the potting mold as well. This new design was used for
canted SCU core periods. After award, the vendor for both
sets of cores noted that the new design will be simpler to
machine and that the simplicity of the design opened addi-
tional machines the vendor could use to manufacture the
cores. More detailed information on the magnet core man-
ufacturing can be found in [§].

ID VACUUM SYSTEM
Scope

35 IDVS require re-design and replacement. Separate
vacuum systems are required for the HPMUs and SCUs
due to the extreme difference in operating temperature. The
small magnetic gap of the undulator and the minimum ap-
erture allowed in the storage ring require extremely thin
walls in both IDVS. The HPMU IDVS has a minimum wall
thickness of 0.6 mm while the SCU IDVS has a minimum
wall thickness of 0.4 mm. All IDVS are required to be fab-
ricated and delivered before the start of the dark year.

Challenges and Solutions

One challenge both IDVS have in common is in per-
forming the welding of aluminum joints to the labs strict
weld standards. We require the welds meet spec AWS
D17.1 class B or better standards. Given the thin wall of
the joint being welded, this necessitates little to no porosity
in the weld. The vendors awarded the contracts had great
difficulty achieving these standards initially. The solution
to this issue was to have our weld engineer become in-
volved in our weekly vendor meetings. Our weld engineer
was able to identify small details in the vendors weld pro-
cess that was causing issues with minimizing porosity in
the welds. We also worked with the vendor to provide ad-
ditional resources so that they could produce additional
weld samples and incorporate additional x-ray scans into
their process. Both first article IDVS were delivered within
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specification. The following will now describe challenges
that were specific to each IDVS for the HPMUs and SCUs.

HPMU IDVS The main challenges that were present
during the design and production of the new HPMU IDVS
were mainly based around the manufacturing of the main
vacuum chamber. Our physics requirements for the APS-U
storage ring necessitated the minimization of welded
joints. This required the design to be fabricated from a sin-
gle extrusion. This included the aperture transitions that
needed to occur at the ends of the chamber. To accomplish
this, we worked with two vendors to develop multiple
methods to machine and plunge electrical discharge ma-
chining (EDM) the cone into the ends of the extrusion. We
then worked with our physics group to identify which so-
lution presented the best environment for the stored beam.
Our physics group selected the machined cone, and the
group that produced the feature ended up being awarded
the total manufacturing contract for the chamber. More in-
formation on the HPMU IDVS first article can be found in
[9].

SCU IDVS The main challenge with the SCU IDVS was
handling and integrating the chamber into the cold mass.
The chamber arrives on a support structure due to its small
cross section and thin wall. There is also a bimetal joint on
each end that is very delicate. During assembly, our team
discovered that the chamber would need to be removed
from the support to assemble onto the cold mass. To solve
this issue, a support beam was constructed to support the
entirety of the chamber and end flanges during assembly.
More information on the SCU IDVS first article can be
found in [9].

COVID-19

Covid-19 shut down the laboratory at the end of March
2020. This time coincided with our ramp up in assembly
and production. All work onsite was paused for a period of
three weeks while procedures could be put in place so that
work could be performed safely and minimize risk of trans-
mission of the virus. We worked closely with our safety
team to implement safety controls and were able to restart
work a few weeks after work was halted. We updated pro-
cedures so that workers maximized social distancing.
HPMU and SCU assembly work require workers to regu-
larly be within 6 feet of one another. If social distancing
was not possible, then we implemented moveable shields
to separate workers. Using these controls, we were able to
safely resume work and minimize the transmission of the
virus within our group. No one in the APS-U ID group to
date has contracted the virus from a coworker onsite.

SUMMARY

The APS-U ID group has an extensive scope that can be
broken into three main technical areas: HPMUSs, SCUs, and
IDVS. Each area presented many challenges during pro-
duction and ongoing assembly activities. The solutions we
implemented were as unique as the challenges themself.
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EXPERIENCE WITH THE VACUUM SYSTEM FOR THE FIRST
FOURTH GENERATION LIGHT SOURCE: MAX IV

E. AL-Dmour’, M. Grabski, K. Ahnberg, MAX IV Laboratory, Lund, Sweden

Abstract

The 3 GeV electron storage ring of the MAX IV labora-
tory is the first storage-ring-based synchrotron radiation fa-
cility with the vacuum system having small aperture and
with the inner surface of almost all the vacuum chambers
along its circumference coated with non-evaporable getter
(NEG) thin film. This concept implies challenges during
the whole project from design into operation.

The fast conditioning of the vacuum system and over
five years of reliable accelerator operation have demon-
strated that the chosen design proved to be good and does
not impose limits on the operation. A summary of the vac-
uum system design, production, installation and perfor-
mance is presented.

INTRODUCTION

The MAX 1V facility in Lund-Sweden is composed of
two storage rings with electron energies of 1.5 GeV and 3
GeV. A linear accelerator (LINAC) serves as the full energy
injector to the two storage rings as well as a driver for a
short pulse facility [1]. The MAX IV 3 GeV ring started
delivering light to the users in April 2017.

3 GEV STORAGE RING

The 3 GeV storage ring is the world’s first multibend
achromat, ultra-low emittance light source. To achieve the
low horizontal emittance, a 7 bend achromat lattice was
chosen. The storage ring has a 20-fold symmetry and is 528
m in circumference [2].

Each achromat contains seven magnet blocks of two
types: five unit cells (U) (with 3° bending magnets) and
two matching cells (M) (with 1.5° bending magnets). Each
achromat contains two short straight sections (S1 and S2).
In addition 19 long straight sections (L) of 4.6 m length are
used for the insertion devices (ID) and one long straight
section is used as an injection straight. Figure 1 shows one
standard 3 GeV ring achromat, including magnet blocks
and the vacuum chambers of one achromat.

3 GEV STORAGE RING VACUUM
SYSTEM DESIGN AND MANUFACTURING

The vacuum system of the 3 GeV ring is based on cham-
bers which are made of copper and the chamber body is
used as distributed absorbers. The inner surface of the vac-
uum chambers is NEG coated. Four ion pumps per achro-
mat are installed in areas with high outgassing and provide
pumping for noble gases (see Fig. 1).

T eshraqg.al-dmour@maxiv.lu.se
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Figure 1: One standard 3 GeV storage ring achromat, a).
with the magnet blocks and girders b). the vacuum cham-
bers without the magnet blocks [3].

Vacuum Chamber Design

The vacuum chambers are made of oxygen-free silver-
bearing (Ag 0.085%) copper (OFS-C10700). The internal
diameter of the vacuum chambers inside the magnet blocks
is 22 mm and the chambers have 1 mm wall thickness. The
vast majority of the chambers have electron welded water
cooling channels on one side.

Ten beam-positon monitors (BPMs) per achromat are
installed and mounted directly to the magnet blocks. Bel-
lows with internal RF fingers are located at the extremities
of the vacuum chambers, the main purpose of the bellows
is to shield the BPM block from any deformation occurring
in the vacuum chambers due to heating up from the syn-
chrotron radiation.

Several design challenges were faced, some of which are
listed below:

e Effectively extract the photon beam to the front end.

¢ Avoid interferences with the magnets.

e Provide cooling for the chambers in places with lim-

ited access and space.

e Guarantee the mechanical and thermal stability of the

BPMs while vacuum chambers are allowed to expand.
e Provide a design that will allow successful implemen-

tation of NEG coating on the chamber’s inner surface.
¢ Provide a design that allows easy installation.

e Keep standardization.

To assure the mechanical stability of the BPMs, the bel-
lows’ spacers were made from epoxy glass G10, with low
thermal conductivity and high radiation resistance (see Fig.
2). The BPM blocks are shadowed by small absorbers at
the end of each chamber body, just before the flange.

Finite element analysis (FEA) was performed during the
design stage, to study several mechanical and thermal is-
sues related to the vacuum chamber design, such as the de-
formation, stress and strain of the vacuum chambers, the
deformation of the BPM during operation, the design of the
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RF fingers and the insertion device power deposited on the

vacuum chambers.
I! 4 y

y - BPM blocks

G10 bellows
spacer

The vacuum chamber

Corrector
Magnets

Figure 2: Location of BPM block and bellows.

An example of FEA results performed for the estimation
of stress on the RF fingers is shown in Table 1. Such anal-
ysis was performed to optimize the shape of the RF fingers,
the number of the RF fingers and effect of pre-stressing
during assembly. The aim is to keep the stress and strain
within the design criteria of the copper-beryllium (CuBe)
RF fingers.

Table 1: Stress results for various RF fingers configuration
and pre/stressing forces for MAX IV bellows.

Spring Pre-stress dis-  Pre-stress Stress
configu- placement force [N/fin- [MPa]
ration [mm] ger]

30 spring 0.1 0.8-1 252
finger 0.25 2.0-2.7 630
flat 0.4 3.9-43 1000
30 spring 0.1 1.1-1.6 290
finger 0.25 2.7-4.0 730
curved 0.4 4.4-6.4 1170

The Vacuum Chambers Manufacturing

All the copper extruded tubes used for the production of
the vacuum chambers were subjected to surface treatment
at CERN [4]. Following this process, the tubes were sent
to the manufacturer of the vacuum chambers.

Various manufacturing processes were needed for the
production of the vacuum chambers:

e Machining of the chamber parts: flanges, bellows, bel-

lows sleeves, ribs, BPM blocks, cooling tubes ...etc.

e Vacuum brazing of stainless steel flanges to transition

copper sleeves of the bellows, brazing of the stainless
steel ribs to copper transition...etc.

e TIG welding: flanges to the chamber body, ribs as-

sembly to the chamber body...etc.

e Electron beam welding of the cooling tubes to the

chamber body.

¢ Bending of chambers body to the correct radius of cur-

vature.

e Vacuum cleaning.

e Testing: dimensional, vacuum, cooling...etc.
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The main challenges during the production process
were:

e Assure that the production processes proposed will
not affect the NEG coating or its performance.

e Changes in the production that may cause interfer-
ences with other systems, e.g. magnets.

e Changes in other accelerator systems that may affect
the vacuum system design and production.

NEG Coating

A collaboration between CERN and MAX IV Labora-
tory has been set up to address and validate challenges in
coating long, small aperture, bent vacuum chambers man-
ufactured with various methods [4-6].

The results of the R&D provided input for the series pro-
duction of the chamber coating, with around 70% of the
chambers coated at the manufacturer and the remaining
coated at CERN and the ESRF.

THE VACUUM SYSTEM INSTALLATION
AND OPERATION

Installation

From the very early stages of the design, it has been de-
cided not to perform in-situ bakeout for the vacuum cham-
bers, the decision was made due to the compactness of the
lattice (small gap between the chambers and the magnets
and very small space between the magnets for accommo-
dating bellows) [6].

Prior to the start of the installation inside the 3 GeV tun-
nel, a mock-up was done to check the installation proce-
dure and possible interferences

The installation of the vacuum chambers took place on
the assembly tables which were placed over the open mag-
net blocks, this allowed accurate positioning of the BPM
blocks relative to their final position in the achromat. The
oven used for the bakeout has been placed over the con-
crete blocks.

The general installation procedure followed as described
in [3].

The installation stage went smoothly, with minor issues
being faced: rejection of few chambers due to peel off of
the coating or partially uncoated area, damage of a cham-
ber during the manipulation of an achromat and accidental
venting of one full achromat after installation.

Operation

The vacuum conditioning is progressing well, this is ev-
ident by both the average pressure reduction and by the in-
crease of the total beam lifetime as the accumulated beam
dose has increased. Studies performed also indicated that
the NEG coating performance after five years of operation
is good, with no indication of saturation or peel off [3].

The average base pressure (without beam) before the
start of commissioning with electron beam was 2-10°1°
mbar. When the first beam was stored, the pressure in-
creased to the high 10" mbar range.

The average pressure rise normalized to beam current
dP,,/I [mbar/mA] as a function of the accumulated beam
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dose [Ah] is presented in Fig. 3. The slope of the condi-
tioning curve is comparable to those of other similar ma-
chines, and slightly faster.

Figure 4 presents the increase of the normalized total
beam lifetime /-t [A-h] versus accumulated beam dose
[A-h]. The increase in the /-7 product is an indication of the
vacuum conditioning.

As of July 2021, the storage ring had an accumulated
beam dose of 4620 Ah, and the maximum stored beam cur-
rent was 500 mA. Standard delivery to beamlines is at 300
mA with top-up using multipole injection kicker (MIK)

every 10 minutes.
1E-09

1E-10 + « "

1E-11 +

AP/I [mbar/mA]

1E-12 |

Normalized average pressure rise

1E-13

y
1
10000

Accumulated beam dose [A-h]

Figure 3: 3 GeV ring: normalized average pressure rise
dP,./I [mbar/mA] vs. beam dose [Ah].

3 GeV ring: Normalized total beam lifetime vs Accumulated beam Dose
I't [A-h] vs Dose [A-h]

It [Ah]

0.1 1 L &

0.1 1 10 100
Accumulated beam Dose [A-h]

Figure 4: 3 GeV ring: normalized beam lifetime -t [Ah]
vs. beam dose [Ah] [3].

Operational Issues

Since the start of operation, the vacuum related failures
were small. In 2020, there were seven vacuum alarms re-
sulting in beam dumps, contributing 2.7 % of the total ma-
chine downtime. The main contributor to downtimes due
to vacuum is alarms triggered by pressure spikes from ion
pumps or vacuum gauges when a measured pressure
reaches the interlock level and results in a beam dump.
With the help of around 30 thermocouples installed on the
chamber of each achromat, it has been possible to identify
few hot spots, where the readings from thermocouples did
not correspond to the simulations done during the design
stage. Investigation using FEA was done to identify the
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causes and for trouble shooting. The causes of such prob-
lems are summarized below:

e Positioning of the vacuum chambers due to geomet-
rical non-conformity, or deformation.

e Chamber non-conformities: crotch absorbers did not
shield as per design, the straightness of the chambers
and some tolerances did not meet the technical speci-
fications defined on the drawings.

e Deformed chambers during installation: an example
was that a thermocouple placed in the vicinity of the
photon beam extraction was mispositioned and glued
with an excessive amount of glue, when the magnet in
that location was closed, it pressed the chamber
through the glued thermocouple and caused defor-
mation of the chamber.

As the production of new chambers would take a while,
the hot spot issue was investigated, to verify what the dam-
aged vacuum chamber can structurally withstand by limit-
ing the beam current and the minimum gap of the insertion
device. Due to this, FEA was performed, with the goal to
match the temperature readings with the simulations re-
sults, and accordingly identify the allowed machine opera-
tional conditions (beam current, beam bumps minimum al-
lowed insertion device gap).

Figure 5 shows the workflow being used for this analy-
sis. The results from the analysis allowed MAX IV to de-
cide on the allowed operational conditions until a new
chamber being manufactured and installed.

Dimensional

Fheck pr.lor to chambers
installation 3D-model

-

SOLIDWORKS

Chamber new 3D model follows the
dimensional check and the survey
with the beam and ANSYS results.

Vacuum

Wiggler data
Magnet field data for 4.2mm gap)

STLfile .| SynRad+
Generate heat flux.

ANSYS

* Steady-state
—>  thermal

* Static structural

Tune the chamber
position, geometry
and boundary
conditions with
photon beam.

Figure 5: Workflow used to investigate hot spots and vali-
date machine operational conditions.

CONCLUSION

During all the stages of the project, engineering studies,
prototyping, mock up and FEA were crucial in validating
solutions, investigation and troubleshooting, and provided
the needed answers which were essential for the success of
the project.

The use of the NEG coating on an unprecedented scale
at MAX IV 3 GeV storage ring was a significant challenge.
The goal of a simple and reliable ultra-high vacuum system
was achieved thanks to careful design, NEG coating vali-
dation, appropriate production, installation, operation and
precisely planned interventions optimized for the NEG
coating. Furthermore, five years of operation ensures that
the chosen design is a reliable solution for vacuum systems
of new fourth generation, storage ring based light sources.
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ALBA BL20 NEW MONOCHROMATOR DESIGN

A. Crisol", F. Bisti, C. Colldelram, M. Llonch, B. Molas, R. Monge, J. Nicolas, L. Nikitina,
M. Quispe, L. Ribd, M. Tallarida, ALBA Synchrotron Light Source, Cerdanyola del Valles, Spain

Abstract

LOREA Beamline (BL20) at ALBA Synchrotron is a
new soft X-Ray Beamline dedicated to investigate elec-
tronic structure of solids by means ARPES technique. Op-
tical design has been developed in-house so as most of
beamline core opto-mechanics like monochromator. The
design made for LOREA is based on a Hettrick-Under-
wood grating type that operates without entrance slit. Ex-
perience cumulated over years allowed to face the chal-
lenge of designing and building UHV Monochromator. The
large energy range of LOREA (10-1000 eV) requires a de-
vice with 3 mirrors and 4 gratings with variable line spac-
ing to reduce aberrations. Monochromator most important
part, gratings system, has been carefully designed to be iso-
lated from external disturbances as cooling water, and at
the same time having high performances. Deep analytical
calculations and FEA simulations have been carried out, as
well as testing prototypes. The most innovative part of
Monochromator is gratings cooling with no vacuum guards
or double piping that are well-known source of troubles.
Heat load is removed by cooper straps in contact with a
temperature controller device connected to fixed water
lines. In addition, motion mechanics and services (cabling,
cooling) are independent systems. Designs involved give
high stability (resonance modes over 60 Hz) and angular
resolution below 0,1 uRad over 11 deg range. On mirrors
side, it has been used gonio mechanics from MIRAS [1]
plus an eutectic InGa interface between cooling and optics
to decouple them. Grating and mirror holders are fully re-
movable from main mechanics to be able to assembled at
lab measuring to achieve the best fit. Instrument has been
already assembled and motions characterization or stability
measurements are giving expected results matching with
specifications.

GENERAL DESCRIPTION

LOREA is a 10-1000 eV soft X-Ray beamline to study
the electronic structure of solids by Angle Resolved Photo-
Emission Spectroscopy (ARPES). Core level photoemis-
sion, resonant photoemission and X-Ray absorption spec-
troscopies are accessible in the entire energy range.

The whole design of the monochromator, which includes
a novel cooling design of the gratings, has been fully de-
veloped at ALBA. The BL20 Monochromator is based on
a Hettrick-Underwood geometry with 3 spherical mirrors
(SM) and 4 plane varied line-spaced (VLS) gratings to
cover the entire energy range of LOREA.

Optics and mechanics work at ultra-high vacuum (UHV)
regime. It is considered a big circular vacuum chamber for
gratings plus one of the mirrors and two additional

* acrisol@cells.es
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chambers for remaining two mirrors. An extra chamber
contains part of the gratings pitch mechanism, Fig. 1.

Figure 1: External view of BL20 Monochromator.

GRATINGS MECHANISM

The gratings mechanics, which can locate up to five grat-
ings, consists on a frame that can be moved transversally
to the beam to select the suitable grating. This frame is
mounted on an oscillating second frame that produces grat-
ings pitch and it is commanded by a sine arm of 1 m long.

The entire mechanism is placed in vacuum, except the
actuator of the sine arm. Two welded bellows, one of them
connected to the support and thus standing all the force,
compensate the vacuum force on the actuator. The vertical
actuator, guided by cross roller linear guides consist on a
preloaded satellite roller screw with roller recycling spin-
dle that provides high stiffness and small pitch. Between
the sine arm that describes an angular trajectory and the
actuator that is lineal, there is a connecting rod with two
doubled-ended flexural pivot bearings to reduce as much
as possible rolling elements. Figure 2 shows full system.

Figure 2: Gratings system design.

Regarding transversal motion, an UHV motor, vacuum
adapted guides and spindle are installed, mounted directly
on the pitch frame. As grating cooling lines are not linked

Beamlines and front ends
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directly to the optics, there is an extra actuator called ser-
vices motion. This motion is in charge to move cooling
fixed water circuit and the main cabling installed. Services
motion is placed out of vacuum and has preload ball recir-
culating spindle and guides. It moves together with UHV
grating exchange motion as a pseudo-motor. For the pitch
motion, there are two angular absolute encoders to remove
the residual eccentricity of mechanics.

Figure 3 shows the different motions that are involved at
gratings mechanics. Grating holders are in the middle in
grey color. Red colored parts are the pitch frame plus sine
arm. In green color, the services motion fully decoupled,
and in blue, the parts of pitch frame support.

The entire system rests on a big natural granite that is the
support for all mechanics (seen at Fig. 1).

GRATINGS HOLDER

Each grating is mounted on an independent holder that
can be disassembled from mechanics to be adjusted at lab
(Fig. 4). It consists in two base plates. One is fixed to be
connected on the frame. And the second, it is adjustable
where the grating is clamped. There are three micrometer
screws for the fine adjustment. Pitch and roll angles can be
adjusted during operation through vacuum screwdriver.
Also fixed to mobile base with the grating, there are three
fiducial marks always accessible to have a reference of the
mirror. The holder also supports two symmetric OFH
cooper cooling pads. These pads, decoupled from the cool-
ing pipes, also hold the protection chin guard.

