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Abstract IRENI (infrared environmental imaging) is a re-
cently commissioned Fourier transform infrared (FTIR)
chemical imaging beamline at the Synchrotron Radiation
Center in Madison, WI, USA. This novel beamline ex-
tracts 320 mrad of radiation, horizontally, from one bend-
ing magnet. The optical transport separates and recombines
the beam into 12 parallel collimated beams to illuminate
a commercial FTIR microspectrometer (Bruker Hyperion
3000) equipped with a focal plane array detector where sin-
gle pixels in the detector image a projected sample area of
either 0.54 × 0.54 µm2 or 2 × 2 µm2, depending in the mea-
surement geometry. The 12 beams are partially overlapped
and defocused, similar to wide-field microscopy, homoge-
neously illuminating a relatively large sample area com-
pared to single-beam arrangements. Both transmission and
reflection geometries are used to examine a model cross
section from a layered polymer material. The compromises
for sample preparation and measurement strategies are dis-
cussed, and the chemical composition and spatial definition
of the layers are distinguished in chemical images generated
from data sets. Deconvolution methods that may allow more
detailed data analysis are also discussed.
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1 Introduction

Synchrotron-based multiple-beam Fourier transform in-
frared (FTIR) chemical imaging has recently been devel-
oped at the Synchrotron Radiation Center in Madison, WI,
USA [1, 2]. Figure 1 shows an overview of the beamline
optics. There are two main components of the beamline
dedicated to this experimental technique, called IRENI (in-
frared environmental imaging) that distinguish it from pre-
vious synchrotron-based IR beamlines [3]. The first unique
component of the beamline is the large swath of radiation
that has been collected (Fig. 1, blue arrow), divided, re-
focused, collimated and combined into a 3 × 4 beam ar-
ray to create homogeneous wide-field illumination at the
microscope sample plane (Fig. 1b). This differs from tra-
ditional synchrotron-based FTIR, which extracts a smaller
cone of radiation, and typically illuminates a small sam-
ple area. In the IRENI setup, the magnification and numer-
ical aperture (NA) of the microscope objectives define the
illuminated area and effective geometric pixel size at the
sample plane. Different objectives are employed for trans-
mission and reflection geometries to maximally illuminate
the sample plane and minimize the pixel size. The second,
critical component of the beamline is a focal plane array
detector (Fig. 1, circle) based on HgCdTe detectors (16384
pixels, each 40×40 µm2 area) that collect spectra simultane-
ously, retaining spatial definition to enable high-resolution
imaging of the relatively large illuminated area. FTIR mi-
croscopy is routinely applied in the field of cultural her-
itage research, and advancements in attenuated total reflec-
tion (ATR) FTIR [4–6], synchrotron-based FTIR [6–17] and
FTIR mapping and imaging [5, 7, 17–22] are improving the
information that can be gleaned from samples from works
of art. In this context, the unique nature of the IRENI beam-
line may be well adapted to the identification of materials
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Fig. 1 (a) IRENI beamline overview: M1–M4 are mirror sets which
divide and then re-collimate the synchrotron radiation prior to entering
the FTIR spectrometer and associated optics (labeled spectro, cond and
obj). Inset (b) shows a 128×128 pixel FPA (Focal Plane Array) image
in which the 12 beams have been overlapped to illuminate an area of

∼50 µm×50 µm. Scale bar, 40 µm. Inset (c) shows a visible-light pho-
tograph of the 12 individual beams projected on a screen in the beam
path. Scale bar, ∼ 1.5 cm. Each beam exhibits a shadow cast by a cool-
ing tube upstream (not shown). (This figure has been reproduced with
permission from Ref. [1]. Copyright 2011 Nature Publishing Group)

in such samples, where thin layers of organic material are
common.

