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CONSPECTUS

N uclear magnetic resonance (NMR) has many applications in
science, medicine, and technology. Conventional instrumen-
tation is large and expensive, however, because superconduct-
ing magnets offer maximum sensitivity. Yet NMR devices can also
be small and inexpensive if permanent magnets are used, and
samples need not be placed within the magnet but can be exam-
ined externally in the stray magnetic field. Mobile stray-field NMR
is a method of growing interest for nondestructive testing of a
diverse range of materials and processes. A well-known stray-
field sensor is the commercially available NMR-MOUSE, which is
small and can readily be carried to an object to be studied.

In this Account, we describe mobile stray-field NMR, with par-
ticular attention to its use in analyzing objects of cultural heri-
tage. The most common data recorded are relaxation
measurements of 'H because the proton is the most sensitive NMR nucleus, and relaxation can be measured despite the
inhomogeneous magnetic field that typically accompanies a simple magnet design. Through NMR relaxation, the state of
matter can be analyzed locally, and the signal amplitude gives the proton density. A variety of stray-field sensors have been
designed. Small devices weighing less than a kilogram have a shallow penetration depth of just a few millimeters and a
resolution of a few micrometers. Access to greater depths requires larger sensors that may weigh 30 kg or more.

The use of these sensors is illustrated by selected examples, induding examinations of (i) the stratigraphy of master paint-
ings, (i) binder aging, (iii) the deterioration of paper, (iv) wood density in master violins, (v) the moisture content and mois-
ture profiles in walls covered with paintings and mosaics, and (vi) the evolution of stone conservation treatments. The NMR
data provide unique information to the conservator on the state of the object—including past conservation measures.

The use of mobile NMR remains relatively new, expanding from field testing of materials such as roads, bridge decks,
soil, and the contents of drilled wells to these more recent studies of objects of cultural heritage. As a young field, nonin-
vasive testing of artworks with stray-field NMR thus offers many opportunities for research innovation and further
development.

1. Introduction

Nuclear magnetic resonance (NMR) is the physi-
cal resonance phenomenon of magnetic atomic
nuclei that precess in a magnetic field."? It has
found important and widespread use in multiple
areas of science and technology. These include
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Chemistry for molecular analysis,> Medicine for
diagnostic imaging,® Geophysics for logging oil
wells,* Materials Science, Biology and many oth-
ers. The technique involves the magnetization of
a sample or object of interest in a magnetic field,
where the nuclear magnetization precesses
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FIGURE 1. Magnets for NMR. (a) Superconducting high-field NMR magnet for high-resolution NMR spectroscopy in the laboratory. The
sample is centered inside the magnet. (b) NMR-MOUSE (black) mounted on a computer-operated lift (blue plate), compact spectrometer, and
computer for measurement. The object to be measured is placed on the black plate above the NMR-MOUSE. () Large version of the NMR-
MOUSE mounted on a support for lateral displacement to measure profiles up to 25 mm depth into a wall. (d) Principle components of the

NMR-MOUSE and measurement arrangement.

around the magnetic field following excitation with a radio fre-
quency (RF) impulse. There is common agreement, that this
field should be strong for highest sensitivity, as then both the
nuclear polarization and the precession frequency are high,
and the field should be highly homogeneous to resolve the
small differences in precession frequency which are needed
for chemical analysis. This is why modern NMR magnets pro-
duce field strengths of several Tesla with a homogeneity of
better than 0.1 ppm across the sample dimensions. These
magnets are bulky and need to be maintained at low temper-
ature by cooling superconducting coils with liquid nitrogen
and liquid helium (Figure Ta). NMR measurements, therefore,
are typically executed in special laboratories, and the materi-
als to be investigated are brought to the laboratory to be posi-
tioned inside the magnet where the field is most homo-
geneous.

This type of NMR is ill suited for analysis of objects of cul-
tural heritage which often are larger than the opening of the
magnet and cannot be moved from their location. Only with
the availability of portable, one-sided instruments™*® did NMR
qualify for testing objects that have to remain at their site and
often may not even be touched. The use of NMR for nonde-
structive testing in the field of cultural heritage is still limited
as the benefits of NMR investigations are often unknown and
operation of the instrument requires a considerable user train-
ing. To address these points, a short introduction to NMR is
given below followed by a report of representative results of
NMR investigations on paintings, paper, violins, building, and
conservation materials.
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2. Mobile Single-Sided NMR

2.1. Stray-Field NMR. Well-logging NMR devices work dif-
ferently from NMR machines for chemical analysis and med-
ical imaging. For logging a well, a permanent magnet and the
associated electronics are compacted into a temperature- and
pressure-resistant pipe that is lowered into the bore hole of a
well for inspection of the walls in the search for oil. Two
aspects are different: the NMR device is moved to the site of
measurement, and the magnet is positioned inside the sam-
ple and not the other way around. Although this technology
was envisioned 60 years ago, it took nearly 50 years to over-
come the technological challenges so that NMR well-logging
was commercialized only in the mid 1990s. Early on it was
recognized, that related, small and mobile NMR instruments
would be useful for inspection of various goods and techni-
cal processes.® A variety of NMR sensors was built for differ-
ent applications, and ideas were generated on how to improve
the magnet to generate a remote region of strong and homo-
geneous magnetic field in accordance with the laboratory-
NMR philosophy. The advantages of such NMR devices are
that large objects such as roads, bridge decks, and soil can be
investigated locally and noninvasively at their original loca-
tion for moisture content and other properties.® This type of
NMR machine is also suitable for analyzing objects of cultural
heritage.

