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Abstract

The fast solid sample scanner (FSSS) used at the Euro-
pean XFEL (EuXFEL) enables data collection from multiple
samples while minimizing the need for a sample-holder ex-
change. To optimise scan duration, target positions can be
identified in advance, thus preventing the (X-ray) exposure
of empty locations. In this contribution, the automated sam-
ple delivery workflow for performing solid sample scanning
using the FSSS is described. This workflow covers the en-
tire process, from automatically identifying target positions
within the sample, using machine learning algorithms, to
setting the parameters needed to perform the scans. The
integration of this solution into the EuXFEL control system,
Karabo, not only allows to control and perform the scans
with the existing scan tool but also provides tools for image
annotation and data acquisition. The solution thus enables
the storage of data and metadata for future correlation across
a variety of beamline parameters set during the experiment.

INTRODUCTION

Fixed targets are widely used among the instruments at
the European XFEL, when using the 10 Hz train repetition
mode [1], instead of the MHz rate burst rate. To scan such
solid samples a common hardware component, the solid sam-
ple scanner, is used at 5 out of the 7 instrumental end stations
of the European XFEL. The FSSS is a device equipped with
two perpendicular stepper motors, enabling precise scanning
along both the X and Y axes, with Z representing the beam
direction. This scanner is situated above a hexapod that
regulates the distance between the sample and the in-line
microscope. Samples scanned using the FSSS include foil
targets, wires, structured samples or powder samples encap-
sulated in Kapton and ultra-thin silicon nitride membranes
in microfabricated silicon chips, among others. The sample
so scanned thus cover a wide range of applications.

Despite the widespread use and recent hardware advance-
ments [2,3], preparing the sample scanner for measurements
remains a time-consuming and lengthy process. Typically,
this procedure involves several steps: sample loading, in-
dividual sample characterization, data collection, and post-
measurement analysis.

Samples are loaded into a designated holder outside the
vacuum chamber and then individually placed into the inter-
action chamber without breaking the vacuum. Subsequent
sample characterization occurs during the nominal beam
time, usually during the night, and can last between 4 to 8
hours. The data collection process follows immediately after
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alignment or is scheduled for the next day depending on the
specific instrument.

While the sample loading process benefits from automa-
tion [2], the characterization of each target remains a manual
task. It involves locating individual target locations before
exposure to the X-ray source.

The solid sample scanner workflow of the HED instru-
ment has undergone significant improvements, including
pre-characterization of samples prior to beam time and the
creation of a dedicated database for storing sample-related
data. In this paper, we provide a comprehensive overview
of the enhancements and automation implemented within
the workflow, demonstrating the effectiveness of these im-
provements.

WORKFLOW AUTOMATION

The fundamental workflow has remained largely un-
changed; however, significant modifications have been in-
troduced with the aim of automating, standardizing, and
accelerating the process of illumininating multiple targets
located in one sample. An overview is presented in Fig. 1.

Lab
Characterise sample in the microscope

}

Save information; fiducials and targets as a playlist in the DB

|
v

Get playlist from DB to Karabo

!

Measure fiducials in the instrument

l

Convert coordinates and set-up scan tool

!

Start the scanning process

Instrument

Figure 1: Workflow schema follow during sample scanner
after automation.

In the updated workflow, several modifications have been
implemented to streamline and expedite the process:

 Target localization before the beam time: targets are
located in the sample environment and characterization
labs before the experiment. Due to the addition of
reference marks, fiducials, to the sample, the targets
coordinates can be measured in the lab and then used
at the instrument.
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¢ Database Integration: target and fiducial coordinates
are stored in a relational database for easy access and
management.

* Seamless control system integration: information is
directly accessible via the Karabo [4] control system,
enhancing real-time monitoring and control.

* Fiducial measurements and coordinate transformation:
fiducial measurements are performed, and target coor-
dinates are transformed from the laboratory coordinate
system to the instrument system. Further information
can be found in the EXPERIMENTAL SETUP and in
APPENDIX A.

* Streamlined coordination: transformed coordinates are
subsequently transmitted to the Karabo scan tool [5],
facilitating efficient sample measurement.

EXPERIMENTAL SETUP
Sample

Solid samples include designated targets and fiducial
marks; fiducial marks serve as the essential navigational
aids within the revised workflow system. They enable the
transportation of samples between different locations, such
as from the laboratory to the instrument, without the need
to measure target positions again.

Prior to the experiment, the fiducial positions are estab-
lished through a preliminary investigation procedure utiliz-
ing optical microscopy, specifically, a combination of 2D
and 3D microscopy techniques [1].

The solid samples used during a commissioning exper-
iment, shown in Fig. 2, were 25 x 50 mm? Si Chip with
200 x 200 um? SiN membranes, containing both targets and
fiducials.

For the first commissioning measurements, both fiducials
and targets were fabricated through a focused ion beam (FIB),
either eroded by a Ga beam for reflection geometry or created
using Pt deposition on membranes to produce shadows in a
transmission geometry.

Each target was uniquely identified by a cross and an incre-
mental number. To determine the positions of these features
accurately in three-dimensional space, a confocal micro-
scope was employed, and the resulting data was recorded
and input into a database.

