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Abstract

The In Situ Nanoprobe (ISN, 19-ID) beamline will be a
new best-in-class long beamline to be constructed as part
of the Advanced Photon Source Upgrade (APS-U) project
[1, 2]. To achieve long working distance at high spatial res-
olution, the ISN instrument will be positioned 210 m
downstream of the x-ray source, in a dedicated satellite
building, currently under construction [3]. The ISN instru-
ment will use a nano-focusing Kirkpatrick-Baez (K-B)
mirror system, which will focus hard x-rays to a focal spot
as small as 20 nm, with a large working distance of 61 mm.
The large working distance provides space for various in
situ sample cells for x-ray fluorescence tomography and
ptychographic 3D imaging, allows the use of a separate,
independent vacuum chambers for the optics and sample,
and provides the flexibility to run experiments in vacuum
or at ambient pressure. A consequence of the small spot
size and large working distance are stringent requirements
for high angular stability of the K-B mirrors (5 nrad V-mir-
ror and 16 nrad H-mirror) and high relative stability be-
tween focus spot and sample (4 nmgrums). Additional fea-
tures include fly-scanning up to 2 kg mass, sample plus in
situ cell, at 1 mm/s in vertical and/or horizontal directions
over an area of 10 mm x 10 mm. Environmental capabili-
ties will include heating and cooling, flow of fluids and ap-
plied fields, as required for electrochemistry and flow of
gases at high temperature for catalysis. To achieve these
capabilities and precise requirements we have used preci-
sion engineering fundamentals to guide the design process.

INTRODUCTION

The advanced photon source (APS) at Argonne National
Laboratory (ANL) is being upgraded with a new multi-
bend achromat storage ring lattice and insertion devices
that will provide increased brightness and coherence
through reduced emittance of the stored electron beam [4].
To take full advantage of the new beam specifications, a
new best-in-class In Situ Nanoprobe (ISN) instrument is
being developed for the 19-ID beamline.

The ISN instrument will use a nano-focusing Kirkpat-
rick-Baez (K-B) mirror system to focus hard x-rays to a
focal spot as small as 20 nm, with a large working distance
of 61 mm. The large working distance provides space for
various in situ sample cells for x-ray fluorescence tomog-
raphy and ptychographic 3D imaging, allows the use of
separate, independent vacuum chambers for the optics and
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sample, and provides the flexibility to run experiments in
vacuum or at ambient pressure.

Requirements of the ISN instrument that make it unique
and a technically challenging design and allow it to support
a broad range of in sifu conditions are: high angular stabil-
ity of the K-B mirrors (5 nrad V-mirror and 16 nrad H-mir-
ror) and high relative stability between focus spot and sam-
ple (4 nmgums), fly-scanning a maximum of a 2 kg in situ
cell at 1 mm/s in vertical and/or horizontal directions over
an area of 10 mm x 10 mm, and separate vacuum chambers
result in a metrology frame that needs to be transferred be-
tween two environments.

Achieving the requirements of ISN has required preci-
sion engineering of the entire instrument system from the
soil up. All the components of the system need to work to-
gether, and any one component could push the instrument
out of specification. In this paper we will discuss the design
and state of the soil and foundation, enclosure environ-
ment, nanopositioning systems, and stable metrology
frames. For details on the instrument support, which is a
modification of granite stages developed by APS, see Pre-
issner et al. [5].

INSTRUMENT DESIGN

Location

The ISN instrument will be positioned 210 m down-
stream of the x-ray source, in a dedicated satellite building,
currently under construction. A sketch of the location of the
new satellite building with respect to the main APS build-
ing and building schematic of the instrument control room
and enclosure floor is shown in Fig. 1.
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Figure 1: Left, circle is satellite building for ISN and High-
Energy X-ray Microscope instruments. Right, floor plan of
ISN showing control room, vestibule, and enclosure.

Foundation

We started the design process of the ISN with details of
the foundation, which eventually included the soil under-
neath. To achieve a highly stable floor we measured the vi-
brations of other similar instrument foundations [3], and
found a common successful strategy using slab isolation
and 1 m thickness. With an isolated slab, there is a risk of
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having too little mass and amplifying frequencies below 10
Hz, therefore we decided on a 1 m thick slab. Going fur-
ther, we investigated whether the concrete enclosure
should be placed on or off the isolated slab. Using lumped
parameter models from soil dynamics that describe slab-
on-grade vibrations [6], it was found that the added mass
of the enclosure decreased the compliance in the vertical
direction through increased coupling with the soil, and that
it lowered the first natural frequency from 5 Hz to 3 Hz for
vertical modes, with negligible impacts on tilt modes [7].
The soil in the calculations was assumed to be engineered
fill, which was the replacement of the natural soil based on
recommendations from the soil bore analysis.

Enclosure

Thermal stability is a major concern for the stability of
the instrument. To deal with thermal drifts we have adopted
a 2-stage thermal isolation method plus a separate require-
ment for the instrument surface temperature. Stage 1 is the
control room (see Fig. 1) and is under the control of the
main building HVAC system. It acts as the thermal barrier
between the outside walls and the enclosure walls. Stage 2
is the instrument enclosure itself, which has two ad-
vantages for precise thermal stability. First, it is 12 in thick
concrete and has a conductance of 5 W/K through a meter
squared section of wall compared to 1791 W/K for our typ-
ical steel-lead-steel enclosure walls. For the concrete walls
there is much less heat transfer for the same temperature
difference compared to metal walls. Second, we will install
a dedicated HVAC system for the instrument enclosure that
uses low velocity duct socks to distribute laminar air flow
evenly and control the air temperature to +0.05 °C for 1 hr.
The final instrument surface temperature requirement,
which is the most important as this is what causes the ther-
mal drift, will be controlled to +0.01 °C for 1 hr.
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Figure 2: Comparison of air and surface temperatures over
24 hr, acquired with Omega™ precision thermistors.
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Cooling using radiant water-cooled panels was imple-
mented at Diamond Light Source and described by Cacho-
Nerin et al. [8] achieved a 0.017 °C standard deviation sta-
bility over a longer period than our one-hour specification.
However, we chose a conventional forced air system to
avoid cooling pumps and water flow. In addition, a signif-
icant gain in stability due to the slow response of thermal
masses is expected. An example of this is shown in Fig. 2,
where the air temperature and surface temperature of an
optics table in lab L1119 at APS was measured. In the inset,
the pk-pk surface temperature is 6.5X less than the air.