Figure 4: Gratings holder, left. Mirrors holder, right.
GRATINGS COOLING

In this design, doubled vacuum piping has been avoided.
Cooling line is a single cooper pipe without any intermedi-
ate joint fixed at services actuator. Between pads placed at
optics and cooling lines, flexible OHF Copper multi foil
straps are used. Figure 5 shows final assembly of straps.

Beamlines and front ends
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Figure 5: Cooling final design. Straps working “S” shape.

In order to avoid the rise of equilibrium temperature at
optics caused by the distance between the heat source and
the cooling pipes, a Peltier module is placed between water
pipes and straps [2]. The Peltier module, applying an elec-
trical current produces a AT between faces. The objective
is to maintain the hot side of Peltier at 23 deg and adjust
the temperature of the cold side in order to keep optics at a
constant temperature also of 23 deg.

To prove this concept, a protype was produced. It con-
sisted on a silicon substrate including copper pads, straps
and Peltier modules with cooling water lines, all in vac-
uum. A heater simulated the heat load and thermocouples
were used as temperature sensors. One of them closed the
control loop of Peltier current. Tests have been performed
increasing the heat load at the silicon to see the thermal
response of the system. The 400 mA corresponds to 4 W,
maximum power expected. Figure 6 shows tests results.

25 on off
O 204
s, Ring @ 400 mA
F 151 —— Grating
10 - Peltier
0 60 120 180
time (min)

Figure 6: Gratings cooling prototype results.

Orange line corresponds to silicon temperature and blue
line, the cold side of the Peltier. At ON point, heater starts
to give power increasing temperature. Also, the control
starts to put current to the Peltier drooping the temperature
of the straps. The dynamic response is quite fast, the stabi-
lization time is around 9 minutes with a AT of 1,7 deg. Af-
ter set point is reached (23 deg), the temperature is main-
tained very stable via modulating the Peltier current. Once
the load is removed, OFF point, the inertia of the system is
continuing cooling down the mirror. Then, the polarity of
Peltier is inversed acting as a heater to recover temperature.

The prototype validated the concept of Peltier modules
and flexible cooper straps to allow the relative motion and
also decouple from vibrations due to water-cooling flow.

MIRRORS MECHANISM

Mirror with holder are placed on a column mounted rig-
idly to a blank flange connected on a frame with curved
linear guides to allow pitch motion. The center of these
guides is pointing at the central axis of the mirror surface.
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Externally there is an edge welded bellow to allow motion.
This scheme was used also on MIRAS at ALBA [1].

The pitch stage is mounted on custom linear stages. Two
verticals for SM173 and SM176, to put them at beam
height or remove it. And one horizontal, transversal to the
beam for SM162, that has two optical stripes. All moving
elements, spindles and guides, have preload recirculated
balls. Linear stages are mounted on small granites. Every
mirror is a stand-alone system and can be aligned inde-
pendently. Mirrors motions are shown at Fig. 7.

Figure 7: Mirrors motions. SM162, SM173 and SM176.

After that, the tree mirror systems are placed on the main
granite support. SM162 mirror is placed at the same vac-
uum chamber that gratings and for SM173 and SM176
there are independent vacuum chambers.

MIRRORS HOLDER

As gratings, each mirror is mounted on independent
holders that can be disassembled from motion actuators
(Fig. 4). They consist on two base plates. One is fixed and
connected at the main column, and the second, adjustable
via three micrometer screws, and is where the mirror is
clamped. Also fixed with the mirror, there are the fiducial
marks. The holder also supports symmetric cooper cooling
pads with fixed cooling circuit. The protection chin guard
is also fixed at holder.

MIRRORS COOLING

The cooling water circuit is a continuous rigid cooper
pipe that goes inside vacuum and it is fixed at internal mir-
ror mechanics. The flexible lines out of vacuum absorb all
the bending motion. The cooling circuit has two brazed
cooper pads. There is an adjustable 0. 1mm gap that is filled
by a Eutectic InGa. Tests have been done to ensure a good
behavior of the InGa, even during bake outs (80deg).

The solution, with no direct contact between the cooling
pads and mirrors, reduces the deformations and stresses
that might be introduced to the mirror when clamping. The
assembly process is the following, half of the material is
applied at the mirror on the surface contact and the other
half'is applied at copper pads. Notice that cooper pads must
be nickel plated because eutectic InGa is very aggressive
to cooper. After that, pads and optics must be mounted at
final place controlling the gap between them. Once the gap
is achieved, the cooling pad is fixed.
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MECHANICS METROLOGY

Gratings and mirrors systems metrology have been done
by Renishaw MLI10 interferometer and autocollimator
(Tables 1 and 2).

Table 1: Gratings Mechanism Measured Performances

Parameter Pitch Exchange
Total range +5.5 deg +150 mm
. 0.085 prad/ Not meas-
Resolution 2 half steps ured
Repeatability 0.77 prad 23.6 urad
1% Resonance mode 56 Hz
Table 2: Mirrors Mechanism Measured Performances
Parameter Pitch (x3) 7 (x2), X
+40 mm/
+
Total range 1 deg 10 mm
. 0.232 prad/  0.998 pm/
Resolution 2 half steps half step
Repeatability 1.39 prad 0.18 um
1% Resonance mode 74 Hz
CONCLUSION

A high-performance soft x-ray monochromator has been
designed and built at ALBA. Water circuit is mechanically
decoupled from grating pitch mechanism and Peltier cool-
ing allows for high cooling efficiency and active stabiliza-
tion of gratings temperature. Regarding mirror system, it is
a high stability system. Thermal contact between cooling
and mirror is enhanced via a wet interface witch also min-
imizes mechanical deformations of the mirror. Finally, ex-
cellent results are confirmed by metrology and first com-
missioning results
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BENDABLE KB TYPE FOCUSING MIRRORS
DESIGNED FOR TPS IR BEAMLINE

T.C. Tseng', H.S. Fung, H.C. Ho, K.H. Hsu, C.S. Huang, D.G. Huang, C.K. Kuan, W.Y. Lai,
C.J. Lin, S.Y. Perng, H.S Wang, National Synchrotron Radiation Research Center, Hsinchu, Taiwan

Abstract

A new IR beamline has been scheduled at TPS beam-line
construction Phase III. The new beamline optical design is
following the structure of the existed TLS IR beamline.
However, the focusing mirrors has to be re-deign according
to different situation. These KB type mirrors (HFM and
VFM) are same thickness flat stainless plates assembled
with bending arms and bended with single motor each to
fit quintic polynomial surface profiles for focusing and also
modifying arc source effect of bending section. For a same
thickness plate in addition with the bending arms effect to
form a desired polynomial surface profile, it demands spe-
cific width distribution. With the drawing method and FEM
iteration simulation, the optimized surface polynomial
equation and width distribution design of the mirror plates
were defined. The detailed design sequences will be de-
scribed in this paper.

INTRODUCTION

There is an IR microscopy beamline located at 14A
branch in TLS NSRRC [1, 2]. However, the TLS is sched-
uled to be shut down after TPS phase III due to the budget
consideration. A new IR beamline is therefore scheduled
at phase III construction plane. With different conditions
from TLS, The TPS IR beamline has to be re-design. The
TPS IR beamline adopts the similar design as TLS by using
K-B type focusing mirrors in the pre-focusing period. Two
Stainless flat mirror plates are to be bended to the desired
surface profile. In experience, a 5™ order polynomial sur-
face profile is enough and also for the manufacturing con-
sideration [3].

With the frontend space consideration, HFM is located
2350mm from the light source point and 4150mm from the
focus point. VFM is located 3900mm from the source point
and 2600mm from the focus point respectively as in Fig. 1.
The beam divergence angles of horizontal and vertical are
50mrad and 25mrad from the source point, respectively.
The light-reflecting areas of HFM and VFM are about
166mm x 66mm (maximum) and 77mmx138mm respec-
tively.

For an ideal point light source, by using an elliptical mir-
ror, the light from one focus will be reflected and concen-
trated in another focus. This phenomenon is well adopted
in VFM because it can be regard as from a point source
without considering the electron beam size.

For HFM, the light source is an arc section from bending
magnet, the light will not concentrate in another focus as
in the Fig. 2 drawing and the profile should be modified.

In TLS HFM design, a fourth order RungeKutta numer-
ical method was used to find out the coefficients of the
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modified polynomial equation. This method is somewhat
complicated to implement. A drawing method was adopted
any try to easily find out the profile polynomial.

PLAIN MIRROR 2

] e
HFM

gl ;

- FOOAL SPOT
- PLAIN MIRROR 1
PHOTON SCURCE

=
EXTRACTION MIRROR

Figure 1: TPS IR beamline pre-focusing period mirror
location scheme.

P

L
X0

Figure 2: Drawing of light line from arc light source
reflecting span on the focus point.

IDEAL KB TYPE MIRROR SURFACE
PROFILE EQUATIONS DERIVED WITH
DRAWING METHOD

Let the required 5™ order profile polynomials equation is
(HFM & VFM both):

y(x) = cx% + c3x3 + cux* + csx®

(1)

For HFM, at first, 5 ellipses were setup according to the
arc divergence angle. The crossed sections were jointed to
form a new profile and fitting to get a new polynomial as
in Fig. 3.

Figure 3: 5 ellipses setup according to the arc divergence
angle.
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The coefficients of the fitting polynomial are listed in
Table 1. With this polynomial, the focusing area as in the
Fig. 2 can be replot and focusing size is reduced to 0.5mm.
It’s better but still not good enough.

Fortunately, from the polynomial equation, it can be ob-
£ served with magnifying the focusing area on the drawing.
@ Coefficient of the 2" order term control the 4 lines concen-
% tration and coefficient of the 4" order term enlarge the out-
9 side 2 lines concentration rate. Coefficient of the 3™ order
“ term control 4 lines inclination and coefficient of the 5%
order term enlarge the outside 2 lines inclining rate.

With these conditions, an ideal HFM surface profile pol-
ynomial can be obtained. The optimized coefficients are

isted in Table 1 and a replot of Fig. 2 shows the focusing
area size is only 0.15um.

While the VFM surface profile polynomial can be found
from an ideal elliptical section fitting. The coefficients are
also listed in Table 1 and a drawing shows focusing area
size is 0.52um.

ork, publisher, and DOI
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Table 1: The Coefficients of Surface Polynomial

ISBN: 978-3-95450-229-5 ISSN: 2673-5520

Coef. 5 ellipse Optimized Ellipse VFM
section HFM HFM

) 1.179797E-04 1.178178E-04 1.133183E-04

c3 -3.20187E-08 -3.4673E-08 5.136405E-09

C4 2.45467E-11 3.953E-11 3.090696E-12

Cs -4.2178E-14 -4.92E-14 3.998784E-16

EQUATIONS DERIVED FOR BENDING
FLAT MIRROR TO FIT IDEAL MIRROR
SURFACE PROFILES

Although the ideal mirrors surface profile equations
were obtained, the design requirement is to use a single
force to bend a stainless flat mirror plate and to from the
desired shape.

From the flexure equation:

d’y M
ti " — =
k(curvature) 2 EI
= M = EI(2¢, + 6¢3x + 12¢4x? + 20c5x3) )

Since the moment distributed of a same thickness plate
from a single force is constant, a different width design is
required to obtain the desired face shape. In principle, the
flat plate with a 3™ order polynomial width distribution can
get a surface profile polynomial of 5" order. But because
the high order terms are not included in the calculation, to
prevent the error accumulation, a 4" order polynomial
width distribution can get a better approximation value.

Let the width distribution polynomial equation is:

b(x) = bo + blx + b2x2 + b3x3 + b4x4 (3)

The moment of inertia is:
_ be(0)ho®
I; (x)= 1z

=20 (g + byx + byx? + bax® + byxt) 4)

" bo
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The bending moment is:
M = E;_O(bo + blx + bzxz + b3x3 + b4x4)(262 +
0
6c3x + 12¢4x2 + 20c5x3)

I
= Eb_o [ZCZbO + (6C3b0 + ZCZbl)x
0

+(12¢4by + 6¢3by + 2c,b,)x?
+(20cshg + 12¢4by + 6¢3b, + 2¢,b3)x3
+(20cshb; + 12¢4b, + 6¢3b3 + 2¢,b)x*

o] (5)
The bending moment is constant, let the coefficient of
the variable terms to zero and get the coefficients of width
polynomial as following:
by = —3cszbo(c32 = c3/¢3)
by = —3c33b1 — 6C42bo(Caz = Ca/C2)
by = =3c33b, — 6C42b1 — 10¢5,b0(Cs52 = ¢5/¢3)

b4_ = _3(:32b3 - 6C42b2 - 10C52b1 (6)

However, the above calculation is the ideal situation of a
single flat mirror plate bended with equal moment. The real
design of the focusing mirror needs to be assembled with
bending arms to apply the torque, the actual inertial mo-
ment is complex and difficult for theoretical analysis.

A flexible way is to make the moment of inertia of the
mirror structure same as a single plate, the mechanism of
the bending arm is another pseudo bending moment. With
the same applied force, the pseudo moment distribution
will be the same, so the desired surface curve profile can
be approached by the plate width modification iteration
without to know the real pseudo moment distribution.

The mirror width curve parameters calculated from the
above initial calculations can be used to establish a basic
model for finite element analysis by using Solidworks and
COSMOS software.

The surface center curve from the FEM simulation is
polynomial fitting as:

Yo (%) = s,x% + 533 + s,x* + scx5 (7)
d’y; M

dx? E_It
=25, + 653x + 125,x% + 20s5x3  (8)

Iy
MS(X) = Eb_(bo + blx + b2x2 + b3x3 + b4x4)
0

(25, + 653x + 125,x% + 20s5x3) )
A single force only affects the 2" order term, the desired
surface polynomial is:

K, (curvature) =

V(%) = 552 4 c3x3 + cux* + cgx® (10)

The correction of other terms of the surface polynomial re-
quires modifying the coefficient of the width curve poly-
nomial so that the inertial moment of the new width curve

polynomial becomes:
b, (X)hy*
B0 = =5

= 22 (bg + binX + boyx? + byx® + byyx*) (11)

0
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d*y, M
dx?  EI,

=25, + 6¢3x + 12¢,x% + 20csx3  (12)
With the assumption of the same bending moment, then

by + byx + byx? 25, + 6s3% 3

( +byx3 + byx* )(+1254x2 + 2055x3> B
by + bipx + bypx? + 2s, + 6c3x

( b3, x3 + by, x* >(+1264x2 + 20c5x3>

K, (curvature) =

(13)

The new coefficients of the width distribution can be ob-
tained from the old ones combined with the data from the
FEM simulation. (Skip the high order terms)

bin = by + 3by(s3 — ¢3)/s;

by = by + 3(byS3 — b1y C3) /S, + 6by (54 — €4)/s2

b3y = by + 3(b3S3 — bynC3)/s; + 6(bySy — bincs)/s;
+10by(s5 — c5)/5S2

byn = by + 3(b3S3 — b3pc3)/s5 + 6(byss — byncy)/s,
+10(bySs5 — b1nCs)/s2 (14)

OPTIMIZED WIDTH
PROFILE EQUATIONS WITH
FEM ANALYSIS ITERATION

At first, a bending HFM model was built with the width
coefficients derived from the single mirror plate Eq. (6)
without bending arms and applied for FEM simulation as
in Fig. 4. The initial polynomial equation applied to the
drawing as in Fig. 2 shows a focus size is 5.7mm.

However, the HFM focus size down to 0.32mm with 1
iteration, and after 4 iterations, the focus size down to
0.0138mm and the optimized width distribution polyno-
mial coefficients were obtained from Eq. (14) as shown in
Table 2.

With the same procedures, the VFM focus size down to
0.0214mm after 3 iterations and the optimized width dis-
tribution polynomial coefficients were also listed in Table
2. The thickness of both mirror is 7mm.

w
-

Figure 4: Initial HFM model for FEM simulation.
Table 2: The Coefficients of Width Profile Polynomial

Coef. Bendable HFM Bendable VFM
bo 80 90
b: 0.061754 -0.00753143
by - 6.527695E-04 -5.873345E-04
b3 8.294557E-7 -1.679582E-6
by 4.173849E-9 1.080632E-10
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From the Shadow simulation, the focusing point distri-
bution plot of the bending mirrors is quite the same as the
ideal profile. The size in horizontal direction is about only
1/5 of the vertical direction shows more better concentra-
tion. Compared to TLS IR, the situation is also the same as
shown in Fig. 5.

Source top view . Ideal case

[TIﬂL el { " ‘ Bending Mir.rors ] “.. o
Figure 5: Shadow simulation of the bendable mirror.

ENGINEERING DESIGN

With the width profile equations derived. The engineer-
ing design can be carried out. One pair of focusing mirror
prototype design was finished as in Fig. 6 and waiting for
the budget to be fabricated.

Horizantal Focusing Mirror

Vertical Focusing Mirror

Figure 6: Prototype design of the two focusing mirror.

CONCLUSION

By using the drawing method, a fine way to define a cor-
rection polynomial equation for focusing arc source is
identified. With the pseudo moment and FEM simulation
iteration procedures, the width profile equation of a plane
mirror can be found to define a desired mirror surface
shape with pure bending moment (one single force). The
shadow simulation result shows good condition.

With Exact beam size correction in the vertical direction,
The VFM focusing might be further improved if de-
manded.

The Engineering design is on the way and waiting for the
budget to be fabricated since the TPS IR beamline is still
not into schedule.
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CRYOGENIC SYSTEMS FOR OPTICAL ELEMENTS COOLING
AT SIRIUS/LNLS

M. Saveri Silva, M. P. Calcanha, G.V. Claudiano, A. F. M. Fontoura, B. A. Francisco,
L. M. Kofukuda, F. R. Lena, F. E. P. Meneau, G. B. Z. L. Moreno, J. H. Rezende,
G. L. M. P. Rodrigues, L. Sanfelici, H. C. N. Tolentino, L. M. Volpe, LNLS, Campinas, Brazil

Abstract

This work presents the in-house solution for cryogenic
cooling of beamline optics subject to low to moderate ther-
mal loads at Sirius at the Brazilian Synchrotron Light La-
boratory (LNLS). The main requirements regarding ex-
tracted power and coolant consumption are detailed. We
also discuss discoveries and improvements deployed dur-
ing the commissioning of the CATERETE and the CAR-
NAUBA beamlines, such as the prevention of ice for-
mation, stabilization of both thermal load and flow-rate,
and auto-filling parameters, among others.

INTRODUCTION

Sirius, the Brazilian 4th-generation light source at the
Brazilian Synchrotron Light Laboratory (LNLS), presents
high-performance requirements in terms of preserving
photon-beam quality, particularly regarding wavefront in-
tegrity and position stability. In this context, it is imperative
that many silicon optical elements are effectively cooled,
so that temperatures and their control-related parameters
can be precisely handled to the point in which thermal ef-
fects are acceptable concerning figure distortions and drifts
at different timescales. Keeping in mind the class of preci-
sion equipment, the required performance can only be
achieved with robust thermal modelling [1-3]. For this, rel-
evant aspects related to the implementation of liquid nitro-
gen cooling systems need to be emphasized. Currently, two
solutions are present in the first-phase beamlines, accord-
ing to the component thermal load: (1) a commercial cry-
ocooler for high-heat-load applications (50 — 3000 W),
such as the double-crystal monochromators; and (2) an in-
house low-cost system for components under moderate
loads such as the mirror systems and the four-bounce mon-
ochromators (4CM). This work describes the in-house so-
lution, with examples from the CARNAUBA (CNB) and
CATERETE (CAT) beamlines.

OPEN LN2 CRYOSTAT SYSTEMS

Figure 1 illustrates the cooling circuit of a 4CM at CNB.
Inside the vacuum chamber (a), the crystals are connected
through thermal braids [4] to a commercial cryostat (b),
which is fed with liquid nitrogen (LN2) by an instrumented
cylinder (c). Level and pressure are controlled by standard
beamline automation system that automatically feed it
from a dedicated transfer line (d) connected to a secondary
service unit external to the hutch (e) or to the LN2 line of
the building. Gaseous nitrogen leaves the first vessel by an

T marlon.saveri@Inls.br
Beamlines and front ends

Optics

exhaust line (f) during filling, whereas the gas in the cryo-
stat outlet is released inside the hutch at a significantly
lower rate at normal operation. The LN2 flow in the cryo-
stats is adjustable by regulating its flow regulating valve
and the pressure of the liquid cylinder.

Figure 1: Third optical hutch of the CARNAUBA beam-
line, highlighting the liquid nitrogen supply system of the
4CM, which comprises the vacuum chamber (a), the cryo-
stat (b), the primary (c) and secondary (e) LN2 cylinders,
the transfer line (d) and the exhaust line (f).

Figure 2 shows the top view of a primary vessel. Besides
the standard items, custom stems were added to supply ex-
tra handles and solenoid valves for liquid and gas and to
monitor pressure and level data.

Contents gauge Gas inlet Flow regulator Leg entry Vent

and transducer valve #1 valve
) - 4 y /

Handiing L }_:l;g { l[ Bypass
ring b y $ /

Pl = 2 Pressure

Gas g I L2 Pa \ building

outlet a > valve

Liquid Pressure

outlet transducer

- Patch

iLr:?eutld 3 panel

{7 J LAY Pressure

Emergency Relief Pressure Rupture building

button valve gauge disk regulator

Figure 2: Top of primary LN2 cylinder and description of
the connected elements.