At IRENI, FTIR data is collected as a hyperspectral cube
(x, y, Abs(ν)), which convolutes the sample information
with the point spread function (PSF) of the instrument. This
can generate blurry images and, concurrently, contaminated
spectra due to the spatial overlap from diffraction. A decon-
volution approach to remove the PSF has been described
in detail in a recent publication [23], and improves spatial
and spectral fidelity of the data sets for a well-known test
sample. In brief, Fourier transform based image deconvolu-
tion methods have been developed based on the measured
and simulated PSFs of a 2-µm pinhole located at the sample
plane. The simulated PSFs are based on the Schwarzschild
optic geometry that is modeled as an annulus, since this is
the dominating influence in the optical path. The achievable
resolution is dependent on wavelength, the NA of the objec-
tive and the effective geometric pixel oversampling. The NA
plays a similar role as for the Rayleigh criterion, where the
ability to resolve two objects is dependent upon wavelength;
for the Airy disk the PSF is d = 1.22λ/NA [24]. There is no
similar closed relationship for the Schwarzschild objective
[23, 25]. The effective geometric pixel oversampling deter-

mines the ability to achieve the contrast criterion with orig-
inal data, while deconvolution algorithms are demonstrated
to remove the instrumental broadening, and retrieve more
faithful images, and thus spectra. In practice, the instru-
mental broadening is deconvoluted from each image inde-
pendently, as a function of wavelength, and is subsequently
rescaled by requiring equal transmitted light in the original
and processed data. Finally, the images are reassembled in a
hyperspectral cube. The successful set of parameters for the
deconvolution algorithm was determined through evaluation
of the spectra and images that were generated from this ap-
proach. The resulting algorithm can now be applied to data
sets, such as those from the cross-section samples examined
in this work, that have been collected with previously evalu-
ated objectives.

In this paper we will show chemical imaging results for a
layered polymer material. Synthetic polymers are common
components of many objects of modern art and contempo-
rary cultural heritage, including sculptural objects, architec-
tural models, film and animation cells, and coatings. Many
polymers found in works of art experience deterioration
such as embrittlement and cracking, warping or other defor-
mation, discoloration or becoming increasingly tacky [26].
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Table 1 Optics and scanning parameters employed in this work

Experimental
geometry

Condenser Illuminated
area (µm2)

Objective Projected sample
area/pixel (µm2)

Material used
for background
measurement

Scans
acquired

Time
per tile
(min)

Area
examined
(µm)

Total
experimental
time (h)

Transmission 15 × (NA 0.58) 34 × 34 74 × (NA 0.6) 0.54 × 0.54 BaF2 128 4.5 34 × 204 <0.5

Reflection N/A 28 × 28 20 × (NA 0.6) 2.00 × 2.00 Au 128 4.5 56 × 112 >1a

a Data acquisition required ∼0.5 h for the sample, and an additional 0.5 h to collect an appropriate background on a reflective gold slide for
background correction

The sample used in this work may be taken as a surrogate
for the polymer materials used in modern cultural heritage
objects. The composite nature additionally makes it a sim-
ple model for the complex layered systems frequently en-
countered in samples from other cultural heritage materials
such as paintings and polychrome sculpture. Importantly,
however, the individual layers in the layered polymer are
discrete, contain only one chemical component and are or-
ganic in nature. This degree of homogeneity is not expected
to be present in samples from, for example, a painting, but
allows accurate assessment of the IRENI system, demon-
strating chemical separation and identification in both trans-
mission and reflection measurement geometries. The results
highlight the capabilities and compromises in both geome-
tries, and the results from deconvolution methods that have
been applied to the data to remove blurring at the edges due
to diffraction are shown. These data, therefore, are expected
to inform the application of the IRENI system to more com-
plex and heterogeneous cultural heritage samples, particu-
larly cross sections that contain one or more organic lay-
ers/components.