Vacuum Chambers

Separate vacuum chambers will be used for the K-B op-
tics and sample. The optics chamber will be at UHV pres-
sures, while the sample chamber will be at HV pressures.
Separating the environments helps to protect K-B mirror
surface and maintain alignment by avoiding pressure cy-
cles to atmosphere during sample changes. This method
presents some difficulties in design, such as tight toler-
ances in assembly, extra windows, and the metrology
frame. Accessibility, variability, and shorter sample change
time outweighs these added difficulties. Figure 3 shows a
cross-sectional view of the two chambers. Gaps between
flanges are as small as 2 mm, and there are 2 additional x-
ray windows needed to pass through two chamber walls.

The sample chamber is designed to operate with envi-
ronments of both vacuum and at atmospheric pressure. In
vacuum, the sample space available between the chamber
wall and focus spot is 47 mm and increases to 55 mm when
the top of the sample chamber is removed. Removing the
top of the sample chamber is a delicate procedure because
of the close tolerances, therefore special jigs and guides are
being designed to make this process easier.

Various ports for detectors, sample access, cryostat, and
windows can be seen in Fig. 4. Two ports are for SDD flu-
orescence detectors oriented at 15° and 0° from X. The port
at 0° is for a back-scattering geometry detector, and the 15°
port is being designed for a multi-element detector and to
also accommodate a larger diameter confocal detector. The
cryostat port is designed to come from above and slightly
off-center from the sample to allow for a clear direct over-
head port, which will be for optical or microscope access.
Included are ports looking directly at the sample from the
horizontal and sample access.

Figure 4 inset shows the details of the combined diffrac-
tion window and ptychography window. They are mounted
together on the same hinged flange that can be opened for
sample access. The flange is curved and will be sealed to
the chamber flange using an o-ring seal held in a dovetail
cut to keep it in place. The Be window gives a diffraction
cone of 7°-60° in the vertical and -5°-60° in the horizontal
and has a radius of 120 mm. Ideally, the Be window will
be 0.5 mm thick, which does hold vacuum without break-
ing, however, from and operations point of view, it is risky
for the window to be so thin. So, the thickness is still being
optimized. The ptychography window will be Si3N4 and
its dimensions are still be optimized as well.
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Figure 3: Details of the K-B optics system (left) and sample position stage system (right). The metrology loop is shown
as a dashed line, and the inset shows the cylindrical reference mounted to the sample rotation stage.

6 in Sample
P Access or
Feedthrough

Room For

M0f Ports

+15 deg. to Beam Optical

Figure 4: Model showing details of the ports and windows.
K-B System

The K-B optical system is shown in Fig. 3. The mirrors
are positioned using nanopositioning flexure stages de-
signed using Shu et al. [9] weak-link flexures. The vertical
mirror is positioned vertically and pitched by differentially
moving the vertical stages. A gantry type geometry is used
for the horizontal mirror and stages to provide room for the
sample chamber underneath. It is positioned in X, Z, pitch,
and roll. More detail on the stages can be found in [10].

Sample Scanning System

A model of the sample scanning system is shown in Fig.
3. It is designed to handle up to a 2 kg load with 1 mm/s
scan speed in X and Y over an area of 10 mm x 10 mm. A
piezo rotation stage atop the XYZ stack is used for tomog-
raphy and ptychography imaging. The last stage above the
rotation stage is an XZ piezo linear stage to position the
sample at the rotation center.

A direct drive stage will be used for scanning in the X
direction and is sized so that, even at full speed and 5 Hz
oscillation over a 100 um scan, coil temperatures are ex-
pected to rise by 0.06 °C in vacuum. This is with the ex-
pectation that any external forces due to wires or tubing
lines are negligible. Much care will be taken in the

Beamlines and front ends

Beamlines

finalizing of the design for strain relieving cables and tubes
to provide enough slack for motion but not too much so
that the stage is lifting cables.

Metrology

By separating the optics and sample environment the
metrology frame to measure the relative position of the
sample with respect to the optics becomes complicated.
Fig. 3 shows the metrology loop with the vacuum cham-
bers removed for clarity. The measurement loop must
travel through 466 mm in the vertical direction down to the
common Invar reference base. Then it is assumed that the
Invar reference base is moving or deforming evenly across
the plate. After the plate it then moves up through a Zero-
dur frame to the sample level. The Zerodur frame was cho-
sen for the sample side since it does not have to support a
load, as in the optics case, and it will be in the region with
greatest heat load.

Errors from the rotation stage are corrected after each
rotation step. The runout, wobble, and flatness errors are
measured by capacitive sensors looking at a diamond
turned reference cylinder. The errors will then be fed back
to the XYZ stack to correct the errors.

CONCLUSION

The instrument design is close to completion, with pro-
curement of components and system integration beginning
in 2022.
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