In the fabrication process, three fiducial crosses were cre-
ated and utilized as reference points. One of these crosses
functions as the origin, while the X-axis and Y-axis are de-
fined relative to the origin by one additional fiducial, respec-
tively. The Z-axis is subsequently generated based on the
established X- and Y-axes, with perpendicular orientation to
both, with a fixed length of 1mm.

Instrument

The initial experiments were conducted at the High Energy
Density (HED) instrument (as shown in Fig. 3), utilizing the
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existing infrastructure within Interaction Chamber 1 (IC1)
as described in [2, 6].

IC1 houses the Fast Solid Sample Scanner [7], it has a
maximum speed of 20 mm/s and a minimum resolution of
less than 2 um, as detailed in [3, 6]. The imaging system
available within IC1 employs two in-line microscopes, uti-
lizing stereo imaging techniques for the measurement of
fiducial positions. Furthermore, a high-magnification in-
line microscope facilitates the examination of both samples
and their support structures, as described in [6].

Figure 3: Instrument configuration at HED instrument.

SOFTWARE (DB AND KARABO
INTEGRATION)

DB Integration

After characterizing the sample, the sample information
is subsequently uploaded into a relational database. This
database is comprised of multiple interconnected tables stor-
ing facility details, fiducial and target data (coordinates), as
well as metadata including sample information and creation
date.

Karabo Integration

An important part of the automation implementation is
the connection of the database with the scan tool, and the
lab coordinate transformation of lab (microscope) to the
instrument system. Integrating the target coordinates into
the existing “Scan Tool” at European XFEL requires several
steps:

1. Access to the DB data from Karabo.

2. Coordinate transformation: this step focuses on trans-
lating coordinates between the laboratory, defined by
the microscope coordinate system, and the instruments,
defined by the FSSS coordinate system, taking into
account the Z-axis defined by the hexapod. With this
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Figure 2: Sample zoom to the fiducial markers used during the first experiment.

coordinate transformation, we aim to address two po-
tential effects: different orientations and varying image
scaling due to the use of different magnification lenses
in the lab and the instrument. Please refer to the AP-
PENDIX for detailed information.

After the transformation, the target coordinates are au-
tomatically sent to the scan tool [8]. The Karabo integra-
tion also includes a graphical interface that guides the user
through the workflow, making it easier to control the process
(see Fig. 4).

RESULTS

During a commissioning experiment, we tested the newly
introduced workflow steps, which included data retrieval
from the database, coordinate transformation, the transfer
of information to the scan tool and test scanning. All the
steps described in the previous section were successfully
validated during this commissioning experiment.

Target Accuracy

Tables 1 and 2 summarize the achieved accuracy for each
of the four measured targets, highlighting variations in accu-
racy across the different targets. This accuracy relies on the
specific target coordinates, as explained in the APPENDIX.
Deviations from the current target positions are also visible
in Fig. 5.
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Figure 5: Target positions measured at the instrument.

Time

In Fig. 6, specifically within the “Fiducial Measurement”
section of the graph, one can observe that the process of
measuring fiducial positions and acquiring target coordinate
positions typically takes about 30 minutes. Additionally, it’s
important to note that during this testing session, approx-
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Figure 4: Auto generated scene for automatizing sample.

Table 1: Discrepancies Observed Between Estimated Target
Positions and Actual Values (Horizontal Plane)

Target  Absolute difference Relative difference
number [um] [%o]

1 ~ 13 ~ 0.09

2 ~ 8 ~ 0.04

3 ~4 ~ 0.02

4 ~6 ~ 0.02

Table 2: Discrepancies Observed Between Estimated Target
Positions and Actual Values (Vertical Plane)

Target  Absolute difference Relative difference

number [um] [%0]

1 ~6 ~ 0.007

2 ~3 ~ 0.004

3 ~5 ~ 0.007

4 ~ 6 ~ 0.01
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imately 25 extra minutes were dedicated to the thorough
verification of the target positions.

CONCLUSIONS

Automation within the solid sample scanner is instrumen-
tal in achieving faster and more efficient operations and data
management.The automated procedures have significantly
expedited tasks, leading to faster and more efficient opera-
tions. Including a precharacterization step for the samples
can optimize beam time use substantially, reducing the time
by 4 to 8 hours compared to the existing manual procedure.
This not only saves costs but also enhances efficiency. The
allocated beam times are typically 5-6 days, with 4-5 days
for measurements, making the impact considerable.

The results of the calculation of the positions of the four
targets within the sample were found to be remarkably accu-
rate. The average precision achieved was 8 ym in the hori-
zontal plane and 5 um in the vertical plane, which reflects an
average relative precision of less than 0.05%. The achieved
precision is largely influenced by the accuracy of fiducial
measurements performed both in the laboratory and at the
instrument, as well as the precise determination of target co-
ordinates in the laboratory, as elaborated in the appendix. To
further improve the accuracy level, a combination of manual
and automatic target locations can be utilised.
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Figure 6: Historical values from the commissioning day displayed in Grafana.