The vessel inside the first optical hutch of CNB is con-
nected to two cryostats, which cool the first mirror (M1)
and an internal diagnostics (XDU), present in the same
vacuum chamber. The same structure appears in its second
optical hutch for the chamber enclosing the second mirror
(M2) and the secondary source aperture (SSA). For all
other optics, only one cryostat is assembled at each vessel.
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FILLING CONTROL

The PLC (Siemens S7-1512SP-1) was configured to
keep the level of the primary LN2 cylinder between mini-
mum and maximum setpoints by actuating the solenoid
valves mounted at both ends of the transfer line. For
CNB:4CM, for example, the setpoint was chosen as 80-
95%, in which the temperature of the optics and the flow
rate were considered stable even during filling. Those fill-
ing events took in average 18 minutes (2.5 L/min). During
the offline tests, the speed for a 0-100% fill achieved 5.5
L/min with a 3 bar pressure gradient between vessels.

Figure 3 shows the history in the EPICS Archiver for the
level of the primary and secondary LN2 cylinders of CNB
and CAT during fifteen days. In average, the secondary
cylinder is filled when its level decreases to 10%. The fre-
quency of the filling events changes depending on the op-
tics, since the theoretical heat load may vary from about 16
W (CAT: M1) to 60 W (CNB: M1+XDU). It can be used to
estimate the consumption and, consequently, to calculate
the losses of the systems.
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Figure 3: Levels of primary and secondary LN2 cylinders
of CARNAUBA and CATERETE beamlines.
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Table 1 compares the consumption of the primary and
secondary vessels to theoretical values, which are calcu-
lated from the estimated total heat load predicted in the
thermal models. In addition, it is important to highlight that
the cryostat consumes more nitrogen than the theoretical
needs to avoid the drying of its internal reservoir in an
event of power load increase or temporary liquid flow de-
crease (filling transfers). This event could lead to a binary
gas-liquid flow with the increase of the cold finger temper-
ature due to poor heat transfer or even increase the vibra-
tion disturbs, both noticed multiple times during the com-
missioning.

Table 1: Consumption of the Systems During Jun/2021

A S A
CNB -M1+XDU 60 1.4 1.6 2.0
CNB — M2+SSA 20 0.5 1.1 1.4
CNB —4cMm 26 0.6 0.7 1.1
CAT — M1 16 0.4 1.55 1.64
CAT —4cM 50 1.1 1.55 1.60
CAT — M2 20 0.5 1.66 1.71
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In the considered time, the efficiency of the system os-
cillated between 22 and 73%. Furthermore, by comparing
the contents of the primary and secondary vessels of CAT
optics, it was verified that the losses during the transfer of
the LN2 could be reduced to 3%. Investigations are being
performed during the beamlines commissioning for opti-
mizing the efficiencies by adjusting parameters such as
level and pressure setpoints and opening of the flow regu-
lator valves.

PRESSURE CONTROL

The pressure of the primary vessel is directly associated
to the LN2 flow through the cryostat and, consequently to
the temperature and dynamic stability of the optical ele-
ments. The pressure of the vessel naturally changes be-
cause of the outflow, the evaporation of LN2 inside it, and
the filling process, which is accompanied by evaporation
and the entrance of gas present in the transfer line. Thus,
two methods (an active and a passive) were foreseen to
keep the pressure of the receiver vessel constant and below
the pressure of the provider vessel, which is also con-
trolled.

In the active method, a solenoid valve is opened to vent
gaseous nitrogen and decrease the pressure in the primary
cylinder, while a second solenoid valve is opened to in-
crease the pressure in the secondary cylinder by allowing a
bypass of the vaporizer circuit. For high demanding sys-
tems, a third solenoid valve can be used to allow the en-
trance of gaseous nitrogen from a dedicated line. This so-
lution should eliminate any possibility of condensate for-
mation around the LN2 cylinder, which can occur in the
traditional systems (pressure building valve) and would al-
low for a quick correction against filling events performed
with a high gradient between the vessels. However, the
on/off method was found to cause pressure variations as
high as 0.2 bar in a 40-minute time span at the primary ves-
sel. This variation is detrimental to the optical systems sta-
bility as it leads to a change in the LN2 flow, thus causing
a change in the heat extraction capacity of the cryostats.
For the so-far most sensitive system CNB:M1, considering
the constant input power for the referred timespan, it gen-
erates a change in temperature as high as 0.42K at the mir-
ror braids, leading to unacceptable thermal drifts. Further-
more, the pressure variation in the circuit was also found
to actively move the cryostat, causing disturbances in a
shorter timeframe as compared to thermal drifts. This could
be solved with a proportional cryogenic gas flow valve for
finer pressure control, but higher costs and integration
complexity led to the search of a simpler passive solution

As a simpler passive alternative, the use of the already
built-in thermal relief valve was found to largely solve the
pressure variation issues. At this operation mode, the sole-
noids of the PLC pressure control are turned off, thus mak-
ing the pressure rise by passive evaporation until it hits the
nominal relief valve rating of 3.6 bar. At this stage, the re-
ferred spring-loaded valve proportionally relieves the gas
until the equilibrium is archived between evaporation and
gas scape. Despite this method being prone to a pressure
hysteresis of tenths of a bar, the long-term drift was found
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to be as low as 18,3 mbar during a 12h test. Combined with
the heaters PID control, this method led to a temperature
variation of 50,2mK and 20,6mK in the M1 cooling braid
and silicon substrate, respectively, Fig. 4. In this case, the
solenoids are used during the transfer only when the pri-
mary vessel pressure is actively lowered back to 2.5 bar to
generate the needed differential pressure for the liquid to
flow.
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Figure 4: Temperature and vessel pressure when using the
active solenoid control or the passive valve at the CNB:M1
systems.

EXHAUSTION

The gas released by the primary liquid cylinder during
filling or automatic pressure control is directed out of the
hutch through a vacuum-insulated exhaust line. However,
the flow discharged by the cryostat is directly released into
the hutches, since the flow rate is much lower. Indeed,
Fig. 5 demonstrates that the oxygen ratio inside these
hutches is comparable to those of the EMA beamline, in
which there is no gaseous nitrogen release in the consid-
ered period, and even above the levels in experimental
hutches of MANACA, CAT, and CNB beamlines, where
cryojets for sample conditioning are commonly used.
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Figure 5: O2 ratio in several optical (OH) and experimental
(EXP) hutches of CARNAUBA, CATERETE, MANACA
and EMA beamlines.
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Yet, in addition to occasional ejection of LN2 from the
cryostat outlet, the output gas itself is frosty. Consequently,
its necessary to avoid the formation of ice and water around
the cryostat outlets. Initially, it was observed that the use
of an insulator would just offset the ice formation and that
warming the residual gas required a noteworthy amount of
energy, with additional safety concerns. Indeed, even when
heating only the enclosure, significant power was also nec-
essary, so that a fourth solution was developed. As shown
in Fig. 6, it consists of a 3D printed PLA part in which the
nitrogen flow is surrounded by a cylindrical channel
through which there is a laminar flow of compressed air

that act as an insulator.

ém {——> N
r——> T

Figure 6: Options against condensate formation: nothing
(a), blanket with heaters (b), gas heater (¢), and custom part
with air barrier (d).

INTERLOCK

The system is considered to have failed when the emer-
gency button is pressed or when the control interface of the
primary vessel is disconnected. It is also directly connected
to the Equipment Protection System (EPS) such that un-
wanted events (as vacuum incident or overtemperature)
trigger the actuation of valves and shutters as preventive
measures.

CONCLUSION

A low-cost solution was developed for the cryogenic
cooling of optics under moderate thermal loads at Sirius
beamlines through the combination of commercial systems
and ad hoc additions. The proposition aimed at solving the
challenges associated with nitrogen supply and exhaust
and to ensure temperature stability in the optics. Several
systems are already operational while refined optimization
proceeds. Performance limits could already be observed,
and level and pressure controls have been effectively run-
ning for several months, endorsed by a robust interlock
control.
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Abstract

The High-Dynamic Double-Crystal Monochromator
(HD-DCM) is an opto-mechatronic system with unique ar-
chitecture, and deep paradigm changes as compared to tra-
ditional beamline monochromators. Aiming at unmatch-
ing scanning possibilities and positioning stability in verti-
cal-bounce DCMs, it has been developed since 2015 for
hard X-ray beamlines of Sirius Light Source at the Brazil-
ian Synchrotron Light Laboratory (LNLS). Two units are
currently operational at the MANACA (macromolecular
crystallography) and EMA (extreme conditions) undulator
beamlines, whereas a model for extended scanning capa-
bilities, the so-called HD-DCM-Lite, is in advanced devel-
opment stage for forthcoming bending magnet and undula-
tor beamlines. This work presents commissioning data re-
lated to the two HD-DCM units, together with the devel-
oped operation strategies and the overall control architec-
ture, with emphasis on the 10 nrad RMS (1 Hz to 2.5 kHz)
pitch parallelism performance, the calibration procedures
and flyscan-related discussions.

INTRODUCTION

The High-Dynamic Double-Crystal Monochromator
(HD-DCM) [1] has been developed by the Brazilian Syn-
chrotron (LNLS) for Sirius [2] and the demanding new
generation of X-ray beamlines. With a predictive design
methodology [3] and original concepts for a DCM that are
based on precision mechatronics [4], it has proven to meet
the mark of 10 nrad RMS pitch parallelism performance,
both in fixed-energy and scanning operation modes, over
the broad frequency range from 1 Hz to 2.5 kHz, which is
sui generis in vertical-bounce DCMs.

The system has already been described to the community
in different aspects: the conceptual design, the mechatronic
principles and thermal management solutions were pre-
sented in MEDSI 2016 [5-8]; results of in-air validation of
the core, together with system identification and control
techniques in the prototyping hardware, were shown in
ICALEPCS 2017 [9, 10]; the offline performance of the
full in-vacuum cryocooled system, including scans solu-
tions were presented in MEDSI 2018 [11]; and the dynamic
modelling work, together with updated control design and
the FPGA implementation in the final NI CompactRIO
(cRIO) hardware were discussed in the ASPE Topical
Meeting 2020 [12-14]. Here, commissioning results of the
two operational units at MANACA and EMA undulator
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beamlines at Sirius are presented, together with proce-
dures, strategies, and the related beamline architecture.

COMMISSIONING PROCEDURE

The commissioning procedure that has been developed
for the HD-DCM follows the steps presented in Fig. 1 and
described below:

1. Beam through consists of passing the first monochro-
matic beam of a given energy to downstream sensors or
visualization elements after short scans in the Bragg an-
gle, in the pitch angle of the 2™ crystal of the DCM
and/or the undulator phase, which is a quick job if of-
fline fiducialization and laser-tracker-based alignment
procedures at the beamline are properly realized.

2. Preliminary DCM-undulator tuning is meant as a
coarse mapping between the Bragg angle and undulator
phase for different harmonics, which relies on beam
simulation and can be done in terms of output flux or
image processing.

3. Preliminary Rocking Curve analysis is related to opti-
mizing the roll parallelism and scanning the pitch of the
2" crystal in the DCM for a few energy values of inter-
est. Thus, the quality of the crystalline lattice —which
depends on manufacturing, mounting and the cryogenic
thermal management — can be verified, while the inter-
nal metrology feedback to keep the parallelism accord-
ing to maximum flux is evaluated.

4. Preliminary energy calibration is dedicated to calibrat-
ing the Bragg angle encoder homing offset according to
one or more absolute energy values provided absorp-
tion standards in spectroscopy measurements.

5. Fine DCM-undulator tuning is the refinement of the
undulator energy-phase calibration with the calibrated
Bragg angles over the whole operational energy range.

6. Fine energy calibration consists in optionally exploring
multiple absorption edges over the full energy range to
calibrate occasional repeatable non-linearities in the en-
coder of the Bragg angle.

7. Fine parallelism calibration is an optional flux-based
step for repeatable non-linearities in pitch (in the pis-
ton-tip-tilt internal metrology of the crystal cage, as de-
scribed in [5]) as the gap between crystals varies over
the full energy range.

8. Fixed-exit calibration is the final step in which angular
or translational deviations of the monochromatic beam
are mapped over the complete energy range by image
processing, quadrant sensors or knife-edge measure-
ments, and compensated by the internal degrees-of-
freedom in the crystal cage.
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Figure 1: Commissioning procedure developed for the HD-DCM at MANACA and EMA undulator beamlines at Sirius.

Considering that ordinary calibration based on look-up
tables would be incompatible with flyscan because of
smoothness and differentiation issues, together with high-
rate constraints, all the relations among quantities, i.e., en-
ergy, phase, angles and linear displacements, are defined
according to polynomials, which are computed in real time
at the FPGA level. Nominal, full-range calibration or short-
range optimized polynomial sets can be defined. This pro-
cess is repeated for both Si(111) and Si(311) crystal sets in
the HD-DCM to provide a highly-stable monochromatic
beam that can be explored in fixed-energy, step-scan and
flyscan operation modes. The following section describes
the integration architecture at MANACA as a case study.

INTEGRATION ARCHITECTURE

The HD-DCM has been designed not only to achieve po-
sition stability at fixed energy, but also to simultaneously
enable high-performance spectroscopy in flyscan, which
asks for consistent requirements for instrumentation and
the control architecture at the beamline level.

Figure 2 depicts the integration diagram for MANACA.
Information of the electron beam stability in the storage
ring (SR) is made available to the beamline from two beam
position monitors (BPMs), with synchronization triggers
via an event handler hardware (EVE) developed in-house
by the GCA group [15]. Regarding the undulator (UND)
source, the options are still somewhat limited. Indeed,
working in a coupled mode, the HD-DCM can currently
only be used as the follower, receiving the quadrature sig-
nal that is derived from the undulator encoder. Further-
more, the trajectory generation in the Kyma commission-
ing undulator cannot be optimized for the best performance
in flyscan with the existing firmware in its programmable

logic controller (PLC) either. With the installation of the
Delta undulator that has been developed in-house, a more
extensive integration will be possible.

In addition to the HD-DCM, two focalizing mirrors (M1
and M2) compose the beamline optics, currently delivering
a monochromatic beam of about 10x10 um? at the sample
position. After the M1, there is a component for diagnostics
that contains an AXUV36 photodiode (PD) and a CCD-
based beam visualization system (BVS) with a resolution
of about 10 um. The first is used for measurements of the
Rocking Curves and for the flux-based DCM-undulator
tuning. The latter is used for the beam-through step and
visual inspection of the undulator emission profile when
the M1 is removed from the beam path, but also to guide
the alignment of the M1. After the M2, two Cividec dia-
mond quadrant photon beam position monitors (XBPMs)
are used for alignment, including the fixed-energy calibra-
tion, and beam stability measurements. A variety of in-vac-
uum filters are intended basically to control the flux at the
sample, but have also been used as absorption standards for
energy calibration. Finally, at the sample position the most
common setup during commis-sioning consists in a YAG-
Ce crystal and a high-resolution CCD-based optical micro-
scope, which is used for the alignment of the mirrors, but
also for fixed-exit calibration via image processing. Other
items at the beamline are omitted in the diagram for clarity.

NI cRIO has been chosen as the standard controller for
Sirius beamlines, being used not only to handle digital and
analog signals of a variety of devices in rates up to 10 MHz,
but also to host entire applications, as the HD-DCM itself,
which runs at the control rate of 20 kHz. A special module,
known as time and trigger unit (TATU), has been devel-
oped in-house by the SOL group for the NI-9401 board to
work as a synchronization unit in the microsecond range.
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Figure 2: Integration diagram for the HD-DCM at MANACA beamline at Sirius. (Details in the text.)
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Figure 3: Commissioning results of the HD-DCM at MANACA and EMA beamlines at Sirius. (Details in the text.)

Thus, with the instruments relying on fast computing hard-
ware and connected at the hardware level, commissioning
and the experiments can be easily taken to the sub-milli-
second range. Still at the FPGA level in cRIO, but with set-
tings available to users at the EPICS level, averaging tools
have been developed in-house to improve signal-to-noise
ratio of digital and analog signals. The HD-DCM control
itself is now fully available in EPICS via the Nheengatu
solution developed by the SOL group to integrate EPICS
with cRIO [16], and a library for the calibration procedures
has been developed with Python scripts.

RESULTS

Figure 3 briefly illustrates some of the results obtained
in the commissioning work of the HD-DCMs at MANACA
and EMA beamlines. In (a), the photocurrent is measured
(at different amplification gains) as a function of the pho-
ton energy for different undulator phases and harmonic
tunings as the Bragg angle is scanned, such that the ideal
tunings can be found and implemented a polynomial. In
(b), measurements of the Rocking Curve for Si(111) at 20
keV are compared with theoretical simulated data, with
agreement for the full width at half maximum within 5%.
Step-scan data with detection averaging time of 1 s —and a
total measurement time of about 5 minutes — is compared
with flyscan data with detection averaging times of 1 ms
(noisier) and 100 ms (smoother) — and total measurement
time of 5 s each —, showing equivalent performance. In (c),
the absorption edge for Pt at 11.56 keV is used for energy
calibration at EMA. Although this measurement was done
in step scan over a few minutes during calibration, up to 1
keV scans can also be realized in a few seconds in flyscan
for spectroscopy experiments. In (d), the X and Y fixed-
exit calibration via image processing at MANACA allowed
the 10um beam to have its vertical position dependence
with energy reduced from more than 30 pm to less than
Ipum over the full energy range available at the beamline,
which was at the resolution and stability limits of the ex-
perimental setup. Thus, concerning accurate flyscan spec-
troscopy measurements, the largest possible continuous
scan is only limited by the undulator characteristics. In (e),
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for stability evaluation, the estimated back-projected pitch
stability of the HD-DCM at a given energy is compared via
cumulative amplitude spectrum (CAS) with the vertical
beam stability of the electron beam, as measured by the
BPMs before the fast orbit feedback (FOFB) system is im-
plemented in the SR. The DCM has a negligible impact in
the vertical beam stability so far, which is confirmed in
measurements with the XPBMs that are dominated by the
source stability signature (not shown). Finally, in (f), a pre-
liminary intensity measurement is shown also for stability
evaluation. In this case, the 2" crystal in the HD-DCM was
intentionally detuned to the slope of the Rocking Curve for
Si(333) at 20 keV, for the maximum flux-to-pitch sensitiv-
ity condition at MANACA. The power spectrum density
(PSD) of the signal of the PD is shown in the dark condi-
tion for a noise background level and with beam on. The
contribution of the HD-DCM could only be estimated from
the internal metrology data, because over the whole range
it would be partly noise-limited and partly overshadowed
by the intensity variation of the source itself.

CONCLUSIONS

This work briefly summarizes the procedures, the inte-
gration architecture and some results in commissioning the
HD-DCMs that at MANACA and EMA beamlines at Sir-
ius. Thus, the innovative mechatronic architecture is now
validated, allowing for superior beam position stability and
enabling unmatching scanning possibilities, which can be
explored both for higher throughput and new scientific op-
portunitiecs. A new model for even faster scans, the so-
called HD-DCM-Lite [17], is now in development.
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Abstract

Beamlines of new 4th-generation machines present
high-performance requirements in terms of preserving
beam quality, in particular wavefront integrity and position
stability at micro and nanoprobe stations. It brings about
numerous efforts to cope with engineering challenges com-
prehending high thermal load, cooling strategy, crystal
manufacturing, vibration sources, alignment and coupled
motion control. This contribution presents the design and
performance of four-bounce silicon-crystal monochroma-
tors for the Sirius beamlines at the Brazilian Synchrotron
Light Laboratory (LNLS), which is basically composed of
two channel-cut crystals mounted on two goniometers that
counter-rotate synchronously. The mechanical design as-
certained the demands for the nanoprobe and coherent scat-
tering beamlines - namely, CARNAUBA and CATERETE
- focusing on solutions to minimize misalignments among
the parts, to grant high stiffness and to ensure that the ther-
mal performance would not impair beam characteristics.
Hence, all parts were carefully simulated, machined, and
measured before being assembled. The present work intro-
duces mechanical, thermal, diagnostics, and dynamic as-
pects of the instruments, from the design phase to their in-
stallation and initial commissioning at the beamlines.

INTRODUCTION

Carnauba (CNB) and Catereté (CAT) are the longest Sir-
ius beamlines. Their scientific programs bring several cut-
ting edge contrasts and imaging techniques for research in
numerous science fields. Carnauba has a sub-microprobe
(600-150 nm) and nanoprobe (120-40 nm) experimental
stations and covers the energy range from 2.05 to 15 keV.
Catereté’s experimental station is followed by a 30 m flight
path in-vacuum detector and receives a 30 um? beam in the
energy range from 4 to 21 keV. In order to achieve such
goals, the beamline instrumentation needs to present ex-
ceptional performance [1, 2]. Notably, such beamlines will
use a four-bounce crystal monochromator (4CM) to select
and scan X-rays with resolution of AE/E=10.

