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A new portable macro X-ray fluorescence scanner has been specifically
designed for in situ, real-time elemental mapping of large painted surfaces.
This system allows scanning 80 X 80 X 20 cm?® along the X, Z, and Y directions,
respectively, with adaptive beam size at the energy of the Rh Ka-line. The
detection system consists of a 50 mm? active area detector coupled to a CUBE
pre-amplifier and to the DANTE digital pulse processor (DPP) with adaptive
shaping time. The system is controlled with a custom software including a
graphical user interface (GUI) programmed in Python for real-time control of the
stage, DPP, and camera of the scanner. This system allows considering new ways
of sampling the object surface than the usual raster scanning in serpentine as well
as a live elaboration of X-ray data; technical details and performances of the scan-
ner are presented in this paper together with an example of its application to
investigate painted surface, illustrating the value of the developed instrument.

Northwestern University

1 | INTRODUCTION

Pigment identification is used by conservation scientists
to elucidate artist/workshop use of materials, to under-
stand how a painted surface has altered over time info-
rming how an artwork is to be conserved, and, lastly, to
identify anachronistic uses of materials that could be
associated with either fakes and forgeries or associated
with past restoration. A primary tool for these tasks is
macro X-ray fluorescence (MA-XRF), a non-invasive
method that has become common place in cultural heri-
tage to examine how elements related to various pig-
ments are distributed across a painted surface.
Recently, numerous instrument designs have been devel-
oped in an effort to cope with challenges associated with
analyzing painted supports, for example, limited access to
the object, and the high complexity and heterogeneity of
the artifact at multiple scales.l>!!

At the Northwestern University/Art Institute of Chi-
cago Center for Scientific Studies in the Arts, object-based
and object-inspired scientific research is performed on
collections to advance the role of science within art his-
tory, curatorial scholarship, archaeology, and conserva-
tion. The Center utilizes a variety of transportable and
non-invasive instruments, such as MA-XRF, reflectance
imaging spectroscopy (RIS), optical coherent tomogra-
phy, and Fourier transform infrared spectroscopy in
reflectance mode. Among these methods, MA-XRF has
become a key technique applied in most of the research
projects undertaken by the Center. Originally, MA-XRF
measurements were performed using a commercially
available instrument, XGLab's ELIO (Milan, Italy), which
has a nominal 1-mm spot size capable of on-tripod small-
area scanning (10 X 10 cm?). In addition, to map larger
area objects, the ELIO analysis head was connected to an
inexpensive scanning gantry, built in-house, controlled
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by a microprocessor board to provide high precision posi-
tioning. Unlike commercial XRF scanning instruments,
this system was portable and allowed for data to be col-
lected from painted 2D objects in several cultural institu-
tions across North America, including La Miséreuse
accroupie (1902) and La Soupe (1903), both blue period
paintings by Pablo Picasso housed at the Art Gallery of
Ontario (AGO).1*?!

Despite being highly portable, the ELIO gantry sys-
tem presents an inherent limitation in spatial resolution
due to its 1-mm spot size. To overcome this limitation,
we developed novel approaches to fuse data collected
from the ELIO gantry with higher resolution imaging
techniques such as RIS. This strategy has proven suc-
cessful for imaging writing in historical manuscripts,3!
for instance, and can be applied to similar materials and
techniques. However, fusion methods may not be uni-
versally successful for the analysis of more complex
paintings with mixtures of pigments. Therefore, to
improve spatial resolution, speed of acquisition, and
portability, a new MA-XRF system has been designed
and built.

The main requirements of our system were the fol-
lowing: (a) a large scanning area that can accommodate
medium-sized paintings with micrometer resolution and
repeatability; (b) high portability to accommodate trans-
portation worldwide within a short period of time;
(c) straightforward mounting and dismounting of the
equipment; and (d) versatility, in particular with respect
to the focusing optics and acquisition mode. The described

(@)

system meets these requirements with scanning dimen-
sions of 80 x 80 x 20 cm® along the X, Z, and Y directions,
respectively. The detection system consists of a 50 mm?
active area detector coupled to a CUBE pre-amplifier and
a DANTE digital pulse processor with adaptive pulse
shaping. Recent results obtained on reference material
and a historical illuminated manuscript are described to
present the potential of the equipment.

2 | TECHNICAL
CHARACTERISTICS OF THE
SCANNER

The MA-XRF system is presented in Figure 1. The X-ray
source, XRF detection system, and visible camera are
incorporated into a unit termed the XRF head’ (Figure 1a,
). The XRF head is composed of a 12 W Rh-target X-ray
tube (MOXTEK Inc., Orem, UT) coupled to a removable
polycapillary optic (XOS Inc, East Greenbush, NY). As
shown in Figure 2a, a beam diameter of 99.5 pm was mea-
sured at theoretical focal point (f = 4.8 cm) by a knife-edge
scan across the direct incident beam while monitoring the
Rh Ka-line. While the geometric divergence of 0.5° was
determined for this optic from its output size, beam diame-
ters were also experimentally recorded at a variety of focal
distances using knife-edge scans as presented in Figure 2b.
Since it is well known that polycapillary optics are achro-
matic, these figures of merits for the beam are expected to
change dependent on the energy range being monitored.