2 Materials and methods

The sample examined to assess and demonstrate the abil-
ity of the IRENI system to achieve spatially resolved iden-
tification of thin layers of organic material was an oxy-
gen barrier film (FR-7750, Bell Fibre Products), which was
used as acquired. The oxygen barrier film is a compos-
ite material that contains layers of polyester, low-density
polyethylene (PE) and chlorotrifluoroethylene (CTFE) [27].
Using the approach commonly employed in cultural her-
itage science, the sample was cut from the bulk and pre-
pared as a cross section: the removed piece of film was
mounted in Bio-Plastic® liquid casting plastic (Ward’s
Natural Science), cured using about one-half the recom-
mended catalyst volume and cut to expose the sample’s
stratigraphy using an ultramicrotome (PowerTome XL,
RMC Products) fitted with a diamond knife (Ultra 45°, Di-
ATOME). For reflection experiments, the block face sam-
ple was examined. For transmission experiments, a ∼3-µm-

thick microtome slice was cut from the block face and re-
tained.

The optics and scanning parameters for the work pre-
sented here in transmission and reflection geometries are
given in Table 1. A comparison with laboratory-based mea-
surements has been explored in another recent publica-
tion [28]. We determined that a sampling area was sufficient
when we were able to clearly detect the transitions between
each layer in chemical images that were the same shapes as
in the visible image. It should be noted that in reflection only
one objective is used to both illuminate the sample and cou-
ple reflected light to the detector. The objective is therefore
maintained in a focused geometry, and the illumination is
not homogenized, remaining in the configuration illustrated
in Fig. 1, inset (c). Since only one objective is employed, one
must compromise on the degree of homogeneity of illumi-
nation at the sample, on the degree of magnification or both.
In the present case, we both illuminated a smaller part of the
sample and collected a larger effective geometric pixel size
in reflection than in transmission. In reflection experiments,
a half-mirrored beam splitter is employed both before and
after the objective to maintain high spatial definition in both
directions [29].

To generate absorbance results that are linear with sample
concentration, a background of source signal, I0, is always
collected immediately prior to the sample measurement, I s.
The absorbance is Abs = − ln(Is/I0). For transmission, the
background is taken with no sample in place, and the chem-
ical images are created using a straight-line background
in the absorbance spectrum and integrating all intensity
between the two baseline frequencies for each material:
1180–1221 cm−1 (CTFE), 2829–2866 cm−1 (PE), 1335–
1352 cm−1 (polyester) and 1053–1090 cm−1 (polyester
mounting resin). For reflection, a background is collected
from gold to detect the maximal signal from the source.
Since reflection bands are derivative-like, a Kramers–Kronig
(KK) correction is applied to the data [30]. Different inte-
gration windows from those used for the transmission data
are selected, with straight baselines between two end points:
polyester mounting resin 1043–1078 cm−1; CTFE 1162–
1210 cm−1, and 1103–1141 cm−1; PE 2834–2857 cm−1;
polyester 1325–1352 cm−1 and 1179–1289 cm−1.
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Fig. 2 Visible (a) and chemical images (b–e) of the layered polymer
sample, prepared as a ∼3 µs thin section and measured with IRENI
in transmission. The layers are described in the text and color coded
(red, purple, blue and green for the mounting polyester resin, CTFE,
polyester and polyethylene, respectively) to correspond to the spectra
at right (f); boundaries between layers are denoted with dashed black

lines and labeled in the visible image at far left. Chemical images
are generated from raw data, based on the peak positions highlighted
in the stack of spectra at right. The integration ranges are (c) 1180–
1221 cm−1 (CTFE); (d) 2829–2866 cm−1 (PE); (e) 1335–1352 cm−1

(polyester) and (b) 1053–1090 cm−1 (polyester mounting resin)