The main attributes of a 4CM are the high energy reso-
lution and its independency from the beam divergence [3].
The first Sirius’ 4CMs are based on cryogenically cooled
Si crystals and it introduces a simple concept that priori-
tizes high mechanical stiffness associated to robust control.

T marlon.saveri@Inls.br
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MECHANICAL DESIGN

The equipment comprises a pair of channel-cut silicon
crystals in a horizontal +--+ configuration so that the par-
allelism between diffraction surfaces is inherently ensured,
the downstream beam keeps the same direction of the up-
stream beam regardless of Bragg’s angle, and higher reso-
lution in the selection of X-ray energy is achieved when
compared to double crystal monochromators [4]. Table 1
shows the 4CM specifications.

Table 1: Specifications of Carnauba and Catereté 4CMs

Parameter CNB CAT
Crystal Set Si (111)
Angular Range (°) 7-75 4.5-50
Encoder Resolution (urad) <<1

Axes synchronization (urad) <10% D.W.
Crystal Size (mm?) 62x90x50  50x98x62
Channel-Cut gap (mm) 8.0 6.2
Crystal Temperature 125K

Beam Size (mm?) 1.5x2.6  0.99x0.51
Heat Load from Beam (W) 7 17.4
Base Pressure <5E-8 mbar

The rotation of the crystals around Bragg angle is driven
by a pair of high-resolution goniometers Aerotech APR-
200. Naturally, both axes must rotate in opposite
directions. Hard stops and limit switches confine the
ranges to avoid damage.

The cooling source is a commercial ST-400 UHV cryo-
stat (Janis) supplied by an open cycle liquid nitrogen flow,
capable of dissipating 70 W and linked to the crystals by
copper thermal straps (TS), which allows the rotations. Ad-
ditional copper parts are used to fit the different geometries
and follow the crystal rotation movement. The straps are
also useful to attenuate vibrations from the cooling system,
whereas the goniometers are rigidly fixed on a granite
bench, which aims to minimize the amplification of vibra-
tions from the ground, Figure 1.

Each channel-cut crystal is clamped to a titanium frame
at three contact zones with flexible links designed to mini-
mize deformation and maximize stiffness. The frame is
kept in an intermediary temperature, while the rotary stage
below it is kept at environmental temperature, Figure 2
zooms the previous figure, highlighting the crystal frame.
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Alignment

The number of degrees of freedom (DoF) is limited to
enhance the stiffness of the system. The DoF for alignment
of the entire equipment in relation to the beamline are en-
trusted to the granite bench (three rotations, Rx, Ry, Rz and
two translations Tx, Ty) [5]. Inside the vacuum chamber,
the only DoF are Bragg rotations delivered by the goniom-
eters and the translation of the shielding. Therefore, the
alignment of the parts, including the parallelism between
axis and the positioning of the crystals in relation to Bragg
axis, is defined by dowel pins, machining shims, control of
screw tightening and metrology.

Figure 1: CAD representation of 4CM-CAT. Cryostat (a), To ensure the perpendicularity between diffraction
copper straps (b), crystals (c), rotary stages (d), linear ac-  planes and rotation axis, with error below 100 prad, crys-
tuator module (e), vacuum chamber (f), granite bench (). tals were assembled on their goniometers and the crystal-

lographic orientations were aligned by using an X-ray dif-
/4 fraction setup providing inputs for tailoring the shims
@ among crystals and their frames.
(b)

The parallelism between the axis and the alignment of

the entire equipment in the beamline is expected to be
;\ achieved with a precision better than 100 pm (Tx, Ty) and
\ + 500 prad (Rx, Ry, Rz) (Fig. 4) when referencing via La-
ser Tracker.

A script was developed in Python to evaluate the effects
of misalignments in the ray-tracing. Figure 4 shows the
possible positions of the x-ray beam downstream 4CM-
CAT along a full Bragg scan for 1x10* beams reflected by

- the four crystals subject to random misalignment condi-
Figure 2: CAD representation of first channel-cut crystal  tjons.

module, containing the first (a) and second (b) diffraction
surfaces and the crystal frame (c), which is clamped to the Gap betveen cryatls 62:005 mm  Bean displacement amplitude forenir range

rotary stage (d) at three points 120° spaced. £ R, Ry, and Rz (Bench to Lab) 500 prad allin

= Rx’, Ry’, and Rz’ (Rotary Stages to Bench) 500 urad
A linear actuator assembled in a stainless-steel structure R, Ry", and Rz (Crystal 10 Rotary Stages) = 100 juad
is used to move a slit between the two crystals. The slit o
supports beam diagnostics and acts as a mask to avoid dif-
fractions from other lattice planes. The parts are mounted
inside an ultra-high vacuum (UHV) stainless-steel cham-
ber and a liquid nitrogen vessel is placed next to it in order
to supply the fluid, Figure 3.

00204

0015

0.010

£
E
> 0005

-010  -0.05

005 010

0.00
x[mm]

Figure 4: Variations of the virtual source due to random
misalignments showed on top-left table. 1x10* cases were
considered inside these ranges. The coordinate systems
Xyz, X’y’z’ and x’y”z” are fixed to bottom flange, bottom
part of goniometers and center of rotation of crystals, re-

spectively.

This study shows that the variations over the entire range

according to the specified alignments values could achieve
20% of the beam size downstream the 4CM. Gap variations
from machining process cause the major contribution for
horizontal deviations whereas perpendicularity error
among rotary stages and floor are dominant for vertical
movements.
Figure 3: Photography of 4CM-CNB. Liquid nitrogen ves- The offset calibratiop is achieved by matc;hing reflec-
sel (a), cryostat (b), vacuum chamber (c), ion pump (d), ~ tions of thp -ﬁrst anfi thqu sqrfaces to the \yhlte beam and
granite bench (e), and internal view (). by maximizing th.e 1ntenS}ty in ‘[hej d1agnqst1cs between the
channel-cuts and in the visualization device downstream.
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Cooling

The high-power photon density from an X-ray synchro-
tron beam can deform the surfaces of the optical elements
and affect the beam quality. The difference of temperature
among the diffraction surfaces of the monochromator crys-
tals leads to dissimilar distances between adjacent lattice
planes (d-spacing), impairing the photon flux downstream.
Moreover, the overall deformation on the footprint results
in variations in terms of size and position of the focal point
of the beamline, where the samples are usually placed
[6, 7]. Such deformations are minimized when the crystals
are maintained at cryogenic temperatures, where silicon
has high thermal conductivity and low coefficient of ther-
mal expansion (CTE). This effect is illustrated for 4CM-
CNB by Figure 5. The smaller the crystal deformation the
smaller the beam size at the focus and its position deviation
along the X-Ray beam direction (Z)

fon on 1stSurface - Footprint for 2.05 keV, 20x20 urad’, 7W

m:

Figure 5: Deformation along the 1st crystal surface of
4CM-CNB (a) due to thermal effects for different bulk
temperatures made on Ansys for a 1.6 x 2.7 mm? 7W foot-
print at 2.05 keV (b). Values for 295.15 K are divided by
10. Raytracing of the diffracted X-Ray beam at experi-
mental station downstream 4CM for crystals at 125 K (c)
and 150 K (d) made on Shadow.

A lumped model was applied to design the parts to keep
the crystals temperatures close to 125 K [8], which is ex-
pected to be achieved after the update of the thermal straps
[9]. The cryostat and cryogenic infrastructure are analyzed
in a dedicated work [10].

Control

The movements of all axes are controlled by a high-per-
formance Delta Tau (Faraday) motion control solution. On
the other hand, the temperature monitoring and control is
overseen by a CompactRio (National Instruments) device.
The position feedback system consists in a rotary scale
TONIC Renishaw with resolution of 26.62 nrad. The con-
trol system used is the PowerBrickLV (Delta Tau) which
allows kinematics transforms, thus being possible to con-
trol Bragg’s angle with less than 50 nrad RMS positioning
error (from 1 Hz to 2.5 kHz) and to maintain the synchro-
nism of the stages during 600 eV/s movement within 3 urad
RMS [11].
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PRELIMINARY CHARACTERIZATION

Some preliminary characterizations were accomplished
to evaluate the performance with beam. Figure 6 shows an
experimental rocking curve obtained by fixing the first set
at 9.75 keV and scanning the second set to calibrate small
offset among the crystals at the CNB 4CM. The FWHM of
the rocking curve matches the expected value, which is a
convolution of the total intrinsic reflection width (~27
urad) and the small beam divergence (17 urad)

0.4

®  Expdata
Fitting curve

0.3 4
1.72 milidegrees
(30 prad)
02

Intensity (a.u.)

0.1+

0.0 4

T T T T T
M.717 11.719 11.721 11.723 11.725

Rocking angle (degrees)

Figure 6: Rocking curve.

The energy resolution of the 4CM was analyzed in an X-
ray absorption spectroscopy experiment at the CNB evalu-
ating the sharp pre-edge peak in the Mn K-edge of
KMNOs,, Figure 7. The measured FWHM of 1.54 eV is
consistent with the convolution of predicted 4CM resolu-
tion (0.65 eV) and the intrinsic core hole width of 1.3 eV
[12].

05 AE=1.54eV
—>

Absorbtance [a. u.]

o
©

o
[N

0.1

0 don
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Energy [eV]

6580 6600

Figure 7: Beamline energy resolution measurement with
KMNO4 K edge.

FINAL REMARKS

Cryogenically cooled four-bounces monochromators
were developed to meet the needs of Catereté and Car-
nauba beamlines. Preliminary analysis demonstrate relia-
bility and that high resolution performances.
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Abstract

Innovative exactly-constrained thermo-mechanical de-
signs for beamline X-ray mirrors have been developed
since 2017 at the 4th-generation Sirius Light Source at the
Brazilian Synchrotron Light Laboratory (LNLS). Due to
the specific optical layouts of the beamlines, multiple sys-
tems cover a broad range of characteristics, including:
power management from a few tens of mW to tens of W,
via passive room-temperature operation, water cooling or
indirect cryocooling using copper braids; mirror sizes rang-
ing from 50 mm to more than 500 mm; mirrors with single
or multiple optical stripes, with and without coatings; and
internal mechanics with one or two degrees of freedom for
optimized compromise between alignment features, with
sub-100-nrad resolution, and high dynamic performance,
with first resonances typically above 150 Hz. Currently,
nearly a dozen of these in-house mirror systems is opera-
tional or in commissioning at 5 beamlines at Sirius:
MANACA, CATERETE, CARNAUBA, EMA and IPE,
whereas a few more are expected by the end of 2021 with
the next set of the forthcoming beamlines. This work high-
lights some of the design variations and describes in detail
the workflow and the lessons learned in the installation of
these systems, including: modal and motion validations, as
well as cleaning, assembling, transportation, metrology, fi-
ducialization, alignment, baking and cooling. Finally, com-
missioning results are shown for dynamic and thermal sta-
bilities, and for optical performances.

INTRODUCTION

For the past couple of years many beamlines have passed
from the design stage to assembly, installation, and com-
missioning at the 4th-generation Sirius Light Source at the
Brazilian Synchrotron Light Laboratory (LNLS) [1]. Re-
garding the novel exactly-constrained X-ray mirrors for
Sirius [2], during the design phase extra care was taken to
ensure beam characteristics — i.e., acceptable nanometric
deformation into the mirror’s optical faces —, and align-
ment capabilities at the beamline, with new procedures,
tools, and manuals being developed to certify installations.

Five beamlines at Sirius, namely, MANACA (MAN),
CATERETE (CAT), CARNAUBA (CNB), EMA and IPE,
summarized in Table 1, currently rely on these in-house so-
lutions, and a few more are expected by 2021. Through the
commissioning phase on the first three of them, some im-
portant results have been found regarding fine and coarse
alignment, leading to some significant beam results. Ther-

T vinicius.zilli@lnls.br
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mal management and cryogenics, modal and bench stabil-
ity results are briefly presented. Some potential future im-
provements were found and are briefly discussed.

Table 1: First Beamlines Summary

Beam- Energy Source Status
line Range

CNB 2.05-15 keV ID  Commissioning
MAN 5-20 keV ID  Commissioning
CAT 5-20 keV ID  Commissioning
IPE 100-2000 eV ID  Installation
EMA 2.7-30 keV ID  Assembling

ASSEMBLY AND INSTALLATION

Following standardized step-by-step guidelines, internal
mechanisms pre-assembly, characterization and fiduciali-
zation ensures high-quality and repeatability to the assem-
bly and installation processes. The main procedures steps
are presented and discussed.

Assembly

A well-done cleaning certifies the removal of any con-
taminants into the ultra-high vacuum (UHV), to which
most of the mirror systems are submitted. The main con-
taminants identified are machine oil used for lubrication,
human skin oil, dust, and metal particles from machining
which are mainly encountered on surface roughness and
holes.

The first cleaning process is mechanically pre-cleaning
the parts using the alkaline detergent IC115 which is fol-
lowed by common water and demineralized water rinsing.
To guarantee the part cleanliness, when necessary, an ultra-
sonic bath with the part submerged into a IC115 (10%) and
water solution at ambient temperature is made for variable
times, depending on the part size, geometrical complexity,
and material.

A comprehensive and intuitive pre-assembly workflow
has been developed ensuring quality and repeatability. The
internal mechanism assembly method can be subcatego-
rized into some main stages and were executed inside a
controlled clean room [3]. Firstly, the mirror support is fix-
ated, securing position, and favoring the precision mecha-
nism fixation. Then, dowel pins and folded leaf-springs
(FLS) fixation can be done (see [2]). The pins guarantee
positions according to design. All FLS need to be screwed
by hand before tightening, to prevent pre-tensioning, which
might induce asymmetric stiffness into the system. Numer-
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nism before the mirror was mounted to it.

=" -Mirror Suport

Fiducialization

ment campaigns with laser trackers [4].

fiducialization points.

Installation
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ous assembly tools have been developed to certify posi-
tioning and alignment of the stiffness components between
the mirror and the mirror support. Lastly, sensors and actu-
ators can be assembled, which include temperature sensors
and heaters, for temperature measurement and control; lin-
ear encoders, for the support position measurements; and
the piezo walker for fine movement actuation. All cables
need to be divided, sorted, and routed on the top of the base
frame. Figure 1 shows the CAT M2 mirror internal mecha-

/

Figure 1: Fully assembled CAT M2 internal mechanism.

An indirect fiducialization procedure has been devel-
oped to virtually match the components of interest from
two independent measurement setups. The mirrors sub-
strates are measured using a high-precision CMM (coordi-
nate measuring machine) (Hexagon Global Performance).
In turn, the assembled internal mechanics, that finally de-
fines de mirrors positions, are measured using an articu-
lated measuring arm (7-axis ROMER by Hexagon). The
accuracy and repeatability of this procedure is below 0.1
mm, in average. As illustrated in Fig. 2, four fiducialization
points outside the UHV chamber are also measured, to be
related to the Sirius metrology network during the align-

Figure 2: (a) CAT M2 CAD representation and (b) CAT
M2 internal mechanism fiducialization measurements: (1)
mirror optical face, (2) mirror internal mechanism, and (3)

Following the offline internal mechanisms assembly, the
installation procedure at the beamline starts by isolating the

MEDSI2020, Chicago, IL, USA JACoW Publishing
doi:10.18429/JACoW-MEDSI2020-MOPBO6

optical hutch, installing an auxiliary portable laminar flow
close to it, and iteratively cleaning both ambients until par-
ticle level measurements reach class ISO 5. First, the inter-
nal mechanisms without the mirrors are mounted to the
vessels on the granite benches under the laminar flow, as
depicted in Fig. 3. Then, the vessel is covered and trans-
ported with the laminar flow to inside the hutch, with con-
trolled temperature of 24 £ 0,1 °C. Once everything is set-
tled, the vessels are reopened, and the mirrors are mounted
on th%nfcernal mechanisms.

Figure 3: CAT M2 granite bench and UHV chamber inside
a portable cleanroom laminar flow ready for the installa-
tion procedure.

Due to higher thermal loads, some of the optical systems
must be actively cooled. The strategy varies depending on
beam aspects and deformation budgets [5], but all share the
concept of flexible copper braids as heat conductors to cou-
ple the optics to the thermal sinks [6]. Depending on the
constraints of the design, the fixation of the braid to the
mirrors is done before or after the attachment of the mirror
on the support (see Fig. 4). In the first case, the mirror is
carefully manually hold, with is its optical face facing
slightly downwards for the braid attachment to avoid par-
ticles contamination on the optical face, then, the fixation
on the supporting frame is performed. In the latter, the mir-
ror is already safely mounted to its support when the braids
are connected. The last step is the cryostats fixation and
UHYV chamber closure. The UHV chamber seal is certified
doing a standard leak test using helium gas.

Figure 4: (a) CAT Ml flexible copper braid being fixed to
the mirror and (b) the CAR M1 assembly installed inside
the UHV chamber.

Baking

Depending on substrate, coating, and beam characteris-
tics, as well as the operational energy range, X-ray mirrors
may require UHV to XHV (ultra-high vacuum and extreme
ultra-high vacuum) conditions to avoid the contamination
and degradation of the optical surface. This is true espe-
cially for cryogenic systems, in which the gas molecules
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become more strongly attached to the cold surfaces. To
reach this environment, it is required to bake out the cham-
ber with all the mechanics, motor, encoders, and X-ray mir-
ror, such that desorbed water and other undesired elements
can be pumped out.

Having the maximum baking temperature limited by the
piezo actuators, all subsystems are baked at 80 + 0.2 °C for
about two weeks. Temperature homogeneity and stability
is reached by using a "baking tent" with temperature con-
trol, as illustrated in Fig. 5. The final pressures of all sys-
tems are in the order of low 10°'° mbar.

[ B T— - —

| e

I v

: T Sua
Figure 5: Setup of the "baking tent" used at the beamline,
developed to avoid high temperatures outside the tent.

COMMISSIONING

First results regarding alignment, vibrations, and thermal
control have been obtained during commissioning of the
first systems. Concerning the Sirius beamlines optical lay-
out, the standard concept for high stability is the use of
side-bounce sagittal cylindrical mirrors with fixed shape to
deflect and focus the beam [7]. Figure 6 shows the beam
focalized by the M1 mirror at the Secondary Source Aper-
ture (SSA) at the CNB beamline, with a full width at half

Y um)
Y lum)

250 0

1600 -800 0
X [um) X (pm)

800 1600

Figure 6: Measurement for the horizontally-focused beam
at the CNB beamline, producing a vertical-line beam.

Regarding modal results, measurements performed on
M1 and M2 CNB mirror systems have shown that first res-
onances in the bench are related to the ionic pump decou-
pling from the bench at approximately 42 Hz for both mir-
rors (see [2]). Yet, as these components represent only 10%
of this systems mass, the granite modes are higher, and the
vacuum chambers and mirrors have even higher suspen-
sion with respect to the bench (148Hz for M1 and 130Hz
for M2), no amplification issues should occur. Stability on
the benches and surrounding floor measurements have
been done to complement the modal information [9]. An
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example is given in Fig. 7 for the horizontal displacement

of the granite benches of M1 and M2 at CNB, which can

be integrated to find displacements in order of about 10 nm.
Data PSD vs Frequency

PSD [m2/Hz]

— M2 ~ L

= = = Noise Floor Wilcoxon

10 20 50 100 200 500
Frequency [Hz]

2 5

Figure 7: Horizontal displacement Power Spectrum Den-
sity measurements for CNB M1 and M2.

As for thermal management, the systems had been mod-
eled using both FEA in ANSYS® and lumped mass in
MATLAB®), in which PID control tuning could also be im-
plemented [10]. In practice, to ensure temperature stability,
minimizing deformation and drift in the optics, an in-house
low-cost cryocooling solution was developed together with
a high-performance temperature control architecture [11].
An example is given in Fig. 8 for the CAT M1, with tem-
perature stability around 2 mK range over several hours.

152.998
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-189.96
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189.98
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t T T T T
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Figure 8: CAT M1 temperature deviation, with maximum
values of about 2 mK.