Focus point
z
Y
(5] / [
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=] T I ]
Removable (n8s)
focusing
optic
X-Ray
source DANTE [———=
bPP L B == 1 =1
GOKViI2W, 816.5 x 816.5 x 220 XZY scanning
Rh anode R
Scanning speed @100mm/sec
FIGURE 1 (a) Schematic view of the MA-XRF head assembly and geometry; (b) Mechanical drawing of the scanning stage allowing

motion of 816.5 X 816.5 X 220 mm in X, Z, and Y direction, respectively; (c) Visible picture of the system in use during the scan of the

historical example presented hereby
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FIGURE 2
(b) Divergence of beam diameter measured at multiple distances

The polycapillary focusing optic was designed to be
dismountable from the source to accommodate a larger
pinhole or collimating system when larger spot sizes,
higher count rates, or high Z elements are desired. X-rays
are detected by means of a 50 mm? active collimated area
Silicon Drift Detector (SDD, Bruker Nano Analytics),
equipped with a CUBE preamplifier.'* The detection
module is read out by a newly designed digital pulse pro-
cessor (DANTE DPP, Bruker Nano Analytics) character-
ized by excellent noise and high count-rate performance,
and real-time data transmission capability for on-the-fly
data collection.!'®! The energy resolution at the Mn-Ka
line is 132 eV for 100 kcps output count rate (OCR). The
system can process an input count rate (ICR) of up to
1.5 million counts/sec yielding an OCR of 700 kcps, using
adaptive pulse shaping time and yielding an energy reso-
lution of <140 eV at Mn-Ka. The adaptive shaping per-
mits operation at low dead times with minimal loss of
resolution (411 kcps ICR, 328 kcps OCR, 134 eV) provid-
ing almost half the maximum throughput with 75% lower
tube current. The X-ray source and detector operate in a
90-45 geometry, and are each mounted translation stages
using 3D printed parts to optimize the detector and
source alignment. Additionally, a FLIR camera (Blackfly
S 20 MegaPixel) is used to position the sample at the
polycapillary focus.

The XRF head is moved during the scanning by
means of a custom commercial three-axis system
mounted on a lightweight wheeled trolley (HIWIN,
Huntley, IL), illustrated in Figure 1b. The scanning sys-
tem consists of three linear stages allowing a travel range
of 84 cm, 84 cm, and 20cm along the X, Z, and
Y directions, respectively. A laser interferometer was used
to test the lead accuracy of the individual axes, resulting
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(a) Knife-edge scan at Rh Ka-line demonstrating a beam diameter of 96 pm at the theoretical focal distance of 4.8 cm.

into a 10 + 1 pm accuracy over the whole travel range
available in X and Z. This accuracy was maintained while
scanning continuously at a speed and acceleration of up
to 600 mm/sec and 300 mm/sec?, respectively. The sys-
tem operates in non-contact mode with about 10 mm of
distance from the analyzed object (effective distance
between the instrument head mechanics and the sample
in optimal focusing position). With a total weight of
60 kg, stages, trolley, and XRF head can be easily trans-
ported and assembled for in situ experiments.

The software consists of a custom Python-based
graphical user interface that controls the HIWIN stage
and the Dante pulse processor. The software performs a
raster scan parameterized by a step size, start/stop posi-
tion, and per point dwell time inputs. A hardware trigger
from the motor system to the DPP allows the DPP to pro-
duce a new spectrum at each trigger. For serpentine ras-
ter scanning, it triggers at the edge (start and end) of
each pixel. The spectrum between triggers is the spec-
trum for that pixel. This approach allows non-raster seg-
ment scanning as well, for which a trigger is sent every
25 ms, yielding a motor position at each trigger and thus
the position of each spectrum. The continuous stream of
X-ray events from the DPP is processed in real time,
which allows a live display of the elemental maps and
spectra of interest defined by the users through the GUI
during the scan.

3 | EXPERIMENTAL

The sensitivity and limit of detection of the system were
determined from the spectrum acquired on the Standard
Reference Material (SRM) 610 Trace elements,
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manufactured by the National Institute of Standards and
Technology (NIST). The spectrum was acquired for
500 ms real time at tube settings of 50 kV and 0.24 mA,
without a filter, in air, and at the focal distance of
4.8 mm. The reference material is a 1-mm-thick glass disc
containing a broad range of elements at a nominal con-
centration of 500 ppm.