3 Results and discussion

3.1 Transmission

Figure 2a shows a visible image of the layered sample—
with the layers ordered CTFE, PE, polyester and PE, from
top to bottom, bounded above and below by the polyester
mounting resin—with four chemical images (Fig. 2b–e) re-
sulting from the transmission experiment described above.
A stack of spectra (Fig. 2f) is extracted from individual
pixels along the center of the image (from the position
of the dashed white line in the visible image). The spec-
tra are color coded to represent the majority component in
each spectrum (red, purple, blue and green for the mounting
polyester resin, CTFE, polyester and polyethylene, respec-
tively). The spectral bands used to create chemical images
are defined in Sect. 2 above, and use a rainbow color scale
(purple/red for low/high integrated intensity). Each image is

independently scaled, since the signal intensity of the se-
lected marker peaks is distinct for each chemical species
in the sample. The images therefore provide a means to
visualize the individual layers and faithfully reproduce the
structure that is obvious in the visible image. The single-
pixel spectra are of sufficient quality to reveal the distinc-
tive chemical signatures for each layer. Indeed, many fewer
scans may be used to produce data to distinguish the lay-
ers [28].

3.2 Deconvolution

The data used to create the images in Fig. 2 is convo-
luted with the instrument’s PSF. Applying deconvolution al-
gorithms is expected to improve image fidelity and, when
scaled properly, the spectral purity. This is desirable if, for
example, the goal of an experiment is to determine whether
or not layers in a cross section from a painting or other work
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Fig. 3 Raw and deconvolved chemical images for PE layers (measured in transmission); coding in images is as in Fig. 2. Extracted single spectra
from the original (left-hand side) and deconvolved data sets (right-hand side) taken along the white line in the respective images

of art overlap. Until recently, little progress was made to-
ward deconvolution of IR data in hyperspectral cubes over
the entire mid-IR spectral range. Some workers [11] applied
Fourier self deconvolution (FSD) to the spatial domain as
a means to improve contrast in IR images. This approach,
however, deconvolutes a Lorentzian function from the im-
age that is chosen arbitrarily by the user, and may thus lead
to images that are not faithful to the original data. This ap-
proach is subjective and does not use actual instrumental
PSFs. We have recently developed a method for PSF decon-
volution using measured PSFs that eliminates the user sub-
jectivity [6]. In our approach, we directly deconvolve PSFs
that have been extensively characterized for the Bruker Hy-
perion 3000 microscope using a conventional Fourier filter-
ing approach over the entire mid-IR region. This approach,
in contrast to FSD, removes only the known response func-
tion of the system.

Figures 3b and d show chemical images for the original
and deconvoluted data, respectively, including the two PE
layers of the sample. Two spectral stacks (original (Fig. 3a)
and deconvolved (Fig. 3e)) show data from 20 sequential
pixels at the second boundary between PE and polyester
(the same pixels for both stacks). The spectra before and
after deconvolution look similar. The most obvious changes
are the intensities for the strongest absorption bands, and
upon closer inspection similar impacts across the full spec-
tral range are seen. For example, compare the intensity of
the CH stretches (2800–2900 cm−1) for polyethylene before
and after deconvolution for the upper 10 spectra: the absorp-
tion intensity decay of the peaks is more rapid after deconvo-

lution. A similar effect is observed in the bottom 10 spectra
for the polyester specific absorption band for the CO func-
tional group (1700 cm−1). The image and stack of data after
deconvolution show a sharper boundary and more pure spec-
tral components closer to the transition than in the original
data. Deconvolution processes may be important for inter-
preting data sets from samples with more complex stratigra-
phy, and less homogeneous layers of unknown composition,
such as the samples commonly encountered in cultural her-
itage research.

3.3 Reflection

While transmission geometry is preferred for FTIR imag-
ing to obtain the highest spatial resolution and highest sen-
sitivity due to maximal light throughput, it is not always
possible to prepare transmission samples from cultural her-
itage objects: the ability to prepare thin sections is depen-
dent on the mounting resin, and the porosity, friability, de-
gree of heterogeneity and relative hardness of different lay-
ers of the sample under consideration. For example, the soft
polymer material used in this sample is amenable to mi-
crotoming, while a brittle sample from an aged painting is
more difficult to cut into thin sections, particularly when
it contains layers of mineral pigments in addition to or-
ganic compounds. Here we describe the feasibility and lim-
itations of acquiring chemical images comparable to those
presented above without the need to prepare a transmis-
sion sample. Figure 4a shows an area of the reserved resin-
mounted block face of the same layered organic film sam-
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Fig. 4 Visible image (a) of a cross section of the same layered poly-
mer as shown in Fig. 2, measured with IRENI in reflection. Coding
in images is as in Fig. 2. The chemical images (b–e, g and i) are gen-
erated from KK-corrected data, based on the highlighted regions in
the two stacks of spectra plots (f and h) with the following spectral