CONCLUSION

The successful assembly, installation, and preliminary
commissioning of the novel Sirius mirrors systems at the
MANACA, CARNAUBA and CATERETE beamline vali-
dated the proposed innovative concept and the required
procedures. Indeed, specific tools and strategies have been
developed for cleaning, baking, and assembly, according to
the final alignment, dynamics, and figure preservation tar-
gets. These first results will feedback the design of the new
systems to come, whereas more tests are planned for the
granite benches ranges, repeatability, and accuracy.
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VIBRATION ASSESSMENT AT THE CARNAUBA
BEAMLINE AT THE SIRIUS/LNLS

C. S. N. C. Buenof, F. A. Borges, G. S. de Albuquerque, G. R. B. Ferreira, R. R. Geraldes,

L. M. Kofukuda, M. A. L. Moraes, G. B. Z. L. Moreno, D. V. Rocha e Silva, M. H. S. Silva,
H. Tolentino, L.M. Volpe, V. B. Zilli, Brazilian Synchrotron Light Laboratory (LNLS), Brazilian
Center for Research in Energy and Materials (CNPEM), 13083-970, Campinas, Sao Paulo, Brazil

Abstract

CARNAUBA (Coherent X-Ray Nanoprobe Beam-line)
is the longest beamline at Sirius Light Source at the Brazil-
ian Synchrotron Light Laboratory (LNLS), working in the
energy range between 2.05 and 15 keV and hosting two
stations: the sub-microprobe TARUMA and the nanoprobe
SAPOTI, with coherent beam size varying from 500 to 30
nm. Due to the long distances from the insertion device to
the stations (135 and 143 m) and the extremely small beam
sizes, the mechanical stability of all opto-mechanical sys-
tems along the facility is of paramount importance. In this
work we present a comprehensive set of measurements of
both floor stability and modal analyses for the main com-
ponents, including: two side-bounce mirror systems; the
four-crystal monochromator; the Kirkpatrick-Baez (KB)
focalizing optics; and the station bench and the sample
stage at TARUMA. To complement the components anal-
yses, we also present synchronized long-distance floor ac-
celeration measurements that make it possible to evaluate
the relative stability through different floor slabs: the ac-
celerator slab; experimental hall slab; and the slabs in the
satellite building, consisting of three inertial blocks lying
over a common roller-compacted concrete foundation, the
first with the monochromator and the remaining ones with
one station each. In addition to assessing the stability
across this beamline, this study benchmarks the in-house
design of the recently installed mirrors, monochromators,
and end-station.

INTRODUCTION

CARNAUBA’s (Coherent X-Ray Nanoprobe Beamline)
[1] sub-micron station TARUMA and nanoprobe SAPOTI
are the two experimental station at Sirius Light Source with
the largest distances to the source, namely, at 135 meters
and 143 meters from the insertion device, respectively.
Then, due to the long optical lever-arms, beam sizes at the
sample between 30 and 500 nm, and strict stability require-
ments for coherent imaging techniques, all opto-mechani-
cal systems in CARNAUBA must be carefully designed
[2], assembled, installed, and validated.

As shown in the simplified diagram of Fig. 1, CAR-
NAUBA relies on an undulator source, which is located in-
side the storage ring tunnel, lies on the storage ring especial
floor [3], and serves as the origin for the CARNAUBA co-
ordinate system. At 27.4m, already outside the tunnel, but
still on the storage ring special floor, the first main opto-
mechanical system is the side-bounce elliptical mirror

T cassiano.bueno@lnls.br
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Beamlines

(M1) [4], that focalizes the beam in the secondary source.
Next, in the experimental hall, at about 54.3m from the
source, the second main opto-mechanical system is com-
posed of the secondary source mechanism and the planar
mirror (M2), which finally directs the beam to the satellite
building, where the monochromator (4CM) [5] and the ex-
perimental stations, TARUMA (TAR) [6] and SAPOTI
(SAP), are found on special inertial blocks at 130m, 135m
and 143m, respectively.
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Figure 1: Simplified diagram of the CARNAUBA beamline.

METHODOLOGY

The different types of measurements relied on specific
setups, hardware, and software. In the modal analyses, a
triaxial modal accelerometer Kistler 8762A5, an instru-
mented impact hammer PCB Instruments 086C03, and a
NI USB-4431 DAQ acquisition board with 24-bit resolu-
tion running with NI Signal Express at 10kHz, were used
for the frequency response function characterizations. In a
sequence of measurements for each component, by attach-
ing the accelerometer to different points of the structure,
while keeping the excitation with the impact hammer in a
convenient point, animated mode shapes can be created us-
ing a software toolbox developed in-house. For each meas-
urement point, a series of four impacts was repeated to
maximize statistics for coherence and data quality. For
each impact, the time signal was recorded for 2s, with a
pre-trigger margin of 10% of this.

In the floor and component stability analyses two seis-
mic accelerometers Wilcoxon 731 together with two power
amplifiers P31 were used with the same acquisition board
and rate mentioned above, but for a total of 60s. For the
power spectrum density (PSD) calculations, it was used a
window of 10s and 50% overlap. Then, for cumulative
power spectrum (CPS) and cumulative amplitude spectrum
(CAS) data, integration is made up to 450Hz, that is the
maximum frequency for this seismic accelerometer.
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Finally, in the long-distance measurements two Lennartz
Eletronic LE-3Dlite geophones were used in parallel with
the two seismic accelerometers to extend the measurement
range in the lower frequency. The measured locations in-
cluded distances from 28m (insertion device to M1) to
143m (insertion device to experimental station), such that
overcoming the challenges regarding hardware and syn-
chronization required the measurement setup to be care-
fully studied and planned. Eventually, the White Rabbit
protocol, developed by CERN, was implemented and used
to synchronize the data with nanosecond precision [7]. In
our scenario, just two nodes of the White Rabbit were
mounted in a custom application that was developed in
Labview for NI CompactRIO (which has also been se-
lected as the standard controller for Sirius beamlines). The
first one stood at the insertion device location, whereas the
second node moved from location to location. The station
with the insertion device was the master, sending synchro-
nization pulses to the traveling station via an optical fiber.
Then, carefully considering the noise level limits in the
sensors, the time signals were subtracted, so that just the
relative vibration between both points would be analysed,
using the same parameters as for the benches stabilities.

RESULTS

Modal Measurements

The modal measurements were taken in all of the granite
benches of the main opto-mechanical systems at CAR-
NAUBA, with the objectives of studying the mechanical
resonances and mode shapes of the structure and investi-
gating possible influences in the optical elements and the
sample. Figure 2 shows an example of the animated mode
shapes of the 4CM structure, in which each relevant sub-
component is displayed in a different color for clarity, and

Table 1 summarizes the results.
42 Hz

Figure 2: Representation of an animated mode shape for M1
modal Analysis. The components represented are bottom granite
(purple), bottom granite wedge (red), top granite wedge (yellow),
vacuum chamber (purple) and ionic pump (green).

Analysing the first modes, it can be seen that the fixation
mechanisms of the ionic pumps are not fulfilling the de-
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signed stiffness requirements, such that their first decou-
pling occurs in low frequencies, around 40 to 60Hz. None-
theless, as the pump weighs less than 10% of the bench and
the vacuum vessel is stiffly coupled to the granite bench
[8], the amplification effects caused by these modes are not
expected to significantly impact the optical elements and
internal mechanisms of the M1, the M2 and the mono-
chromator, as they are designed for resonances above 100
Hz. The horizontal and rotation modes, that can impact the
in-position stability of internal mechanisms in mirrors are
in frequencies above 100Hz, being 148Hz for M1 and
130Hz for M2.

Table 1: The seven first natural frequencies, in Hz, for all CAR-
NAUBA opto-mechanical system installed. The acronyms BG
and AG stand for Before grouting and After grouting, respec-
tively.

M1 M2 4CM TARBG. TARAG.
42 42 39 40 180
56 46 44 52 215
64 51 55 62 317
78 64 60 70 402
91 70 74 94 498
148 104 109 107 529
170 130 137 213 631

For TARUMA, two scenarios can be considered,
namely: before grouting the bottom granite part, in early
commissioning phase for alignment validation; and after
the grouting work. Before grouting there was a critical
40Hz natural resonance due to the limited stiffness between
the bench and the slab floor, resulting from the three simple
aluminium supporting shims. Excited by disturbances in
the floor, the in-position stability of the sample stage was
limited to 50nm RMS in the horizontal axis, in a frequency
range from 1Hz up to S00Hz. After grouting, another modal
analysis was run to evaluate the changes in the natural fre-
quencies and mode shapes. With the additional stiffness,
the first natural frequency jumped to 180Hz, as depicted in
Fig. 3, and the sample in-position stability could be im-
proved 10nm RMS from 1Hz to 500Hz. The SAPOTI sta-
tion is under construction and could not be evaluated yet.

‘ Cornparisc:n Modal i|:| TARUMé Bench

Amplitude [(m/s2)/N]

Before grouting
After grouting

10 20 50 100 200 500 800
Frequency [Hz]

Figure 3: Comparison between the Frequency Response Func-
tion for the scenarios: Before Grouting and After Grouting.

Stability Measurements

To complement the modal measurements, stability meas-
urements were made for the granite benches of all opto-
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mechanical systems and the surrounding floors. As ex-
plained before, many components lie on different slabs,
such that these measurements help understanding the dif-
ferent characteristics throughout the beamline. Table 2
summarizes the RMS cumulative spectra from 2 to 450Hz
for each component and the floor, whereas Fig. 4 shows a
comparison between the horizontal PSD for the different
benches, from where it is possible to notice the resonances
described in the last section, influence the final stability.
Evaluating the one third octave velocity bands and com-
paring results with the Vibration Criteria curves (VC
curves) [9], all points analysed in CARNAUBA beamline
meet standard VC H and NIST-A1.

Table 2: Cumulative amplitude spectrum from 2 to 450Hz,
in nm, for 6DoF floor stability around opto-components
and 3DoF translations in the granite benches.

M1 M2 4CM TAR SAP
X floor 8.17 7.77 10.71 9.04 12.42
Y floor 7.2 7.69 7.53 5.34 5.67
Z floor 7.32 6.64 13.87 16.37 9.58
Rx floor 1.97 2.46 6.51 10.31 9.31
Ry floor 1.30 1.78 11.60 3.95 5.35
Rz floor  1.47 1.79 1.31 1.49 3.49
X bench  9.39 9.17 11.71 10.59 -
Y bench  7.58 8.07 8.06 7.33 -
Zbench  7.63 6.98 15.07 17.38 -

Data PSD vs Frequency

M—M

—M2 <~
4CM L ’

—TAR

~ — —Noise Floor Wilcoxon

10 20 50 100 200 500
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Figure 4: Horizontal Displacement Power Spectrum Den-
sity measurements for opto-mechanical system at CAR-
NAUBA and the seismometer noise floor to validate the
measurements.

Long-Distance Stability Measurements

Finally, supplementing the local floor stability data,
more information about correlation among the floor slabs
was sought with measurements taken between the insertion
device location and the opto-mechanical components loca-
tions: M1, M2, and both experimental stations. Table 3
summarizes the result for the 3 translational degrees of
freedom that were measured, whereas Fig. 5 shows the
three translational relative PSDs to the farthest measure-
ment location, at the SAPOTI experimental station slab.
The achievement of such high stability is extremely im-
portant since the beam stability in the experimental stations
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has a direct dependence on the relative stability of the
source and secondary source.

Table 3: Cumulative amplitude spectrum from 0.5 to
450Hz, in nm, for the three translational axes, for the long-
distance measurements. The line “DI” inform the distance,
in meters between the accelerometer in each setup.

Und- Und- Und- Und- Ml- Ml-

M1 M2 Tar Sap M2 TAR
X 1.9 2.1 10.7 10.1 1.1 3.2
Y 1.8 2.0 6.5 5.8 20 24
zZ 2.8 2.5 10.7 10.3 1.2 35
Di. 28 58 136 143 29 118

Data PSD vs Frequency

2 . Tl
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Figure 5: Relative displacement PSD for the long-distance
measurement between the Undulator and the SAPOTI slab
(143m) and the geophone noise floor.

It is possible to notice the good agreement between seis-
mic accelerometer and geophone in both locations for the
intermediary frequencies. For frequencies lower than 2Hz
the data from the seismic accelerometer is dominated by
noise, so that just de geophone can be considered. For fre-
quencies higher than S0Hz the same occur with geophone
data, such that just de seismic accelerometer can be used.

CONCLUSION

A full set of instruments and methods has been used for
stability and dynamic analyses at CARNAUBA, the long-
est beamline at Sirius that also hosts it’s the first nanoprobe
TARUMA. The floor stability in all locations is remarka-
bly well placed with respect to the common NIST-A and
VC curves, with integrated displacement between 2 and
450 Hz below in the range from 5 to 15 nm RMS in XYZ.
At the same time, the relative measurements over the long
distances proved to be below 10 nm RMS, already partly
limited by sensor noise. Finally, the granite benches of the
opto-mechanical systems are validated, having achieved
robust dynamic performances that do not amplify the cul-
tural noise and providing suitable stands for the most sen-
sitive beamline elements.
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THE DESIGN AND MANUFACTURING OF
SUPERCONDUCTING UNDULATOR MAGNETS FOR THE
ADVANCED PHOTON SOURCE UPGRADE*

E. Anlikerf, Q. Hasse, Y. Ivanyushenkov, M. Kasa, Y. Shiroyanagi
Argonne National Laboratory, Lemont, Illinois, United States of America

Abstract

The Advanced Photon Source Upgrade (APS-U) will in-
clude 4 full length Superconducting Undulators (SCU).
These SCUs require new undulator magnets to achieve the
required performance of the new machine. The magnets
are fabricated from low carbon steel and wound with NbTi
superconductor. To meet the needs of the users, the mag-
nets will be manufactured in different lengths and magnetic
periods to accommodate SCUs in both inline and canted
configurations. Because their operational conditions do
not allow for shimming or other tuning adjustment, the
magnets used in the APS-U SCUs require very tight toler-
ances for the poles and winding groves that push the ex-
tents of their manufacturability. This paper will cover the
design of the 1.9m long magnets for the inline SCUs, their
measurement data, lessons learned from manufacturing,
and an overview of design changes that were made for the
magnets to be used in the canted SCU configurations.

INTRODUCTION

The Advanced Photon Source (APS) located at Argonne
National Laboratory (ANL) is currently undergoing an up-
grade (APS-U) including a new storage ring and new in-
sertion devices (IDs). Among the new IDs are four new
Superconducting Undulators (SCUs) that will occupy the
entire space provided in a straight section (~5.3 m) of the
new storage ring. The SCUs required new magnets to be
designed and manufactured to fit inside the new devices
while achieving the magnetic performance required by the
new accelerator. The new magnet designs aim to preserve
desired features and functionality from past magnet de-
signs, while also integrating new features to make the de-
sign more universal and easier to manufacture.

INITIAL DESIGN

The APS-U SCU magnet designs are an evolution of pre-
vious magnet designs used in past SCUs [1]. The previous
designs (Fig. 1) consisted of a low-carbon steel core with
G-10 spacers on top that were held in place with spring pins
and low carbon steel poles on the bottom held in place with
screws. These spacers and poles created grooves that
would be used to wind the conductor around the magnet.
The magnets also included holes drilled into the top of the
magnet core so turn-around pins could be inserted during
the winding process.

* This research used resources of the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility at Argonne
National Laboratory and is based on research supported by the U.S. DOE
Office of Science-Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

1 eanliker@anl.gov
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Figure 1: Previous SCU magnet core design that encom-
passed G-10 spacers and individual pole inserts.

The new SCU magnet designs for APS-U vary in length
from 1.3 m - 1.9 m and have magnetic periods of 16.5 mm
and 18.5 mm. This is the longest magnet that has been
manufactured and wound by the SCU team at the APS.
Features retained from previous designs include holes on
top of the magnet core for the turn-around pins, helium
channels that pass through the magnet, and a modified
footed pole to be used during the resin impregnation (pot-
ting) process that extends out of the sides near the bottom
of the magnet.

The magnets were modified from previous designs by
changing the overall height and width of the magnet to
have a better fit inside of the new cryostat [2]. Another
benefit of a wider magnet is that the region of the magnet
influencing the electron beam would be expanded and al-
low for a looser alignment tolerance of the magnets.

Other modifications include the removal of the G-10
spacers and individual poles on the magnet. The magnets
now consist of a single piece with the grooves machined
directly into the core, replacing the individual poles and
spacers. This new magnet design can be seen in Fig. 2.
This dramatically reduced the number of holes being
drilled and tapped into the magnet core and reduced the
overall number of pieces in the magnet assembly. The
magnets still need to incorporate an extended pole insert at
specific locations along the length of the core to be used in
the potting process. Instead of using individual inserts like
previous designs the inserts were changed to a single ma-
chined piece that included three poles and two grooves fas-
tened by two 4-40 screws.

Figure 2: Magnet design used on the APS-U 1.9 m SCUs
showing single piece core and footed poles.
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Footed Pole Inserts

Figure 3: 1.9 m long magnet showing footed pole inserts and corresponding cutouts in the magnet core.

The inserts were machined to match the curvature of the
grooves in the magnet core. The magnet core has corre-
sponding pockets machined out to incorporate the inserts.
The full-length magnet and insert locations can be seen in
Fig. 3.

MANUFACTURING CHALLENGES

While the design was aimed at creating a more universal

and straightforward approach for manufacturing, it did not
eliminate all the challenges that come with fabricating
magnets of this length to the level of precision required.
Prior to fabrication, the initial design was finalized after
consulting with reputable vendors and incorporating the in-
ner cooling channels that run the entire length of the mag-
net; constructing the majority of the magnet out of a single
piece of stock and with achievable tolerances for the
grooves. The magnets operate at cryogenic temperatures in
an insulating vacuum environment resulting in little to no
accessibility for shims. The groove dimensions are thus
critical dimensions that define the period of the magnet and
require tight width and depth tolerances as small as + 0.02
mm.
The magnets for the APS-U SCUs vary in length from
1.3 mtol.9 m. The 1.9 m long magnets proved to be espe-
cially challenging for many manufacturers due to the diffi-
culty holding the required tolerances of the grooves over
that length. This limited the number of available vendors
capable of producing the 1.9 m magnets whereas the fabri-
cation of shorter magnets would be achievable by a wider
range of manufacturers.

The inserts that were machined to fit in the correspond-
ing cutouts on the bottom of the magnet also had to be ma-
chined to match the radius of the magnet core so that there
was a seamless joint in each groove. A closer view of this
joint can be seen in Fig. 4.

SIDE VIEW

BOTTOM VIEW

Figure 4: Side and bottom view of the footed pole insert
and its 4-40 fasteners.
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DATA AND PERFORMANCE

The magnets are required to pass a thorough measure-
ment and inspection process completed by the vendor that
consisted of measuring multiple points in every groove.
This information was then tabulated into a report and re-
quired the approval by the technical representative before
delivery. The points allow for the creation of virtual maps
that could be used to determine the flatness of the pole face
and the groove dimensions. The grooves are also verified
with ceramic gauge blocks to ensure there is adequate
space all around the core for the conductor winding. The
measurements taken showed that there were inconsisten-
cies in the flatness along the bottom pole surface of the as-
sembled magnet located at each of the footed pole loca-
tions. The measurements that show this inconsistency are

shown in Fig. 5.
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Figure 5: Plot of the pole face flatness along the bottom of
the magnet core (number of measurements on X-axis)
showing spikes out of the tolerance zone (green).

As shown in Fig. 5, the differences between poles largely
fall within the required tolerances on the magnet yielding
a minor impact on the periodicity of the magnet. However,
the difference in pole height was a representation of the
mismatch of the interfaces between the footed pole inserts
and their cutouts in the magnet core.

During the potting process the magnets undergo a
bakeout process where they are heated to 80 °C for 24
hours, then cured at 135 °C for 1.5 hours. Once potted the
magnets are trained and tested in a liquid helium bath at an
operating temperature of 4.2 K. The temperature differen-
tial was sufficient for the conductor to expand and contract
enough that the protective layer around the conductor was
penetrated or rubbed off at specific interfaces where the
footed poles are attached to the magnet core. This created
shorts to the magnet core which in turn created local hot
spots where the conductor would burn up during coil train-
ing. The interface location where problems occurred, and
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a cutout of the conductor damage can be seen in Figs. 6 and

7, respectively.

Figure 6: Interface where footed pole meets the magnet
core where the conductor could potentially get pinched.

Figure 7: Conductor removed from a magnet after it had
shorted to the core and caused a magnet failure. Red circle
highlights the hot spot where the conductor burned.

FINAL DESIGN

Given that the interface between the footed pole inserts
and magnet core exist in multiple locations along the length
of each magnet, there was the possibility for failure on ad-
ditional magnets on the remaining SCUs to be built. The
design was modified to completely remove the footed
poles. The magnet outer profile was changed to include a
taper to the bottom pole surface to replace the footed poles
and machining the entire magnet core out of a single piece
of steel as shown in Fig. 8. The change was influenced by
the single piece magnet cores manufactured for the Helical
Superconducting Undulator (HSCU) built at Argonne in
2017 [3]. This would eliminate any interfaces where the
conductor could potentially be damaged. The final design
would retain the winding groove dimensions, turn around
pins, helium channels, and tapered grooves on the top of
the magnet, while removing the footed poles from the de-
sign, thus eliminating the interfaces that were causing the
shorts to the magnet to occur. The final design also in-
cludes a new feature of channels machined down the sides
of the magnet core to allow for epoxy to better flow
through the magnet during the potting process. The final
design also allows the magnet to maintain the same mag-
netic performance as the initial design and allows for the
use of all the same components surrounding the magnet
structure inside of the cryostat creating uniformity between
all the magnets. The surrounding components are shown
in Fig. 9.

As aresult of removing the footed poles from the design,
the potting molds for the magnets needed to be redesigned
to fit the new magnet profile. The footed poles were an
integral part of the potting mold, as they were used to fas-
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ten the magnet onto a flat plate, ensuring a clean surface on
the bottom of the magnet. A new method consisting of
pressing the magnet down from the top was developed to
retain the smooth surface on the bottom pole face.

oo

Figure 8: New single piece magnet design with tapered
profile to be used on all future APS-U SCUs.