Furthermore, the integration of the scanner into the fa- A basis is defined using the coordinates of fiducials
cility’s control system, Karabo, has been succesfully tested. measured in the lab, and target coordinates are trans-
This integation further streamlines and accelerates the entire formed to this basis (sample). To perform this coordi-
process, not only providing easier access to experimental nate transformation, we utilize the inverse of the base
data but also simplifying the operation for the instrument transformation from sample to lab, L.
scientist.

Finally, data accessibility has been improved, the system O
now enables access to historical data values, as illustrated Ty,s Fix Fx Nix Ty,
in Fig. 6. Tys|=|Fry Foy Niy| [Ty (D

Tz s Fl,z F2,z Nl,z Tz,l

4

APPENDIX

Fiducials vector coordinates are measured in two bases,
lab and instrument. In both cases, the basis, B, is:

* Base transformation from sample to instrument The
change of the basis matrix -or transition matrix- from
Sample basis (S) to Instrument basis (/) is the one
whose columns are the coordinates vector of S with
respect to I. After the sample has been transported to
the instrument, we re-measure the fiducials in the in-
strument’s reference frame. Subsequently, we calculate
the sample-instrument matrix, /, as demonstrated in

B =

S O =
— O O

0
1
0

In the process, two coordinate transformations are re-

quired to obtain the target coordinates in the instrument Eq. (2).
basis, i.e. the coordinates that will be used with the sample In this equation, F; and F, denote the coordinates of
scanner. Fiducials 1 and 2 as measured in the instrumint’s refer-
ence frame with respect a third Fiducial 3 (O) chosen
* Base transformation from sample to lab: The change as the coordinate origin, e.g. PT{ = f{ - 5, while N,
of the basis matrix -or transition matrix- from Sample Ny, and N, represent the normal vector to Fi and F,
basis (S) to Lab basis (L) is the one whose columns are in the direction of the beam.
the coordinates vector of S with respect to L. In this
matrix, shown in Eq. (1), 1 and F;, correspond to the
coordinates of Fiducials 1 and 2, as measured in the F l/,x F2,,x Ny x
lab base, while N, Ny, and N represent the normal 1= Ff,y F2,,y Niy )
vector perpendicular to the sample plane. F l’,z Fz/,z Ny,
M02A003 General
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 Additionally, an scaling factor, S, is computed to com-
pensate any magnification discrepancies between the
instrument and the lab optical system.

’ ’ ’
JEJJ+EJJ+E%1
S =

’ ’ ’
\/Fi,x,s + Fl,y,s + Fi,z,s

3

Targets coordinates are then transformed, from sample
basis to instrument basis, by multiplying transformation
matrix S with the the target coordinates sample 7 and adding
the origin vector:

T;=S-1-L-(Ts)+0 4)

Error Propagation

The target accuracy is given by a combination of the
fiducilas measurements both in the lab and in the instru-
ment and the target measurements in the lab.

Simplifying the calculations, separating the Eq. (4) in
two, Ty = S - YTS) and T, = O the relative errorbar can be
calculating as shown in Eq. (5).

©@T1)* = (0T1)* + (6 T2)? ®)

Starting with the first term, denoted as 7, and under
the assumption that the fiducial basis maintains a consis-
tent orientation in both the laboratory and instrument set-
tings—meaning the sample’s angle with respect to the frame
is approximately “5*—we operate with diagonal matrices,
which simplifies the error calculation.

(U'Tx,y,z )2 ~2 (O'Fx,y,z,L )2 4 (O'Fx,y,z,l )2 +

Tx,y,z Fx,y,z,L Fx,y,z,I (6)
oF 2 oF 2 oT, 2
( x’ysz’L ) ¥ 2 ( x’y’z,l ) ¥ ( x’y’Z’L )
Fx,y,z,L Fx,y,z,l Tx,y,z
This can be further simplified
oT, 2 oF 2 oF 2
( . x,y,z) ~3 ( = x,y,z,L) +6 ( - x,y,z,I) +
.y, ,y,2,L ,y,2,1
X,y,2 X,y,2 X,y,2 , %)
(O'Tx,y,z,L)
Tx,y,z,L

Simplifying further, and assuming uniform relative er-
rors across the board, where the accuracy of target measure-
ments is half that of lab-based fiducials, and the accuracy of
instrument-measured fiducials is one and a half times that
of lab-measured fiducials.

General

Experiment Control

ICALEP(S2023, Cape Town, South Africa

JACoW Publishing
doi:10.18429/JAColW-ICALEPCS2023-M02A003

e [

X,¥,2 Fx,y,z,L

Adding the contribution of the second term of the equa-
tion (5), we obtain an approximate error calculation

oF 2
0Ty y 2~ 14(T1 ”“) +150F,y 2=
Fx,y,z,L
T 2 9
2 1 2
oF2, ., 14(—nyZL) +1.5)

Depending on the ratio %, we observe error bars
that vary between two to seven times the fiducial lab error
bars. For instance, with a 1.5 pm error bar, the target error
can range from 3 pm to 10.5 um, aligning with the findings
reported in the “RESULTS” section.
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