The sensitivity (S) and limits of detection (LOD) of
the system normalized for 1 s were calculated by means
of Equations (1) and (2):

Si= 1
! Cixt ( )
VN
LOD =3 x Y2k sy oix Vi (2)
VN;

where N; is the net count of the fluorescence peak of ele-
ment i, C; is the concentration of this element in the stan-
dard, t is the measurement time, and Ny, is the
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FIGURE 3

intensity of the background below the peak of the ele-
ment (four sigma of the Gaussian function fitted to the
peak were taken as the background width).

Similar to other commercial and in-house systems,
the MA-XRF system aims at acquiring elemental distribu-
tions representative of concentrations of several mass
percent with dwell times below 1 s.*7). Figure 3a,b sum-
marizes the chemical sensitivity and detection limits for
the K-lines of elements detected in the corresponding
standard. For the energy region around 3 keV, the sensi-
tivity is above 100 cps/mg/g with a corresponding detec-
tion limit of about 70 ppm. A value of about
800-1,600 cps/mg/g was obtained for chemical elements
with atomic numbers in the interval between 25 and 40.
This allows for a limit of detection of about 30 ppm for
elements with atomic numbers in this range. Chemical
elements from Sb (Z 51) to Ba (Z 56) present a chemical
sensitivity of some tens of counts per second due to the
low transmission of the focusing optic at high energies.
This inherent limitation of polycapillary optic therefore

1000
[ ]
£ .
=
s 100 . o®
‘.3 °
(1]
% .ooo. ° ')
S 10
E
-
il
15 25 35 45 55

Atomic number (2)

i

e
S —
e—
——
-~
-~
e
—
-

(a) K-line sensitivity for the elements K (Z = 19) to Ba (Z = 56) of the system at 50 kV and 0.24 mA; (b) K-line limit of

detection for the elements K (Z = 19) to Ba (Z = 56) of the system at 50 kV and 0.24 mA; (c) Groundtruth Airforce USAF 1951 pattern, the
slotted line square represents the area scanned by the MA-XRF instrument using a 70 pm step size and 0.3 s dwell time and presented in
(d) the Cr map of the USAF1951 resolution test target; the area highlighted in red corresponds to the central area of the target with higher
spatial resolution, highlighting that the last resolved line pairs of the pattern are the one of group 2 element 3 (corresponding to a spatial

resolution of 99 pm)
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means that high Z elements can only be investigated by
using their L-lines.

The USAF1951 (chromium positive) resolution test
target was used to determine the lateral resolution of the
device as shown in Figure 3c,d. This target is designed to
monitor lateral and horizontal resolutions resolvable by
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microscopic systems with reference patterns spaced at
known distances. The USAF-1951 test target presents a
pattern composed by reference lines with defined spac-
ing. The lines groups are repeated with dimensions rang-
ing from 1 mm to 4 pm (Figure 3c). The lateral resolution
has been calculated by a step-by-step mapping of the

KK

FIGURE 4 Elemental images of the illumination of a juridical manuscript fragment. MA-XRF acquisition was performed with a
300 pm pixel size, 100 ms dwell time for a total scan time of 110 min [Correction added on 12 August 2020, after first online publication: The
part labels of the bottom row of Figure 4 had been omitted and were restored.]
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central area of the target where higher resolution power
is needed for resolving the pattern. Here, the USAF1951
sample was scanned with a 70 um step size and 0.3 s
dwell-time while monitoring the chromium Ka-line
(Figure 3d). The system is able to resolve the bars in
group 2, element 3 which corresponds to a lateral resolu-
tion of about 99 pm which is near the beam size mini-
mum determined by the knife-edge scan.!”! With a Line
Pairs (LP) per millimeter of 5.04 for the group 2 and ele-
ment 3, the resolution was obtained by applying:

Space width 1 1
——————(mm) = =——=0.099 mm
Line 2xLP 10.08
4 | RESULTS

The MA-XRF scanner has been tested for the non-
destructive elemental imaging of the illumination of a
9 x 11cm? juridical manuscript fragment from liber xlvii
de publicis iudiciis. The small French oblong is dated
ca. 1,300 and is now part of the special collection of the
Northwestern Library. This object was chosen as a case
study to test both the spatial resolution of the instru-
ment in response to image small features and fine writ-
ing and comments as well as the instrument sensitivity
to the subtle compositional changes associated with the
different types of inks used to annotate this manuscript.
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FIGURE 5

(b)

MA-XRF was performed with continuous scanning
along the X direction. A fixed step-size of 300 pm was
selected along the Y direction. The X-ray source was
operated at 30 kV and 0.4 mA. The total measurement
time was 110 min. The open source PyMca software!'®!
was used to batch fit the XRF results and to extract the
elemental distribution maps presented in Figure 4. MA-
XRF acquisition was complemented by RIS measurements
to enhance pigment identification.’’!! The data have
been recorded using a Resonon Pika II Pushbroom system
in the 400-900 nm range with a spectral resolution of
2 nm and are presented in Figure 5.