windows: polyester mounting resin (b) 1043–1078 cm−1; CTFE (c)
1162–1210 cm−1 (upper image) and (g) 1103–1141 cm−1 (lower im-
age); PE (d) 2834–2857 cm−1; polyester (e) 1325–1352 cm−1 (upper
image) and (i) 1179–1289 cm−1 (lower image)

ple as was shown in Fig. 2a, now measured in reflection
mode, and six chemical images for the component layers,
one image of the mounting resin (Fig. 4b), one of the PE
layers (Fig. 4d) and two images each of the CTFE (Fig. 4c
and g) and polyester layers (Fig. 4e and i). Figure 4f and h
show stacks of KK-corrected spectra for single pixels across
the sample (from the position of the dashed white line in
Fig. 4a). Comparing the signal to noise of the reflection
(Fig. 4f and h) and transmission (Fig. 2f) spectra, it is clear
that the former spectra have a lower signal to noise, as ex-
pected, since the signal intensity is reduced due to the IR
beam splitter before and after the objective in the optical
path. This can be confirmed by calculating the peak-to-peak
noise for average spectra of the total measured area for the
transmission and reflection data for 1900–2000 cm−1. The
noise is about ∼2.5 times higher for reflection as compared
to transmission. If greater signal to noise is required for a
specific analysis, the number of scans can, of course, be in-
creased, impacting the time required for the total measure-
ment.

3.4 Impact of Kramers–Kronig analysis

Selecting integration windows to generate chemical images
is more challenging for reflection data, in general, than
for transmission data, since both raw and KK-corrected
reflection spectra have broader features than transmission
data [30]. In reflection, the real part of the index of refrac-
tion is detected as a derivative-type feature for each absorp-
tion band with broader spectral content than the correspond-
ing transmission absorption band. KK transforms for nar-
row spectral regions (here 2000 cm−1 as opposed to at least
10 000 cm−1) inherently retrieve absorption spectra that re-
tain derivative-like features with more spectral overlap than
the corresponding transmission absorption bands. A poten-
tial impact is demonstrated in chemical images in Fig. 4.
In particular, the mounting resin chemical image (Fig. 4b)
shows subtle variations (in blue) in the central portion of
the image, suggesting the presence of varying low-intensity
features of the embedding medium within the confines of the
sample. The selected integration parameters for the mount-
ing resin overlap with structure in all of the spectra as seen in
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the stack of spectra in Fig. 4f. Similar artifacts are apparent
in the images and spectra for both the CTFE and polyester
absorption bands. Unfortunately, such overlaps are difficult
to avoid in relevant cultural heritage samples, which tend to
have complex FTIR spectra with many overlapping features.

Another artifact that can sometimes be observed in im-
ages derived from reflection measurements is beam struc-
ture that is most prominently seen in the chemical image at
the bottom right in Fig. 4i (in black boxes) as co-located
with the mounting resin. The color variation in the chemical
image for the top two tiles of the image shows a similar un-
derlying structure. This is typically apparent only for weak
spectral features in reflection spectra as in this case. Here,
the spectral feature for the resin (at ∼1240 cm−1) overlaps
with the broad polyester band (1178–1289 cm−1). Compar-
ing the chemical images for the CTFE (Fig. 4c and g) and
polyester layers (Fig. 4e and i) makes it clear that the se-
lection of integration windows impacts the degree to which
beam structure is present in the resulting image: the images
in the top row show less beam structure than the images in
the bottom row, and utilize slightly different integration win-
dows.