Magnet Clamps

Magnet Supports Gap Spacers

Figure 9: New single piece magnet design and correspond-
ing components being reused inside of the SCU cryostat.

CONCLUSION

Following an extensive design, assembly, and testing
process, the latest evolution of the superconducting magnet
cores for the APS-U have been approved and are currently
being manufactured with an anticipated arrival date of late
2021. After delivery, the magnets will be wound, potted,
and tested before being installed into the new SCUs cur-
rently being assembled at the APS.
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THE ADVANCED PHOTON SOURCE UPGRADE (APSU)
SUPERCONDUCTING UNDULATOR (SCU) COMPONENT
DATABASE (CDB) UTILIZATION

G. Avellar’, E. Anliker, J. Lerch, J. Saliba, M. Szubert
Argonne National Laboratory, Advanced Photon Source-Upgrade, Lemont, USA

Abstract

The Component Database (CDB) is a document manage-
ment platform created for the use of the Advanced Photon
Source Upgrade (APSU) Project. It serves two major func-
tions: (1) a centralized location to link all data relating to
field-replaceable upgrade components, and (2) a way to
track the components throughout the machine’s 25-year
lifetime. There are four (4) Superconducting Undulators
(SCUs): two (2) Inline 16.5mm period devices, one (1)
Canted 16.5mm period device, and one (1) Canted 18.5mm
period device. Throughout the production process for these
devices, tracking components between the different de-
signs of SCU’s has proven to be a logistical issue, as there
are uniform components among all 4 devices, but many
unique components as well. As the scope evolved from a
Research and Development (R&D) activity to a production
scope, the CDB has been critical in communicating with a
growing team, allowing anyone to identify a part or assem-
bly and access all its design and manufacturing data. The
4.8-meter long SCUs are the first of their kind, requiring
thorough onsite inspections, intricate assembly procedur-
als, and approved safety protocols. This is ideal infor-
mation to document in an electronic traveler (e-traveler),
which can then be attached to an item within the CDB. By
providing a straightforward process for technicians to fol-
low, the risk of miscommunication and unsafe practices are
minimized. The CDB plays a vital role in simplifying and
optimizing the transition of the SCU from an R&D unit to
a production scope, from procurement to inspection, as-
sembly and installation, and throughout the lifespan of ma-
chine maintenance.

INTRODUCTION

The Advanced Photon Source Upgrade (APSU) Project
will replace the current storage ring with a combination of
new and refurbished components. The result will be a new
machine producing X-rays up to 500 times brighter than
the current device. The design phase is complete, procure-
ments are well underway, and the year-long shut down for
installation is set to start in April 2023 [1]. Four of the In-
sertion Device (ID) straight sections will be equipped with
new 4.8-meter long Superconducting Undulators (SCUs)
of various magnetic periods, which accommodate canted
and inline configurations. These complex devices produce
photons at different energies to be used by the ID beamline
users. A single cryostat and base assembly can house two
undulator magnet pairs, the cryogenic cooling system, and
vacuum chamber (Fig. 1) [2]. With the various designs for

+ Email: gavellar@anl.gov
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the inline 16.5mm period device, canted 16.5mm period
device, and canted 18.5mm period device, the need for a
streamlined database to organize procurements and proce-
dures, and to effectively communicate this information,
was evident. The Component Database (CDB) has proven
to be vital in the transition of SCUs from a Research and
Development (R&D) scope to a production process. The
defining feature of the CDB is that it is an integrated sys-
tem that links many other databases and can pull data
seamlessly from many sources.

‘I_l 1

Cryostat Cryocoolers

Power Supply Turret
__ Helium Tank 7 L /

Figure 1: Cross-section rendering of the inline 16.5mm Su-
perconducting Undulator, showing the cooling system,
magnets, power supply turrets, and vacuum chamber.

OVERVIEW

The CDB is used Project wide and became increasingly
more important as APSU procurements ramped up and the
project transitioned into the production phase. The CDB is
organized into two layers, the Catalog level and Inventory
level. At the Catalog level, components are organized by
Technical System and then by Function. Specifically, for
SCU's, this path is Insertion Devices and then Undulator-
Superconducting. Once here, a list of all components relat-
ing to the device are listed along with important infor-
mation, such as model number, images, a description, and
inventory information. There is also a search bar at the top
of the CDB page allowing for ease of access if the model
number or a key word is known. This allows anyone, pro-
ject-wide, to quickly access information, even if they are
not intimately familiar with the assembly and subassembly
breakdown of an SCU. Selecting a part will redirect the
page to that part’s Catalog level where all general infor-
mation on it can be found. Here, the Inventory sub-section
is listed as one Instance entry for each item ordered, and if
selected will display all the information collected for that
item. This includes location, status, date received, the pur-
chase requisition, links to vendor documentation and draw-
ings, and an electronic traveler (e-traveler) that is filled out
by the technicians and engineers after the part is inspected.
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The Item Membership and Assembly Listing sub-sections
can organize CDB entries by assemblies and subassem-
blies. Within the top level SCU entry, there are many sub-
assembled items. This helps to narrow one’s search and
focus on information about a particular system within the
SCU. Starting at the Inline Top-Level Assembly and using
this Assembly Listing feature, information can be found
about a sub-assembly such as the Power Supply Turret as
shown in Fig. 2. This breakdown of assemblies also corre-
lates to the physical assembly process. A given subassem-
bly of the SCU can be linked with a documented procedure
and e-traveler to give instruction for assembly of a partic-
ular system before it is incorporated into the top-level SCU
assembly. One can use the ltem Membership function to
navigate the CDB in the opposite direction, by seeing eve-
rywhere that a subassembly or component is used. In the
case of the Power Supply Turret, it can be seen that it is
used in all variations of the SCUs (Fig. 3).

Assembly Listing -

+ Add £l e

Assembly Assigned Item

Required Name. Model Number

©

Yes 500A CURRENT LEAD ASSEMBLY A182-TR0134

4101010601-700616

4101010601-700622

Yes POWER SUPPLY TURRET FLANGE ASSEMBLY A182-TR0151

Yes FIRST STAGE ASSEMBLY A182-TR0152
Yes SECOND STAGE ASSEMBLY A182-TR0153

Yes CRYOCOOLER RDE-418D4 PLATE NUT A182-TR0155

Yes CRYO-COOLER 1ST STAGE PLATE NUT A182-TR0182

(- - - T - B - -]

Yes 500A FIRST STAGE LINK ASSEMBLY A182-TR0159

=R i =

Figure 2: Component Database Assembly Listing feature
for Power Supply Turret Assembly.

Item Membership

Part Of ¢
Inline 16.5mm SCU Top Level Assembly
Canted 16.5mm SCU Top Level Assembly
Canted 18.5mm SCU Top Level Assembly.

Figure 3: Component Database ltem Membership feature
for Power Supply Turret Assembly.

The CDB is a useful tool for the SCU group. With indi-
vidual team members able to contribute in their various dis-
ciplines, the information is shared in a timely matter and is
in an accessible space for all. There are three main pillars
to the CDB utilization for SCU’s: technical utilization, pro-
curement tracking, and communication. A project of this
size, duration, and cost needs a platform that can handle the
significant quantity of information necessary for the up-
grades design, installation, operation phases.

TECHNICAL UTILIZATION

The CDB has tools that allow for customization of infor-
mation storage for the various component entries that come
with varying types of data files. Inspection data, assembly
and manufacturing notes, non-conformity tracking, and
models are all linked to the CDB Instance level. Being able
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to pinpoint a failure point is critical for a successful project,
so the ability to reference this data in the future is essential.

Archives

Prior to the availability of the CDB, vendor-supplied
documentation was sent as physical copies in the shipping
crates during the delivery of the parts. These paper-copies
were then stored in filing cabinets and there was no cer-
tainty that the vendor would save the information for their
own records. Integrating this data was a major turning
point in the SCU group’s CDB utilization. This involved
digitizing the information and organizing it accordingly
with its Instance entry. Moving forward, vendor documen-
tation is requested in an electronic format, for easier upload
to the CDB. Loading this information in the CDB ensures
that this information will be accessible for years to come.
Throughout the lifetime of these components, this infor-
mation will be available to new engineers and technicians.

New Component Deliverables

The APSU procurement process is well-defined and en-
courages obtaining as much information from the vendor
as possible. By defining the contract deliverables in a clear
way from the start, vendors are able to incorporate hold
points into their schedules for APSU oversight and ap-
proval. The data requested is integral to the lifetime opera-
tion of these components.

An example of deliverable data for the SCU vacuum
chambers (Fig. 4a) is the request for dimensional data ver-
ifying the thin wall, proof of thermal shock results of the
bimetal component, and vacuum certification documenta-
tion. Throughout the contract, the vendor was able to sup-
ply pieces of this data, which was then stored at the In-
stance level. By the end of the contract for the first article,
the vendor was able to tailor the deliverable information so
that its integration with the developed e-traveler was seam-
less.

Another piece of information that was captured in the
CDB was an approved non-conformity Supplier Disposi-
tion Request. The vendor produced a component that was
out-of-spec according to the drawings but was acceptable
for the form, fit, and function of the part. If the chamber is
inspected in the future and does not match the drawings
precisely, the justification is easy to find.

PROCUREMENT TRACKING

After a requisition is routed and assigned a req. number,
this information is correlated with its CDB entry. Through-
out the procurement process, more information can be
added to the CDB from the contract paperwork. The tech-
nical advantages to using the CDB have been discussed,
but the extension to the capability for onsite management
is another major factor of using the CDB, especially for the
SCU team.

When a component is received on site, it goes through a
Quality Assurance (QA) process. This inspection infor-
mation is input into the CDB in an e-traveler within that
Instance part. The status, location, designation, and in-
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tended use of each part is recorded to avoid duplicate pur-
chases and inventory misplacement. This is particularly
important for parts such as the SCU cryocoolers (Fig. 1)
that will be rotated between devices, for maintenance pur-
poses, and requires spares. SCU procurements are man-
aged by multiple team members and the deliverables are
stored in multiple buildings, so the CDB plays a vital role
in the tracking of all the inventory.

The feature linking Argonne’s Procurement And Requi-
sition Integrated System (PARIS) to inventory items in the
CDB allows employees to easily reference the requisition
and contractual information. Often, the same vendor is
working on multiple Purchase Orders for different compo-
nents for the SCU’s at the same time. An example is An-
derson Dahlen, who is currently fabricating items for the
inline and canted SCU scopes. They are producing the
SCU vacuum chambers [3] (Fig. 4a), thermal shields (Fig.
4b), and cryostats (Fig. 4c). Tracking this work in the CDB
allows the control account manager to access the infor-
mation and determine priorities, notify the technical repre-
sentative engineer of the work, and in turn convey this in-
formation to the vendor.

ey | T8

™ ‘ o
Figure 4: The SCU vacuum chamber (a), thermal shield
(b), and cryostat (c) first articles onsite at APS.

COMMUNICATION

Efficient and effective communication is a critical com-
ponent of a project of this scale and duration. It is equally
important to leave information in an accessible and central-
ized database for future APSU team members to reference.
Communication across different levels within the organi-
zation is vital to the success of the APSU.

Organization

Information is constantly uploaded to the CDB as it be-
comes available throughout the procurement and manufac-
turing process. Once the scope of work is defined for onsite
inspection or assembly, the responsible engineers and tech-
nicians can review the data and component and create pro-
cedures for future work. These processes can be captured
in Work Control Documents (WCDs) and e-travelers,
which connect seamlessly with the CDB. The organiza-
tional value of the CDB allows for a centralized repository
of information for the whole team.

In the future this repository will become increasingly im-
portant if an operational issue is detected. For example, if
an SCU is in operation and it is experiencing unexpected
quenching of the superconducting magnets, this is poten-
tially caused by a head leak due to incidental contact with
a system operating at a different temperature, such as the
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vacuum chamber. Using the SCU vacuum chamber deliv-
erables, a SCU team member can pull the dimensional data
for information on any discrepancies and begin trouble-
shooting to find the root cause.

The link to procurement information also becomes im-
portant for project management reporting. Components
can be located by requisition number and an algorithm can
pull inventory status allowing for a high-level view of the
project.

Safety

Hazards are identified while developing the WCDs,
which is a collaborative effort of the engineers, techni-
cians, and a safety representative. Safety concerns are
made clear and each employee must review and sign before
performing any work. APSU SCU assembly presents unfa-
miliar situations as the SCU group transitions from build-
ing an R&D unit to a production scope. As previously men-
tioned, e-travelers can be linked to Inventory items in the
CDB and lay out procedures for authorized workers to fol-
low. The process can be broken down to check points and
can be organized for clear data entry of relevant infor-
mation. Linking these documents to the associated compo-
nent in the CDB will ensure that the technicians will have
clear direction for the work at hand, lowering the potential
for safety incidents and increasing efficiency, productivity,
and quality of work.

CONCLUSIONS

The CDB plays a vital role in the success of the APSU
SCU scope. The three most impactful aspects of the CDB
are storing technical data, tracking procurements, and ef-
fectively communicating across all levels of the organiza-
tion. An electronic platform ensures that this information
will be accessible for years to come.
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THE ADVANCED PHOTON SOURCE UPGRADE (APSU) STRAIGHT
SECTION VACUUM SYSTEMS FIRST ARTICLE FABRICATION*

M. Szubert’, E. Anliker, G. Avellar, J. Lerch
Argonne National Laboratory (ANL), Advanced Photon Source-Upgrade, Lemont, IL, USA

Abstract

The Advanced Photon Source Upgrade (APSU) includes
40 straight sections, 35 of which will be outfitted with Su-
perconducting Undulators (SCUs) or Hybrid-Permanent
Magnetic Undulators (HPMUs). The vacuum systems for
these devices are primarily fabricated from aluminum ex-
trusions and are required to provide Ultra-High Vacuum
continuity between storage ring (SR) sectors for a nominal
distance of ~5.4 meters. Each vacuum system has unique
fabrication challenges, but all first article (FA) components
have been produced successfully. The FAs arrived onsite at
ANL installation-ready but have undergone functional test-
ing activities to verify the production and vacuum certifi-
cations. The Insertion Device Vacuum Chamber (IDVC),
used in HPMU sectors, is produced by SAES Rial Vacuum
(Parma, Italy). The SCU vacuum system components are
produced by two vendors, Cinel Instruments (Venice, Italy)
and Anderson Dahlen (Ramsey, MN, USA). Based on the
reliable outcomes and lessons learned from the FAs, pro-
duction of the straight section vacuum systems is under-
way.

INTRODUCTION

The Advanced Photon Source Upgrade (APSU) project
plan calls for the current APS 40 sector storage ring (SR)
to be retrofitted with a new 6 GeV, 200 mA storage ring
optimized for brightness above 4 keV [1]. Thirty-five
straight sections produce photons at various energies to the
Insertion Device (ID) beamline users, with 31 straight sec-
tions equipped with Hybrid Permanent Magnet Undulators
(HPMU ) and 4 straight sections equipped with Supercon-
ducting Undulators (SCUs).

Each of these ID straight sections require a vacuum sys-
tem to ensure Ultra-High Vacuum continuity between SR
sector arcs. They both interface with the PO Beam Position
Monitor Bellows assembly at the upstream (US) and down-
stream (DS) locations. At these locations, the vacuum sys-
tems match the @22 mm SR aperture, but transition to var-
ious shapes at their thin-wall locations. In addition, both
vacuum systems accommodate two configurations, i.e.
canted and inline. While the HPMU ID Vacuum Chamber
(IDVC) and SCU Vacuum System designs differ based on
their operational and interface requirements, each vacuum
system has been independently optimized to achieve a uni-
form design for both the canted and inline variants in their
respective sectors [2, 3].

* This research used resources of the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility at
Argonne National Laboratory and is based on research supported by the
U.S. DOE Office of Science-Basic Energy Sciences, under Contract
No. DE-AC02-06CH11357.

T Corresponding Author’s Email: mszubert@anl.gov
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OVERVIEW

Procuring the ID straight section components included
long lead items, sole-source awards, and best-value vendor
evaluation. Each purchase order introduced its own unique
challenges, both due to technical capabilities and aggres-
sive scheduling. The first articles (FAs) are necessary to
prove the design concept and uncover issues that would
avoid future production complications that may incur a
cost increase or add schedule delays.

The designs require the use of complex manufacturing
processes, modified vacuum procedures, complicated weld
joints, and off-site testing by the vendors. The FAs for the
straight section vacuum system are critical hold points in
the production process for these new vacuum designs.

ID VACUUM SYSTEM

The fabrication of the ID Vacuum System consists of 3
aluminum extrusions, each modified to create a vacuum
chamber (VC) with an integrated aperture transition, a
strongback (SB) spanning the length of the straight section
(~5.4 meters), and an additional support bracket to satisfy
the aperture alignment requirements. After competitively
bidding the fabrication of the IDVC and supports, the
scope was awarded to SAES Rial Vacuum (SRV) in Parma,
Italy. The aluminum components, extrusions and flanges,
were supplied to SRV at the beginning of the project, with
the remaining material, components, and equipment ac-
quired by the vendor.

Fabrication of the FA included procuring the aluminum
extrusions and aluminum flanges early in the design pro-
cess as they were long lead items. Fig. 1 shows the extru-
sions at various stages of manufacturing: preliminary ma-
terial removal of the VC (Fig. 1a), the trapezoidal SB with
a mounting plate prepared for shipping (Fig. 1b), and the 1-
brackets that support the chamber 5 places along its length,
allowing for alignment (Fig. 1c¢).

(a) (b) (c)

Figure 1: IDVC extrusion profiles throughout the fabrica-
tion process, 1a shows the VC, 1b shows a side view of the
SB profile, and 1c shows the modified l-bracket profile.
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The fabrication challenges included machining a thin
wall feature (600 microns thick) for a length of 5+ meters,
which allows for the IDs to operate at closed gap, integrat-
ing the aperture transition through conventional machin-
ing, and adhering to the AWS D17.1 weld specification [4].

Weld Development

The IDVC must operate for the lifetime of the APSU, or
approximately 25 years. To ensure the success of these
chambers, welds must adhere to class A or B welds, per
AWS D17.1. While the design minimizes welds along the
beam path, each weld is critical and most are thin wall con-
nections, necessitating theoretically perfect welds with
few-to-no porosities and inclusions. SRV worked to im-
prove the weld quality, beginning with the weld sample de-
liverable, and continuing into the FA fabrication, including
finding a vendor to perform the radiographic inspection.
After radiographic inspection of the FA, many of the welds
were class B but there were still non-conformities, with
Class C welds present based on the tungsten inclusions and
porosity size. The FA’s intended use is for the installation
mock-up, not for installation/operation, and therefore was
acceptable, even with these discrepancies.

Re-evaluating the scope and deliverables, SRV agreed to
produce a second article with installation-ready specifica-
tions, to be verified by x-ray inspection (Fig. 2). An addi-
tional weld sample was produced, and the process was
vastly improved, producing all Class A or B welds. At the
time of this publication, SRV has completed the 2™ article
within specification and is confident in its welding capa-
bility. Production is underway [4]. APSU will randomly se-
lect 4 additional chambers to be x-ray inspected from the
remaining 39 units, prior to shipment.

| —

Figure 2: X-ray inspection of welds in the 2nd article,
meeting Class A standard.

First Article Functional Testing

The scope of this award involved a thorough test plan for
the FA. Due to COVID-19 international travel restrictions,
the vendor performed the following tests for APSU remote
approval of the FA: critical dimension verification, ultra-
sonic wall thickness measurement along the thin nose por-
tion, vacuum certification producing a bake-out log and
RGA scan, pumping slot deflection measurement, and ap-
erture alignment [2, 4].

The vacuum certification is critical since the VCs will be
stored under a nitrogen blanket for 2 years and need to be
ready for installation during the dark time, beginning April
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2023. While the vendor provides documentation for the
proof of all these activities, the APS Mechanical Opera-
tions & Maintenance group verified the vacuum method by
leak checking, pumping down, and baking out the chamber.

Cautigy
S, -

Figure 3: IDVC FA during bake-out at ANL.

Other components from this straight section vacuum
system that have gone through similar test activities in-
clude: the photon absorber, ion pump, NEG cartridges,
vacuum monitors, and installation cart. The IDVC fabrica-
tion and procurement process is estimated to be completed
in December 2021.

SCU VACUUM SYSTEMS

The SCU Vacuum System consists of 3 assemblies: (1)
US out-of-cryo vacuum assembly, (2) in-cryo vacuum as-
sembly that resides inside the cryostat [5], and (3) DS out-
of-cryo vacuum assembly (Fig. 4). The in-cryo chamber is
supported as a part of the cold-mass inside the cryostat. The
two out-of-cryo vacuum systems require supports external
to the cryostat, using stand-offs and threaded rods.

W

Beam Direct

24

rs

Figure 4: SCU VC assemblies, (1) US out-of-cryo VC, (2)
in-cryo VC, and (3) DS out-of-cryo VC.