Pb-based areas corresponding to lead white pigment
are identified in the white outline of the illumination,
lighter tones of the central character (e.g. in blue areas
and in the small historiated initial), and flesh tones, as
well as in very fine features such as small decorations
within the frame of the illumination, and point-shaped
contours around the circular motifs in the background.
Using a visible microscope, the width of those features
has been determined to be between 150 and 200 pm.
These results confirm the appropriate resolution for all-
owing fast and relevant mapping of relatively fine fea-
tures at the macroscale.

Pb-based painting material is also identified in the
red garment of the left character and red part of the illu-
minated initial letter. With an inflection point around
565 nm, the reflectance spectrum collected in this area

Calcium-rich
background
Iron Gall Ink

——=Green Tunic

——Azurite

|

=—=Minium

=—\/ermillion

(

Reflectance (a.u.)

|

450 650

Wavelength (nm)
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(a) RGB image obtained by Spectral Angle Mapper (from SpectrononPro) using the reference spectra presented in (b);

(b) spectra of areas of reference determined using the approach detailed in Reference [18]; corresponding, respectively, to the use of

vermillion, minium, azurite, and iron gall ink (the exact identification of the pigment used for the Cu-green tunic has not been determined

by this study; however, a representative reflectance spectrum has been extracted from the dataset to identify its location). The same color

code is used in both spatial and spectral representations (a) and (b)
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confirms the presence of red lead (Pb;O,, mineral form
minium). MA-XRF confirmed the use of a Cu-based pig-
ment in the blue tones of the illumination. With an
absorption maximum around 640 nm and low reflectance
in the red region, the presence of azurite (2CuCO;.Cu
[OH],) is revealed.

The presence of gold is confirmed in the gilded area
of the illumination, with a strong correlation with the
element calcium, pointing toward the use of a calcium-
based preparation layer of the gilding area. Apart from
the gilded area, calcium is identified in the background
of the illumination; further work is, however, necessary
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to provide an enhanced identification of the pigments
used in this part of the manuscript.

Two types of ink are identified for the text and related
annotations: one being rich in Fe (with traces of K), and
another presenting a high ratio in Zn to Fe (together with
Cu, Zn is a common component of iron-gall ink). The for-
mer ink has been used for the main text, while the anno-
tations both in front and back of the miniature present
the presence of Fe exclusively. For the red ink, Hg and S
are correlated in MA-XRF maps. The reflectance spectra
for the corresponding area reveal shapes similar to semi-
conductor pigments, that is, a sigmoid with a steeper rise

FIGURE 6 Comparison of the composite images of Ca K-, Cu K-, and Pb L-emission lines (top) and (bottom) Zn K- and Fe K-emission
lines (right) of the illumination of the juridical manuscript fragment, acquired using (a) our in-house MA-XRF system and (b) the CRONO

MA-XRF system
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around the inflection point [33] at 590-605 nm that indi-
cates the presence of vermillion (HgS). Here, again, the
spatial resolution allows a distinct imaging and reading
of the text.

The same manuscript was previously scanned using
the CRONO system!® on loan to the Center for test pur-
poses. The conditions used to scan the object were deter-
mined to provide the best information within the 2 hr
time frame available with the object. Thus, the X-ray
source was set to 50 kV, 0.2 mA and was equipped with a
0.5 mm collimator. These parameters allowed a sufficient
signal-to-noise ratio (SNR) of the spectral information to
run an acquisition with a 150 ms dwell time and a
500 pm pixel size (accounting for a 2 hr total acquisition
time). The results obtained are presented in Figure 6 and
are compared to the elemental maps obtained with our
instrumentation. Whereas SNR between the two acquisi-
tions were comparable for elements with Z < 40, elemen-
tal images obtained with similar acquisition times
highlights the interest of using a focused beam to differ-
entiate contour and fine features of the manuscript, thus
providing additional information regarding pigment use.

5 | CONCLUSION

The first results obtained with our in-house macro-XRF
scanner have been presented in this paper. The system is
based on the experience gained with testing and using
state-of-the-art MA-XRF equipment used in Cultural
Heritage for the different projects undertaken at the
Center.

The technical characteristics and spectrometric fig-
ures of merit of the scanner and elemental distribution
images acquired on a historical illuminated manuscript
have been presented. The resulting data confirm that the
scanner satisfies the specifications required previously, as
(a) it allows the detection of various elements within sub-
second dwell times at sub-millimeter resolution; (b) it is
transportable on site and for extensive travel, while pre-
senting a straightforward and resilient mounting system;
(c) it is versatile in terms of optic choices and acquisition
modes, allowing multipurpose applications; and (d) it
features a robust control software.
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