The artifact is due to the 12 separated beams that are
necessarily in focus at the sample plane, since there is no
condenser to defocus and homogenize the illuminated beam
pattern. The signal variation across the beam structure en-
compasses approximately two orders of magnitude of dif-
ference in intensity across the field of view. The background
(reference) measurement is collected from a gold mirror that
is typically independent from the plastic-embedded sample.
To retain perfect alignment, we calculate that the reflection

angle for both the reference and sample would need to be
accurate to within 0.2 mrad, resulting in a source intensity
shift of less than one pixel. That is challenging to achieve
for two separate objects and it is inevitable to retain a small
signal from the beam structure in the resulting image, espe-
cially for weak absorption features. If reflection is the op-
timal measurement for the system, we recommend evapo-
rating gold on the embedding medium to act as a reference
surface by reducing the alignment challenges. However, one
must take care that the gold can be adequately applied such
that it does not delaminate and the process does not damage
the sample of interest.

Alternatively, one can choose a higher magnification ob-
jective for reflection geometry to further homogenize the
beams. This would reduce the projected sample area at each
detector pixel, leading to a more strict requirement on sam-
ple alignment and reduce available signal, requiring longer
measurement times. The presence of artifacts such as these
in reflection data means that the chemical images and the
individual spectral curves from which they are derived—
both before and after spectral correction—must be exam-
ined closely to accurately analyze data from FTIR imaging
experiments performed in reflection.

3.5 Comparison between transmission, deconvolution and
reflection results

We now compare the data in Figs. 2–4 by extracting line
scans that are shown together in Fig. 5 (from the positions
of the white dashed lines in Figs. 2a and 4a), where trans-
mission and reflection results are represented by thick solid

Fig. 5 Vertical line scans from
chemical images for reflection
measurements (thin solid lines,
right-hand axis), raw
transmission measurements
(thick solid lines, left-hand axis)
and deconvoluted transmission
data (dashed lines, left-hand
axis). The boundaries are
highlighted in grey and labeled
as in Fig. 2. The integration
windows used are: mounting
resin 1043–1078 cm−1 (refl.)
and 1053–1090 cm−1 (trans.);
CTFE 1103–1141 cm−1 (refl.)
and 1180–1221 cm−1 (trans.);
polyethylene 2834–2857 cm−1

(refl.) and 2829–2866 cm−1

(trans.); polyester
1179–1289 cm−1 (refl.) and
1335–1352 cm−1 (trans.)
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and thin solid traces, respectively. While a similar sample
was measured by both methods, the unique sample prepara-
tion for transmission (cross section) and reflection (embed-
ded in resin) requires that we have measured two distinct
sections of the sample. The line scans have been offset to
match the boundaries that have been labeled for clarity. The
length scale is dictated by the magnification of the objective
and therefore the projected sample size on a detector pixel.
No further scaling beyond choosing an offset has been im-
plemented. Line scans from chemical images derived after
applying deconvolution algorithms to the transmission data
are also included (dashed traces). Comparing the line scans
from the KK-corrected reflection data, and both the raw and
deconvolved transmission data, similar trends are observed.
The parallel slopes for boundaries 1–4 indicate that the data
are showing the same trends at the boundaries, underscoring
the notion that either experimental geometry may be em-
ployed.

While overall the line scan shapes are similar, there exists
a notable exception: at boundary 5 (the edge between CTFE
and mounting resin) the change in the intensity of the mount-
ing resin (red traces) appears sharper in reflection geometry
than in transmission. This apparent difference is of interest
since in the analysis of cross-section samples, boundaries
are significant: a sharp transition may indicate a wet-on-dry
paint application, while a more gradual transition may imply
a wet-on-wet paint application. A complete understanding
of the edges between layers therefore may allow an eval-
uation of artists’ technique in samples from painting cross
sections.