SCU In-Cryo Vacuum System

The FA in-cryo vacuum system has been produced by
Anderson Dahlen (October 2020). This VC is a 4.8-meter
long weldment spanning the length of the SCU cryostat. It
is comprised of a machined aluminum extrusion, bi-metal
joint, thermal insulation, and a flange/bellows assembly
(Fig. 5).

The chamber’s manufacturing challenges are the nomi-
nal wall thickness of 400 microns along the length of the
extrusion, accommodating the small operating gap of the
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SCU magnets, a brazing step for the chamber-end sub-as-
semblies, and the welding step of the aluminum from the
bi-metal piece to the extrusion. Due to the specialized fab-
rication challenges, many vendors were vetted for their ca-
pabilities. Utilizing a domestic vendor was advantageous
for oversight for the complex scope, although sample ma-
chining of the thin wall feature on a small length part was
proven in past prototyping [3]. This resulted in the work
being sole-sourced to Anderson Dahlen for the FA.

SST/AL Bi-metal Machined Extrusion

Insulating SST Transition

Bellows/Flange Cuff Assembly Thermal Shield Tie-in Blocks

Figure 5: FA inline SCU VC weldment.

The FA fabrication was broken into three Purchase Or-
ders for one vendor, (1) best effort machining of the thin
wall of the extrusion, (2) brazing and welding the supple-
mental components at either end of the extrusion, and (3)
welding the end sub-assemblies (copper blocks, stainless-
steel (SST) insulator, and flange/bellows weldment). The
FA weldment was completed in-spec and resulted in the re-
maining 3 weldments, with slightly modified geometry for
the 2 canted chambers, to be awarded to Anderson Dahlen
as well. While this is a significant amount of work for one
vendor and leads to longer lead times, the quality and func-
tionality of the end-product is the most critical factor.

SCU Out-of-Cryo Vacuum System

The FA out-of-cryo chambers have been produced by Ci-
nel Instruments (June 2019) (Fig. 6). These are the smallest
of the VCs in an ID straight section, but critical as they act
as inline absorbers for synchrotron radiation, protecting the
In-Cryo system and downstream equipment [3].

The vendor produced these components with minimal
difficulty. The manufacturing process included preliminary
machining of the copper, brazing SST collars to the copper,
and welding SST flanges to these collars. Both US and DS
require integrating a water-cooling channel to dissipate
heat during operation. In addition to the vacuum processes
previously discussed for the other systems, this feature re-
quired hydrostatic testing to 225 psi.

The scope of work also included producing the support
assemblies that suspend from the cryostat and accommo-
date the VCs, vacuum equipment, and canting magnets (in
canted configurations). The vendor delivered the FAs and
production units fully assembled, ready for assembly to the
cryostat [3].
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Figure 6: DS VC undergoing inspection.

The fabrication processes for both the chambers and sup-
ports were straight forward and allowed the activities to re-
main on-schedule. The production units arrived at ANL in
December of 2020. Even for simple components like these,
the FAs allowed APSU to perform functional testing, re-
sulting in support of the final design report analyses.

CONCLUSIONS

The APSU straight section vacuum systems have gone
through the FA fabrication process, proving the validity of
the designs, and allowing functional testing to be per-
formed prior to full-scale production. Functional tests from
each of the vendors, in addition to onsite testing, has re-
sulted in confidence that the production units will arrive
onsite, ready for installation.
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AUTOMATED MECHANICAL INSPECTION AND CALIBRATION
OF INSERTION DEVICES IN APS STORAGE RING*

N. Weir!, E. Gubbels, Advanced Photon Source, Argonne National Laboratory, Lemont, IL, USA

Abstract

A novel technique has been developed to automatically
inspect and calibrate the 53 permanent magnet insertion
devices in the Advanced Photon Source (APS) storage ring.
This technique employs standard frequency domain analy-
sis to create easily identifiable signatures in an actionable
format. We will discuss the mechanisms and actions taken
behind various observed trends and its application for con-
tinuous monitoring and predictive maintenance of these de-
vices. This technique has enabled predictive maintenance
and provided new insights into optimizing device perfor-
mance.

INTRODUCTION

Hybrid permanent magnet undulator (HPMU) insertion
devices require reliable micron level accuracy and preci-
sion during operation [1]. Many of the devices have been
in service for more than 25 years. Each of these devices
have four or more drivetrains totalling to over 212 in oper-
ation. The continuous operation and radiation environment
of the APS storage ring presents unique challenges for
maintenance. To ensure the reliability of devices, manual
measurements at common points of operation and regular
preventative maintenance are performed during the availa-
ble triannual “shutdowns”. While this provides a sanity
check and adheres to manufacturers’ recommended
maintenance schedule, it does not effectively prevent or
provide insight to commonly occurring issues during oper-
ation. To enable a more efficient, comprehensive, and data-
driven solution, a program to perform automated inspec-
tions was written.

Positioning of the upper and lower magnetic support
structures (strongbacks) are each controlled by two indi-
vidual drivetrains. Though they are controlled and operated
individually, each of these two drivetrains are coupled
through their shared connections with the upper or lower
strongback. This coupling action can lead to a constructive
amplification of errors in each drivetrain. Additionally, the
drivetrain and feedback systems are inset from the end of
the strongback. Small angular changes in the orientation of
the strongback due to small errors in the drivetrain system
will be magnified over the length of the strongback, lead-
ing to larger uncertainty in the exact position of the ends of
the magnetic structures. These magnification effects make
it crucial to identify and eliminate preventable errors in the
drivetrain.

* This research used resources of the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility at Argonne
National Laboratory and is based on research supported by the U.S. DOE
Office of Science-Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

T nweir@anl.gov
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The most common faults during operations in order of
occurrence is overtravel limit trip, extreme limit trip, motor
stall, linear encoder failure, and rotary encoder failure. The
overtravel switches are often set within 100 pm of the usa-
ble gap to balance machine safety and user reliability.
Given that these switches are located at the ends of the
strongback, the mechanical inaccuracies present are signif-
icantly amplified. Without quantitative characterization,
reasons for the fault are difficult to troubleshoot due to the
initial switch setting, start of travel position, and travel end
positions all being factors in the diagnosis. The other faults
can be equally difficult to diagnose due to the mechanical,
electrical, and software components involved.

METHOD

Each HPMU contains a redundant set of feedback de-
vices meant to maintain operation in case one fails; a rotary
encoder directly coupled to the motor and a linear encoder
directly coupled between the static frame and strongback.
The rotary encoder uses a hard coded relationship between
turns of the motor and physical position of the strongback
to extrapolate its position. The linear encoder directly
measures the position of the strongback. Errors in the
drivetrain system (Fig. 1) that controls the strongback will
therefore present themselves as an accumulated discrep-
ancy between the rotary feedback and linear feedback. By
analysing the discrepancy as a function of actual gap, a
complete characterization of the drivetrain and crosscheck-
ing between the encoders can occur.

Worm gear

Motor Brass nut

screw

Articulated ¥

coupling I I

Figure 1: The drivetrain of an APS undulator device con-
sists of a motor coupled to a 60:1 worm gear assembly. Mo-
tion is transferred to a lead screw, which is threaded
through a bronze nut and connected directly to the strong-
back via an articulating coupling.

A python script sequentially commands each of the 53
insertion devices installed in the APS storage ring to move
at a slow speed while oversampling the position readback
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from each encoder. These data are collected using EPICS
and device specific information needed for data processing
is pulled from the Component Database (CDB) [2]. The
oversampled position data from the rotary and linear en-
coders are subtracted from each other. Any mismatch due
to the non-synchronicity of the data collection is accounted
for by interpolation. The plot shown in Fig. 2 is then gen-
erated.
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Figure 2: The discrepancy between linear and rotary en-
coder gap readings can illustrate mechanical error or de-
fects in the system. Here, a repeating curve with a period
of ~5 mm and an amplitude of ~6 um.

The plot in Fig. 2 contains valuable information both at
the 1 mm scale and the 1-10 pm scale. A standard fast Fou-
rier transform (FFT) and power spectral density (PSD)
analysis is performed to identify and extract meaningful
signals in the discrepancy data shown in Fig. 3. Special at-
tention is given to the frequencies that correspond to the
characteristic periodicities of certain components in the
drivetrain known to affect the accuracy of the positioning
system. Table 1 lists the components in question along with
their expected contribution to the accumulated drivetrain
error when they are manufactured and installed within pre-
defined tolerances.

Table 1: Expected contribution and repetition cycle of
various drivetrain components based on manufacturing and
installation tolerances.

Component Repetition Amplitude
Distance [pm]
pm|
Rotary Feedback 84.67 <<1
Motor Coupling 84.67 <1
Worm Drive 5080 <3
Leadscrew / Nut 5080 <4
Linear Encoder SDE 64 <4

One revolution of the components positioned before the
worm gear corresponds to 1/60 of a revolution of the lead-
screw. The magnitude of their expected errors should then
be reduced by a factor of 60, making them a negligible con-
tribution to the total error. Spectral analysis, therefore, con-
centrates on the frequencies 1/5080 um™! and 1/64 pm™!
and their related harmonics.
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Figure 3: Frequency domain analysis can extract meaning-
ful signals from the data and give information about the
behaviour of components in the system. Signals can then
be reconstructed from spectral information leading to a
cleaned version of the original data. This cleaned data/fit
can then be used for acceptance criteria and can automated
acceptance testing. The plots shown are specifically look-
ing at the SDE of the linear encoder which occurs every
64 pm.

The generated plots are consolidated on an easy to re-
view report generated in HTML for each of the 53 devices.
The use of HTML enables the ability for it to be hosted for
others to view and makes it more intuitive to navigate. A
summary is also included on the report of the settings used
during data collection.

RESULTS

Over the past year this technique has enabled the finding
of the following otherwise undetected issues: six devices
with worn-out compensation springs, four preliminary ro-
tary encoder failures, four linear encoder failures, and over
10 encoder alignment/tuning errors. Most importantly it
provided a baseline expectation of dynamic device perfor-
mance. This baseline led to quick pinpointing of mechani-
cal errors in each device which has provided critical time
savings for minimizing onsite personnel during the
COVID-19 pandemic. In addition, it provided a baseline of
comparison for the new construction of devices for APS-U
catching manufacturing/assembly errors. Figure 4 shows
two of the detected issues mentioned above.
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Figure 4: Plots on the left show devices out of tolerance
with the cause in red. Plots on the right are for reference of
what they should look like.

FUTURE WORK

Further improvements can be made by incorporating ma-
chine learning for anomaly detection and automatically
classifying common defects. A more user-friendly version
is currently in the works for use in other areas in the APS
where insertion devices are being worked on. In addition,
it is planned to incorporate the auto-calibration of linear
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encoders into APSU ID motion control system to provide
better gap accuracy for the users.

CONCLUSION

A new technique to better monitor and provide insight to
the insertion devices installed in the APS storage ring has
been developed and successfully tested. This technique has
provided great value to operations enabling predictive
maintenance and improved insight to device performance.
This has been of great value during the COVID-19 pan-
demic as this enabled devices to be more efficiently diag-
nosed and be comprehensibly monitored remotely.
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A COMPARISON OF FRONT-END DESIGN REQUIREMENTS
S. Sharmaf, NSLS-II, Brookhaven National Laboratory, Upton, NY, USA

Abstract

Front ends of the NSLS-II storage ring have numerous
design requirements to ensure equipment and personal
safety aspects of their designs. These design requirements,
especially many pertaining to raytracings, have gradually
become overly stringent and a review is underway to sim-
plify them for building future front ends. As a part of this
effort, we have assembled the front-end design require-
ments used in several other light sources. In this paper the
assembled design requirements are discussed in compari-
son with those currently in use at NSLS-II.

INTRODUCTION

Front ends are used to control the size of photon and gas
bremsstrahlung beams traversing from the storage ring to
the users’ beamlines. At NSLS-II there are presently 17
front ends for insertion device (ID) beamlines and 6 front
ends for BM (bending magnet or 3-pole wiggler) beam-
lines. A typical ID front end [1] is shown in Fig. 1. Its main
components are, (1) XBPM, (2) fixed aperture mask (FM),
(3) lead collimators (LCO), (4) a pair of XY slits, (5) pho-
ton shutter (PS), (6) safety shutters (SS), and (7) ratchet
wall collimator (RCO). The components that trim or stop
the bremsstrahlung beam, namely, LCO, SS and RCO, are
classified as PSS (personnel safety system) components
and the remaining as EPS (equipment protection system)
components.

The design of NSLS-II front ends is deemed to be too
conservative, in part due to a very stringent approach to
raytracings involving PSS components, and to the require-
ment of minimizing the size of bremsstrahlung beam. For
the new front ends, presently in the planning stage, some
simplified design criteria are being evaluated. As a part of
this evaluation, front end design criteria collected from
several light source facilities (APS-U, ALS-U, CLS, DLS,
ESRF(EBS), HEPS, SOLEIL, SSRF and TPS) are com-
pared with those used at NSLS-II. The focus of this

comparison is on source definitions of photon and brems-
strahlung beams, and thermal fatigue design criteria.

FRONT END CONFIGURATIONS

Front-end configurations of different facilities men-
tioned above are quite similar except that XBPMs, XY slits
and LCOs are not considered to be required components.
XBPMS are not installed in ALS-U and most of the NSLS-
IT ID front ends to save space and/or cost. XY slits are not
available in APS-U, ESRF(EBS) and SSRF front ends. In
general, LCOs (to trim the bremsstrahlung beam) are not
installed in the front ends of DLS, ESRF and TPS. A sec-
ond SS for redundancy is used only at NSLS-II, APS-U,
CLS and DLS. Vacuum pressure gages in the front ends of
all facilities are interlocked to dump the stored beam. Ther-
mal sensors are also used at ALS-U, HEPS, SSRF, Soleil,
and DLS, although they are not interlocked in some cases.
Trimming of un-interlocked photon beams by burn-
through devices (explained below) is done only at NSLS-
IT and APS-U front ends. Only one of the facilities, (ALS-
U), employs a sweeper magnet as safety against accidental
entry of the injected e-beam into the front end.

RAYTRACINGS

Raytracings for both the photon and bremsstrahlung
beams are critical part of the front-end design process at
NSLS-II and a considerable design effort is devoted to gen-
erating formal raytracing drawings. The drawings are usu-
ally revised iteratively in order to optimize the apertures,
lengths, and locations of the various front-end components.

Photon Beam Sources

Source definitions for raytracings consist of 3 parts,
namely, (1) e-beam deviations, (2) location of the source in
Z (along the beam) direction, and (3) fan angles of the de-
vice (defined by K and y parameters) at the source point.

Figure 1: A typical NSLS-II ID front end; (1) XBPM, (2) fixed aperture mask (FM), (3) lead collimators (LCO), (4) XY
slits, (5) photon shutter (PS), (6) safety shutters (SS), and (7) ratchet wall collimator (RCO).

T sharma@bnl.gov
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E-beam deviations are controlled by active interlocks that
j use RF-BPMs installed at the upstream (US) and
downstream (DS) ends of the ID straight sections. The
displaced positions of the beam at the two ends determine
; its angle when it is not specified explicitly. Interlock
S specifications are carried over to BM source locations in
some facilities whereas in other facilities, including NSLS-
I, they are assumed to be inapplicable. In the latter case
o the beam is constrained by the geometry of the vacuum
> chamber (geometric envelope, GE). For photon beam
raytracings the e-beam deviations used at different light
sources are summarized in Table 1.

Table 1: E-beam Deviations for Photon Beam Raytracings

Facility ID front end BM front end
Position  Angle Position  Angle
+(mm) + (mrad) +(mm) =+ (mrad)

NSLS-II 0.5 0.25 GE GE

ALS-U 1.0 0.2 1.0 0.2

APS-U 1.5 (H) GE GE

1.0 (V)
CLS 25H) 1.6 (H)
1.6 (V) 2.5(V)
DLS 1.0 2 (H) 3(H)
4(V) 05V
ESRF 1.0 3(H)
2(V)

HEPS 0.1 0.1

SOLEIL 0.8 0.5 0.5

SSRF 0.5H) 5(H)

0.2 (V) 2(V)

TPS 1.0 (H) GE

0.2 (V)

For personnel safety components (vacuum chambers of
LCO, SS and RCO), e-beam is assumed to be not inter-
locked at NSLS-II and APS-U in order to provide addi-
tional margin of safety. Geometric envelopes (GE) are then
used to determine e-beam deviations. The resulting large
angles are stopped by burn-through devices in the case of
interlock failure. At NSLS-II burn-through flanges (BTF)
are used upstream of LCOs and RCO. The basic concept is
shown schematically in Fig. 2. The photon beam outside
the interlock limits will first strike the thin wall of the BTF
(in the case FM has failed) causing local melting and a
beam dump due to air leak.

The source location for ID front ends is the center of ID
straight. At NSLS-II and TPS, the ends (US and DS) of the
ID straight are also used to determine the worst conditions
of beam interception. For the BM frontends the source lo-
cation is tangent intersect of the beamline to the e-beam
trajectory, usually several mrads inside the dipole.

Source fan angles and mechanical tolerances are in-
cluded in raytracing drawings at TPS and NSLS-II. More-
over, this is shown by separate rays in the NSLS-II draw-
ings which, consequently, consist of a large number of
lines.
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BTF
ID m
NI Beam % J

m LCO - VC

Figure 2: NSLS-II burn-through flange (BTF) concept.
BTF stops photon beam outside the interlock limits (NI
beam) to protect LCO vacuum chamber (VC). Upstream
FM shadows BTF from interlocked beam (I beam).

FM

Bremsstrahlung Radiation Sources

Transversely the entire cross-section of the storage ring
vacuum chamber aperture (excluding antechamber) is
specified to be the source size for gas bremsstrahlung. At
NSLS-IT and APS-U an exception to this source size is used
in the radially inward direction in that the bremsstrahlung
source is extended to the entire storage ring. In both the
facilities LCOs (in addition to RCO) are then used to trim
the resulting large angles of bremsstrahlung rays.

For ID front ends, the bremsstrahlung source is located
at the center of the ID straight (APS-U, SSRF, Soleil,
ESRF, DLS), or at the end of the ID straight (NSLS-II,
HEPS), or at the US end of the first downstream bending
magnet (ALS-U, CLS, DLS). For the BM front ends the
bremsstrahlung source location is at the upstream end of
the dipole with some exceptions, namely, at the BM source
point (APS-U, CLS, DLS), and at the center of drift space
after a specific magnet, DQ2 (ESRF).

The designs of SS are generally based on tungsten
blocks, which are placed inside vacuum vessels (in-vac-
uum design), acting as bremsstrahlung beam stops. A sec-
ond SS for redundancy is used at NSLS-II, APS-U, CLS
and DLS. There are two exceptions to this common design:
(1) lead bricks (instead of tungsten) are used at ESRF and
NSLS-II as bremsstrahlung stops, (2) lead bricks are placed
outside the vacuum chamber (out-of-vacuum design) in the
NSLS-II design (Fig. 3). The NSLS-II design is passively
safe in the sense that photon beam power cannot strike the
lead block without first breaching upstream bellows which
would result in a beam dump.

Edge-Welded Bellows

. ,/// II Beam

ea
Stack

OPEN
i)
- 4
SS Vac. II'
Chamber
Srose TIRG -_./-1
.‘l 'L

Figure 3: NSLS-II out-of-vacuum design of SS. In the
closed position the bremsstrahlung beam is stopped by a
stack of lead bricks.
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DESIGN CRITERIA FOR
FRONT-END EPS COMPONENTS

In some earlier designs [2], the EPS components (FM,
and PS) were placed inside vacuum vessels. With some
legacy exceptions (PS in the ID front ends of ALS and in
the BM front ends of ESRF), all facilities are using out-
vacuum designs for FM, PS and XY slits. Recently a new
design was proposed [3, 4] based on CuCrZr flanges (or
Conflat® knife-edges) integrated into the main body as
shown in Fig. 4. Two of the main advantages of this design
are: (1) elimination of the brazing step, and (2) wide avail-
ability of CuCrZr compared to GlidCop.

Figure 4: A high-power CuCrZr mask with integrated
flanges (left), and an air-cooled, low-power, CuCrZr
mask with integrated knife edges (right).

The new CuCrZr design is now used for essentially all
new front ends at NSLS-II. GlidCop is used only for beryl-
lium windows which require high-temperature diffusion
brazing. CuCrZr has also been partially adopted at several
other facilities, often with more conservative design crite-
ria. In Table 2, design criteria for different Cu alloys, spec-
ified as maximum allowable values of temperature (T), von
Mises stress (oy), or plastic strain (gp), are compared. The
specified values differ significantly due in part to a lack of
experimental data. Recently some thermal fatigue tests and
analyses [5-7] have been performed to address this for
GlidCop.