Importantly, transmission spectra are representative of
the entire thickness of the sample, while the reflection
spectra are representative of different thicknesses of mate-
rial, depending on the indices of refraction encountered at
each wavelength, which can impact the penetration depth
of the reflected radiation, and consequently the derived im-
ages/line scans. Such considerations are magnified if the
sample itself is not introduced normal to the incoming ra-
diation, a configuration more easily achieved with the sub-
stantial block face sample than with the delicate transmis-
sion thin section. The sample itself may also, of course, im-
pact the observed boundary. Broad boundaries may repre-
sent actual mixing of two constituents at that interface, or
may be an artifact of, for example, a loss of sample in-
tegrity in a thin transmission sample, where surface cur-
vature (introduced during the microtoming process) can
create physical separation between the layers, marring the
boundaries between materials as compared to the block face
sample. Furthermore, the IR images are a 2D projection
of the sample, and curvature will itself impact the sharp-
ness of boundaries observed in chemical images. Each of
these factors must be considered in the analysis of bound-
aries.

Interestingly, the slope of the integrated intensity of the
polyester absorption band (blue traces in Fig. 5) appears
somewhat lower at boundary 3 than boundary 2, in both the
transmission and reflection data. Though the source of this
change is not obvious in this particular sample, this obser-
vation demonstrates the ability, regardless of experimental
geometry, to detect subtle differences between two similar
boundaries, a relevant consideration for the analysis of cul-
tural heritage samples.

3.6 Effects of data processing

The line scan data shown in Fig. 5 demonstrate the effects of
post processing: the data from the deconvolved chemical im-
ages typically show sharper edges, with larger maxima and
minima at the boundaries independent of the wavelength for
the absorption band. The chemical images generated from
spectral integration windows must be carefully evaluated,
surveying the spectra, images and line scans to gain insight.
For example, the negative values in the line scan data for
the mounting resin shown on the left of Fig. 5 (red traces,
seen as a departure from baseline values around 80 µm (re-
flection)/120 µm (transmission)) arise from the overlap of
a feature of the polyester layer within the sample’s lay-
ered structure with the integration window used to localize
the polyester mounting resin (1043–1078 cm−1). That this
anomaly stems from a spectral overlap is apparent from the
concomitant rise in the same location in the polyester layer
(blue traces at right) in Fig. 5. This occurs since the baseline
correction to extract the integrated intensity is satisfactory
for the mounting resin (and is indeed chosen based on in-
dividual spectral curves from that region), but also extracts
an unexpected value from other infrared spectra within the
data set that have some portion of an overlapping absorption
band in the selected spectral region. This is easily seen in the
stacks of data in Figs. 2f and 4f. The mounting resin band
(highlighted in red) clearly overlaps an edge of a spectral
feature for the polyester that is not surprising since both ma-
terials are polyester. This leads to the slight deviation from
the baseline in the CTFE transmission line scan, and a larger
deviation in reflection. The overlapping features with the se-
lected CTFE integration window (1180–1221 cm−1) can be
seen in the spectra in Figs. 2 and 4.

Additionally, the applying deconvolution can potentially
introduce artifacts at sharp discontinuities or interfaces due
to the phenomenon of Gibb’s ringing. In brief, a Fourier re-
construction of a piecewise-continuous function will lead to
an over/undershoot of the intensity values at the disconti-
nuity that will produce decaying oscillations in the vicin-
ity of the discontinuity. Fortunately, such artifacts have a
characteristic ‘ringing’ or ‘rippling’ appearance that can be
easily identified. Since ringing artifacts have a very regular,
characteristic pattern of decaying oscillation near a sharp or
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Fig. 6 Multivariate correlation approach of the transmission (top)
and reflection (bottom) data. T ransmissionmode(A + B); (a) ref-
erence FTIR spectra of each component used for the correlation
method, (b) FTIR correlation images of mounting resin for 1330–
1660 cm−1, CTFE for 900–1401 cm−1, polyethylene and polyester for