Table 2: Maximum Allowable Values of Temperature, von
Mises Stress and Plastic Strain

Facility Copper Alloys

OFHC Cu GlidCop CuCrZr

NSLS-II 300 °C + 300 °C +
Tamb Tamb

ALS-U 300 °C 400 °C

300 MPa 430 MPa
APS-U 200 °C 375°C 250 °C
CLS 150 °C 300 °C 200 °C
DLS 400 °C 400 °C

€ <0.5% € <0.5%
ESRF-EBS 200 °C 200 °C 250 °C

280 MPa

HEPS 400 °C
SOLEIL 0.75 O yield 0.75 O yield
SSRF 150 °C 300 °C

340 MPa 400 MPa
TPS 150 °C 300 °C 200 °C
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CONCLUSION

Front end design criteria for several light source facili-
ties have been compared with those used at NSLS-II. Un-
interlocked e-beam deviations for PPS components (LCO,
SS and RCO), and expanded source locations for photon
and bremsstrahlung fans have resulted in more conserva-
tive but elaborate designs at NSLS-II. The new design for
EPS components (FM, PS and XY slits), based on CuCrZr
bodies with integrated flanges, has been adopted at several
facilities. A comparison of thermal design criteria for three
copper alloys (OFHC Cu, GlidCop and CuCrZr) shows a
wide range in maximum allowable values of temperature
and stress.
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MECHANICAL DESIGN OF A SOFT X-RAY
BEAM POSITION MONITOR FOR THE
COHERENT SOFT X-RAY SCATTERING BEAMLINE

C. Eng, D. Donetski', J. Liu!, S. Hulbert, C. Mazzoli, B. Podobedov
Brookhaven National Laboratory (BNL), !Stony Brook University (SBU)

Abstract

Achieving photon beam stability, a critical property of
modern synchrotron beamlines, requires a means of high
resolution, non-invasive  photon beam  position
measurement. While such measurement techniques exist
for hard x-ray beamlines, they have yet to be achieved for
soft x-ray beamlines. A new soft X-ray beam position
monitor (SXBPM) design based on GaAs detector arrays
is being developed and will be installed in the first optical
enclosure of the Coherent Soft X-ray Scattering (CSX)
beamline at the National Synchrotron Light Source II
(NSLS-II).

The SXBPM assembly contains four water-cooled blade
assemblies, each of which will have a GaAs detector
assembly mounted within it, that can be inserted into the
outer edges of the CSX undulator beam with sub-micron
accuracy and resolution. The primary challenges in design
of the SXBPM include: 1) mechanical stability of the
assembly, 2) management of the heat load from the
undulator x-ray beam to protect GaAs detector assemblies
from unwanted illumination, 3) assembly compactness to
fit within the first optical enclosure (FOE) of the CSX
beamline, and 4) accessibility for modifications.
Balancing the unique design requirements of the SXBPM
along with their associated constraints has resulted in the
design of a non-invasive beam position monitor which will
be installed in the CSX FOE as a prototype for testing and
iterative improvement. The ultimate goal is development
of a widely useful SXBPM instrument for soft X-ray
beamlines at high brightness synchrotron storage ring
facilities worldwide.

INTRODUCTION

Quality of data produced by the beamline is highly
dependent on their soft x-ray beam control: both high
positional beam stability and wavefront control are
required at the sample position. In this respect, diagnostics
such as Beam Position Monitors (BPMs) are a critical tool
for evaluating and controlling photon beam delivered by
modern highly coherent sources. Photoemission blade
based BPMs work well for white beams of considerable
power, while diamond x-ray BPMS in transmissive
geometry have proved effective for hard x-ray
monochromatic beams. However, none of the above are
ideal for soft coherent undulator sources, where a non-
invasive device with high spatial resolution is needed.
Stringent limitations come from intrinsic characteristics of
the soft sources (halo extent, coherence of soft cone in the
center of the undulator emission) and from the limited
transmissive power of soft x-rays in materials.

MOPCO01

Additionally, an optimal BPM design should permit
positioning of the blades as far possible from the undulator
central cone to preserve the wavefront coherence of the
usable fraction of the beam. The BPM design described
herein uses arrays of 1D strips of pixelated GaAs detectors
mounted on adjustable blades that are inserted partially
into the beam to intercept only the outer edge of the beam
[1]. The SXBPM will be installed inside the FOE of the
CSX beamline (Fig. 1) for ease of access to facilitate
testing and development. Following commissioning and
testing of this prototype, a subsequent ‘“production”
version is envisioned to be developed for placement in
beamline front ends.

ro i
‘.\-‘id

e

Figure 1: Rendering of the SXBPM installed in the CSX
FOE as a separate section to facilitate replacement and
reconfiguration of the detector assemblies.

DESIGN REQUIREMENTS

The SXBPM’s primary function is to non-invasively
monitor the position of the soft x-ray beam upstream of the
first optics element using novel GaAs detector arrays. As
a beam position monitor, the device must be stable and
support sub-micron scale resolution positioning of the
detector arrays, while providing a stroke/travel range
sufficient to remove the detector arrays completely from
the photon beam. Additionally, the SXBPM requires
accessibility in order to facilitate reconfiguration or
replacement of the detector arrays for testing (Fig. 2). The
selected location for the SXBPM is upstream of the first
optics element of the CSX (23-ID) beamline, necessitating
careful consideration for handling the heat load.

DESIGN OVERVIEW

The GaAs detector arrays will be mounted on the ends
of 4 water-cooled blades consisting of OFHC copper. To
protect the vulnerable parts of the detector arrays from
excessive heating, a tungsten plate is mounted in front of
each assembly. On the beam-facing edge of the tungsten
plate, an array of laser-drilled 30 micron diameter holes
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permit a limited amount of radiation to reach the detector
(Fig. 3). A thermocouple will be affixed to the tungsten
aperture plate to monitor the temperature of the device.

Blade
assembly

Figure 2: The SXBPM is designed to permit replacement,
in-place, of each of the flange assemblies.

Beam Halo

r’d

GaAs Detector

Figure 3: The tungsten heat shield, shown with the halo of
the beam represented by the red line (a), is placed in front
of an alumina (Al,Os) insulating element and the GaAs
detector array (b).

The blade assembly is welded to a flange that also
provides feedthroughs for cooling water and electrical
connections for thermocouples and detector readout,
forming a detector assembly. The four detector assemblies
are mounted to bellows-coupled stepper-motor-driven
linear manipulators, thus eliminating the need for relative
motion of the components of each detector assembly
internal to the vacuum vessel and obviating the need for
any water connections in-vacuum. The linear manipulators
enable sub-micron positioning of the detector arrays over a
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25 mm travel range, permitting complete retraction of the
detectors out of the beam (Fig. 4).

Figure 4: The SXBPM (a) consists of 4 separate blade
flanges that can be extended into the beam and retracted
out of the beam fully (viewed from the incoming beam
direction) (b) and can be configured in either v-h
configuration (vertical pair before horizontal pair) (c) or h-
v configuration (d) by removing and repositioning the
flange assemblies.

Simulations of the thermal load on the device are used to
guide the design of the blade assemblies themselves (Fig.
5). Transient analysis is used to determine how quickly
critical components of the detector, most notably the
detector arrays themselves, reach maximum operating
temperature under different conditions considering how
much of the beam profile is intercepted. The maximum
power density for the CSX undulator is approximately 20
W/mm”2. However, the 23-ID canted straight section
contains another identical undulator upstream. Therefore,

MOPCO01
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the worst-case scenario of approximately 35 W/mm”2 is
achieved for the inline configuration of two undulators,
each set at the minimum gap. In addition to the intended
sampling of the extreme edges of the beam, the worst-case
scenario in which the blade intercepts the full beam profile
(error condition), has been considered.

-
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Power density [W/mm?]
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Figure 5: Design iterations are guided using thermal
analysis (a) simulating thermal loading of the intercepted
beam from the two undulators (b).
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Operation of the SXBPM will consist of inserting the
detector arrays into the halo of the beam while allowing
unperturbed propagation of the soft part of the beam
residing in the core, through to the beamline. The device
will be integrated into the Equipment Protection System
(EPS) to mitigate the possibility of intercepting full beam
and consequent damage or destruction of the detector
assembly via excessive thermal loading. Acceptable
threshold values will be determined by thermal analysis
which would trigger the retraction of the blade assemblies
completely out of the beam. Additionally, a combination
of mechanical hard stops, limits, and software controls will
be used to monitor the position of the detector assemblies
and prevent collisions.

CONCLUSION

A GaAs detector based, non-invasive, sub-micron
resolution soft x-ray BPM has been developed and will be
installed and tested at the CSX beamline. Successful
demonstration of the SXBPMs capabilities will pave the
way for future installations at new and existing soft x-ray
beamlines, especially for coherent soft x-ray beamlines.
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DIAMOND REFRACTIVE OPTICS FABRICATION
BY LASER ABLATION AND AT-WAVELENGTH TESTING

S. AntipovT, E. Gomez, Euclid Techlabs LLC, Bolingbrook, IL, USA
R. Celestre, T. Roth, European Synchrotron Radiation Facility, Grenoble, France

Abstract

The next generation light sources will require x-ray op-
tical components capable of handling large instantaneous
and average power densities while tailoring the properties
of the x-ray beams for a variety of scientific experiments.
Diamond being radiation hard, low Z material with out-
standing thermal properties is proposed for front-end pre-
focusing optics applications. Euclid Techlabs had been de-
veloping x-ray refractive diamond lens to meet this need.
Standard deviation of lens shape error figure gradually was
decreased to sub-micron values. Post-ablation polishing
procedure yields ~ 10nm surface roughness. In this paper
we will report on recent developments towards beamline-
ready lens including packaging and compound refractive
lens stacking. Diamond lens fabrication is done by femto-
second laser micromachining. We had been using this tech-
nology for customization of other beamline components.

INTRODUCTION

Significant increase in average synchrotron beam bright-
ness is projected for numerous facilities as they upgrade to
diffraction limited storage rings. For ultrafast experiments,
x-ray free electron lasers produce 10 orders of magnitude
larger peak brightness than storage rings. It is therefore ex-
tremely important to develop next generation x-ray optics
for these new light sources. Diamond is a "go to" material
for high heat load applications. Single crystal diamond is
an excellent material for x-ray optics due to its high x-ray
transmissivity and uniform index of refraction [1]. For
compound refractive lens (CRL) application there is an ad-
ditional benefit from the single crystal material of choice
for the lens because small angle reflections on defects and
voids, typical for polycrystalline materials, are minimized
and the x-ray beam quality is preserved [2, 3].

It is, however, a challenging task to manufacture com-
plex shapes out of diamond. We use femtosecond laser cut-
ting technology to manufacture a compound refractive
lens, the most popular x-ray optics element, from a single
crystal diamond. A femtosecond laser pulse duration is ex-
tremely short: material is ablated while pulse heating ef-
fects are minimized. In the past 3 years we have developed
a fs-laser ablation procedure that yields diamond refractive
parabolic lenses with shape error of 0.8 pm r.m.s. with sur-
face roughness on the order of 200-300 nm Ra and polish-
ing procedure that brings surface roughness into 10-20 nm
Ra region but increases the figure error to 1.4 um r.m.s.

T s.antipov(@euclidtechlabs.com
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DIAMOND LENS FABRICATION

For diamond lens production we developed a femto-sec-
ond laser ablation system. It consists of a fs-laser operating
at the second harmonic (515 nm), a motorized lens that al-
lows moving the position of the focal spot + 2 mm and a
set of computer-controlled mirrors paired with a large ap-
erture final-focus lens. Using this setup a laser beam can
be steered at large speeds in the focal plane of the lens. The
work surface is mounted on a linear stage for sample ex-
amination under a microscope for an in-line metrology.

We developed ablation scripting to minimize surface
roughness and achieve high degree of shape fidelity. A typ-
ical lens parameters that we ablate is 450 um aperture with
radius of curvature 100 pum. Given the difference in refrac-
tive decrement such lens is roughly equivalent to an indus-
try standard beryllium lens of the same aperture and
R=50 pm.

As-ablated lenses have roughness on the order of 200-
300 nm. For x-ray applications we are developing post-ab-
lation chemical — mechanical polishing procedure. In this
procedure a conformal bit is lowered into the diamond lens
along with fine sub-micron diamond slurry and spun inside
for anywhere from 4 to 8 hours. Large number of factors
make this procedure quite complicated: uneven pressure
distribution, not equal linear velocity at different parts of
the polishing bit, different diamond crystal orientation
along the paraboloid surface and some others. We are able
to polish full lens surface to 10-20 nm Ra roughness. Fig-
ure 1 shows a comparison of polished and un-polished lens
along with the residual plots of the paraboloid fit.

* As-ablated

* Polished
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Figure 1: Top: Optical image through a polished side of the
diamond plate. Left: as-ablated lens. Right: Polished lens.
Bottom: corresponding lineouts of paraboloid fit residuals.
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These lenses are packaged now into a tight tolerance al-
uminium-bronze disk for precision stacking (Fig. 2). Alter-
natively, an ultra-compact CRL can be produced by stack-
ing individual diamond plates. This type of packaging does
not require a heavy-load bearing stages for CRL alignment.

Figure 2: Top left: Side view of a double-sided lens. Bot-
tom left: ultra-compact CRL made of diamond plate stack.
Right: diamond lenses packaged in an aluminum-bronze
holder.

AT-WAVELENGTH METROLOGY

Right after laser ablation we employ laser scanning con-
focal microscopy for metrology in-house. However visible
light metrology does not give consistent results primarily
due to the transparency of diamond samples and parabolic
shape of the surface (these methods rely on light coming
back to the sensor). Also, these methods do not probe the
presence of any structural features inside the optical ele-
ment that are sampled by x-rays.

X-ray metrology at the design operational energy (at-
wavelength) is the best way to characterize diamond
lenses. We had recently characterized a set of polished and
un-polished lenses at the European Synchrotron Radiation
Facility (ESRF) beamline BM05. At-wavelength metrol-
ogy had been done using the x-ray speckle vectorial track-
ing (XSVT) technique at 17 keV. A speckle pattern is pro-
duced by inserting a membrane diffusor into the x-ray
beam. When the lens is inserted after the diffusor the
speckle pattern is changed due to x-rays refracting on the
lens. Tracking these changes allows to reconstruct the lens
profile. This technique is described in detail in [4, 5].

Ten polished and fourteen as-ablated lenses were char-
acterized. Each measurement is fitted with a paraboloid of
revolution, - a perfect lens shape. The residual of the fit is
referred to as lens figure error (Fig. 3, Top). The goal of
lens production is to minimize this figure error. The resid-
ual can be decomposed into Zernike polynomial to identify
primary aberrations (Fig. 3, Bottom). This information can
be used to improve fabrication process or plan correction
optics for the diamond lens stack [6].

Average values for radius of curvature and figure errors
are presented in the Table 1 along with other lens parame-
ters.
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Figure 3: Top: Left: a typical figure error of as-ablated lens.
Right: figure error of the polished lens. Bottom: Figure er-
ror decomposition into Zernike polynomials.

Table 1: Two-Sided Diamond Lens Metrology

Margin Optical 17 keV
95.35 48.1 um, (96.2

R(apex) um/side um/side)
Aperture, 2Rg 420 pm 400 pm
Figure error 0.64 um /
for A=350 um side 119 pm total
Figure error
polished for 0.91 pm/side  1.09 um total
A=350 um
d, neck 19.7 pm
Roughness, Sa 300 nm
Polished, Sa 20 nm

CONCLUSION

Diamond refractive lenses have been systematically
characterized at the ESRF by means of x-ray speckle vec-
torial tracking. These results show that figure errors
achieved for diamond lenses are approaching beamline re-
quirements and compatibility with industry standard
lenses.
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BEAMLINE ALIGNMENT AND CHARACTERIZATION
WITH AN AUTOCOLLIMATOR*

M. V. Fishert, A. Khan, J. Knopp
Advanced Photon Source, Argonne National Laboratory, Argonne, IL, USA

Abstract

An electronic autocollimator is a valuable tool that can
assist in the alignment of optical beamline components
such as mirrors and monochromators. It is also a powerful
tool for in situ diagnoses of the mechanical behavior of
such components. This can include the repeatability of
crystals, gratings, and mirrors as they are rotated; the par-
asitic errors of these same optical elements as they are ro-
tated and/or translated; and the repeatability and parasitic
errors as bendable mirrors are actuated. The autocollimator
can even be used to establish a secondary reference if such
components require servicing. This paper will provide ex-
amples of such alignments, diagnoses, and references that
have been made with an autocollimator on existing and re-
cently commissioned beamlines at the Advanced Photon
Source (APS). In addition, this paper will discuss how this
experience influenced the specifications and subsequent
designs of the new primary high-heat-load mirror systems
(PHHLMS) that are currently under fabrication for six of
the APS Upgrade (APS-U) feature beamlines. Each mirror
was specified to provide in situ line-of-sight access for an
autocollimator to either the center of the mirror’s optical
surface or to a smaller polished surface centered on the
backside of each mirror substrate. This line of sight will be
used for initial alignment of the mirror and will be availa-
ble for in situ diagnoses if required in the future.

INTRODUCTION

Many strategies can be employed in the alignment of op-
tical beamline components such as mirrors and mono-
chromators. One can reference the actual optical surfaces
with classical optical tooling (white face scale, jig transit,
etc.) or get more sophisticated and use a portable coordi-
nating measuring machine that relates the measured posi-
tion of the optical surface to an external reference. A mirror
or monochromator can then be installed onto a beamline
using these predetermined external references and these
techniques have been employed at the Advanced Photon
Source (APS). An electronic autocollimator offers an addi-
tional means of establishing such alignments as it can
measure the pitch and roll of the optical surface assuming
an appropriate line of sight is available. A vertical leveling
mirror (VLM) [1] is useful optical tool that can be used in
concert with an autocollimator to establish an absolute an-
gular reference relative to gravity. This is especially helpful
in setting the roll of horizontally defecting mirrors and

* This research used resources of the Advanced Photon Source, a U.S. De-
partment of Energy (DOE) Office of Science User Facility at Argonne Na-
tional Laboratory and is based on research supported by the U.S. DOE
Office of Science-Basic Energy Sciences, under Contract No. DE-ACO02-
06CH11357.
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horizontally diffracting gratings and crystals. This paper
begins with a discussion of how this technique was suc-
cessfully used to align such a mirror system at the APS.
This is followed by discussions of how an autocollimator
was used to diagnose in situ the mechanical behavior of the
motion systems on a couple of mirrors and one mono-
chromator.

DUAL MIRROR SYSTEM AT 2-1D

The 2-ID beamline was converted from a colinear to a
canted configuration [2] in late 2019. Part of that conver-
sion involved installing two primary high-heat-load mir-
rors that share a common vacuum chamber into the up-
stream end of the first optical enclosure (FOE). The two
mirrors increase the separation between the canted beams
and focus these beams at slits located near the downstream
end of the FOE. The upstream/inboard (us/in) mirror hori-
zontally deflects the inboard canted beam outward. The
downstream/outboard (ds/out) mirror horizontally deflects
the outboard canted beam inward. The beams cross over
each other about halfway along their path to their respec-
tive slits. The roll of these two mirrors was initially set us-
ing a jig transit lined up on the downstream end of each
mirror. Each mirror was adjusted such that the top and bot-
tom edges of each optical surface were aligned vertically.
The holder and mechanism made it difficult to get a good
line of sight to the mirror edges. Fortunately, the overall
assembly was designed with an unobstructed line of sight
to each optical surface. The process of setting up a VLM
and auto-collimator was straightforward for the us/in mir-
ror, which faces outward, but not as easy to implement for
the ds/out mirror that faces inward. The setup for the ds/out
mirror is complicated by its proximity to the inboard wall
of the FOE. One can establish a line of sight to the mirror’s
optical surface using a VLM oriented at 45° to the mirror,
but it is a two-stage process where the autocollimator is
first leveled in roll by viewing the VLM straight on before
rotating by 45°. The autocollimator indicated that the ini-
tial roll alignment on each mirror was in error by more than
1.0 mrad. The roll was eventually set to better than 100
prad and could have been set more accurately if needed.

Work continued into early 2020 on converting the 2-ID
beamline to a canted configuration. That work came to a
halt when the APS went into minimum safe operations dur-
ing the early stages of the COVID pandemic. During that
time a water leak developed on the us/in mirror. The leak
was confined to a single air guard bellows that surrounded
the leaking cooling line and the leak did not compromise
the vacuum integrity of the mirror system. Fortunately, the
leak was discovered, and the water turned off in a timely
fashion, but the repair did not start until a few months later
once COVID protocols were put in place. The repair
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required the removal of the vacuum chamber to access the
internals. The existing position of the us/in mirror was doc-
umented prior to starting the repair. Survey and alignment
documented the position of three of four extreme corners
of the optical surface. An autocollimator was set up to
measure the pitch and roll of the mirror. The autocollimator
and VLM confirmed that the mirror’s roll was very close
to zero. A secondary reference mirror was then installed
onto the vacuum chamber base flange and adjusted in pitch
and roll such that the autocollimator read zero. A protective
cover was placed around the reference mirror to prevent
accidental bumping. This allowed the autocollimator to be
removed during the actual leak repair. This is illustrated in
Fig. 1.

. i th

Figure 1: Autocollimator was aligned to us/in mirror at
2-ID prior to addition of reference mirror.

The repair was further complicated when water left over
from the original leak migrated into one of the welded bel-
lows that is part of the mirror support. In the end, that bel-
lows had to be removed and UHV cleaned. The rep