915–1171 cm−1. Reflection mode (C + D); (c) reference FTIR spec-
tra of each component, (d) FTIR correlation images of resin (1311–
1614 cm−1), CTFE (918–1346 cm−1), PE (2723–3036 cm−1) and
polyester (918–1147 cm−1)

abrupt discontinuity or intensity change, the user should ex-
pect and be able to identify their presence in real data sets.
Thus, while care must be taken to distinguish these artifacts
from meaningful information, their identification is straight-
forward and misinterpretation can be easily circumvented.
Such challenges are likely to be present in the analysis of
any complex material, and will influence the examination of
cross sections from cultural heritage materials that are ex-
pected to share features (such as binding medium) between
layers in some instances.

3.7 Multivariate correlation approach

Alternative analytical methods that rely on information from
a larger spectral range can be employed to overcome these
limitations as needed, and include correlating standard spec-
tra with each pixel of data, principal component analysis and
statistics-based clustering analysis. Here we apply multivari-

ate correlation analysis. When spectral features are super-
imposed, for correlation analysis specific spectral regions of
the pure components are selected and correlated to all indi-
vidual pixel spectra within the measured area. This powerful
tool can overcome some of the limitations mentioned above
and aid analysis of multi-component samples with similar
spectral features. The spectral ranges employed for correla-
tion analysis have been highlighted in the standard spectra
shown in Figs. 6a and 6c for transmission and reflection, re-
spectively. In Figs. 6b and d the results of multivariate cor-
relation are shown for transmission and reflection, respec-
tively. The correlation images clearly demonstrate the differ-
entiation between each layer (blue/red indicates small/large
similarity) and are comparable to the integration images dis-
cussed above. However, for reflection data (Figs. 6c and d)
the spectral range chosen for the resin correlation image has
some degree of similarity with the CTFE spectra, and these
layers are not clearly distinguished in the resin–specific im-
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age (Fig. 6d). The similarity between the two spectra in
Fig. 6c is obvious when comparing the selected spectral re-
gion for resin with the CTFE-specific spectrum.

4 Conclusion

In sum, a synchrotron-based, multiple-beam FTIR chemi-
cal imaging beamline complements existing technologies to
provide additional information for measuring samples of in-
terest to the cultural heritage community. The sample pre-
sented here demonstrates the ability to chemically separate
and identify organic materials in a layered system. However,
any chemical species that can be identified by FTIR spec-
troscopy, including some inorganic pigments and fillers ex-
pected in a painting cross section [22], may be analyzed in
this fashion and may benefit from the data processing pro-
cesses described. Sample preparation and experimental ap-
proach must both be considered to identify the optimal ap-
proach for examining precious samples. Reflection samples
can be prepared relatively easily and measured with com-
plementary techniques commonly employed in cultural her-
itage science. However, a longer measurement time is likely
to obtain similar quality measurements covering the same
sample area, and compromises are made regarding the opti-
cal path to analyze these samples. For the reflection geome-
try, one objective is used for both illuminating and focusing
the beam on the detector, while, for transmission, different
objectives can be used. The projected sample area per de-
tector pixel area is determined by the magnification of the
focusing objective, while the illumination area is defined by
the condensing objective, so the choices made for the optical
path components directly influence the spatial resolution of
resulting chemical images and the size/area that can be ex-
amined in a reasonable period of time. Ideally, the array of
synchrotron beams are slightly defocused to illuminate the
sample homogeneously, which cannot be employed for re-
flection measurements since one objective is used for both
illumination and focusing the image on the detector, and de-
focusing would degrade the image quality.

Sample measurements of a layered polymer material
show that the sharp and gradual transitions between chemi-
cally distinct layers can be detected, and deconvolution im-
proves the quality of the data, showing sharper edges be-
tween layers. These results demonstrate that the chemical
images and line scans derived from original and deconvo-
luted data collected at IRENI can reveal the chemical iden-
tity and distribution in chemically distinct samples, and may
be useful in the characterization of artistic practice in some
cases.
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