2.2. NMR-MOUSE. Eventually it was realized, that NMR
signal can be obtained also in highly inhomogeneous stray
fields of magnets” by observing NMR echoes such as Hahn
echoes® and trains of such echoes as worked out by Carr, Pur-



cell, Meiboom, and Gill (CPMG) in the early days of NMR.%'©
While the first stray-field experiments were carried out with
superconducting magnets, simple permanent magnets small
enough to carry along can also be used as well.>” This fact
and the insight, that magnetic resonance imaging (MRI)
employs magnetic fields with time-dependent inhomogene-
ities to generate images rich in contrast for soft matter anal-
ysis led to the development of the NMR-MOUSE (mobile
universal surface explorer)'" at about the same time well-log-
ging NMR was commercialized. The NMR MOUSE is a palm-
size NMR device with a time-invariant stray field that is
positioned near an object to measure the information of one
pixel of a medical image from a volume fraction of the object
near the sensor (Figure 1b). Contrary to MRI, the NMR-MOUSE
is ideally suited for nondestructive testing of large objects at
the site of the object, although large depths cannot be
accessed.

The NMR-MOUSE is the first small stray-field NMR sensor
that could be conveniently transported. In its original design,
it consists of a u-shaped magnet with a RF coil in the gap
between the poles. This arrangement of magnet and coil pro-
duces a sensitive volume external to the device, from where
the signal is collected. But this volume is oddly shaped for
simple magnets. It is curved and varies in thickness. A major
breakthrough was to modify the magnet arrangement in such
a way, that the sensitive volume becomes a thin, flat slice par-
allel to the sensor surface.'* With this Profile NMR-MOUSE
depth profiles can be acquired with high resolution by shift-
ing the sensitive slice in steps through the object along the
depth direction (Figure 1d). A record depth resolution of 2.3
um could be achieved. This device appears to be the most
useful tool for analysis of objects of cultural heritage. It can be
employed wherever hydrogen is present, as the proton NMR
signal is detected, and whenever the objects are not electri-
cally conducting and free of magnetic parts. If nails or other
iron parts are nearby, special care has to be exercised to
account for the attractive forces between the magnet of the
NMR sensor and the magnetic object.

Today the technology of NMR with small and mobile mag-
nets is rapidly evolving due to advances in shaping the mag-
netic field emanating from permanent-magnet arrays.® While
the stray-field of the Profile NMR-MOUSE is optimized for a
constant magnetic field gradient over an extended plane, the
stray field can also be shimmed to extreme homogeneity suf-
ficient to measure chemical shifts in a solution-containing flask
on top of the magnet.'® The underlying idea of shimming is
currently being applied to the development of coffee-cup size
magnets'4~'® that accommodate conventional 5 mm diam-
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eter NMR sample tubes for chemical-shift resolved spectros-
copy, which, along with single-chip NMR spectrometers,'* are
believed to eventually lead to cell-phone size NMR spectrom-
eters for chemical analysis of small molecules.

2.3. Mobile NMR for Analysis of Objects of Cultural
Heritage. The idea to use the NMR-MOUSE for inspection of
objects of cultural heritage was promoted by the late Anna-
laura Segre, to whose memory this Account is dedicated. The
Profile NMR-MOUSE is available today in different sizes cor-
responding to different depth ranges.'” The larger the depth
range, the larger the sensor. Standard depth ranges are 3, 10
(Figure 1b), and 25 mm (Figure 1¢). As the magnetic field falls
off with distance from the magnet and the coil, the field
strength is lower for sensors with a high depth range and so
is the amplitude of the received signal. To compensate for the
signal loss, the volume of the sensitive slice is made larger for
sensors with high depth ranges. As it is difficult to align a lat-
erally extended sensitive slice with the layer structure of an
object, the depth resolution of sensors with a high depth range
tends to be lower than that of sensors with a short depth
range. Paint layers, paper, and conservation treatments are
best analyzed with a 3 mm sensor, wood and bones with a 10
mm sensor, and moisture in building materials with a 25 mm
sensor.

For operation, the NMR-MOUSE is mounted on a computer-
controlled precision lift, which is positioned close to the object,
so that the sensitive slice is at the desired depth or at the max-
imum depth inside the object (Figure 1¢,d). Measurements are
then conducted by acquiring a NMR signal at each depth and
retracting the sensor from the object step by step. This proce-
dure avoids forward motion of the sensor that may damage
the object.

The signal acquired at each depth can be generated by a
multitude of NMR schemes that work in inhomogeneous mag-
netic fields.® Often the signal amplitude, the NMR relaxation
times T, and T», the self-diffusion coefficient D as well distri-
butions of Ty, T, and D are measured by echo techniques. The
signal amplitude is proportional to the number of protons in
the sensitive volume and a good indicator for moisture con-
tent. The relaxation times and the diffusion coefficient scale
with the molecular mobility in materials such as segmental
motion in polymers and translational motion of small mole-
cules in liquids embedded in the pores of wood and stones.
Slow motion correlates with short and fast motion with high
T, and D. Distributions of these parameters are obtained by
inverse Laplace transformation of NMR signals acquired with
suitable sequences of RF impulses.'®'?
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FIGURE 2. (a) NMR excitation and response. The NMR response to an RF impulse is voltage induced in the RF coil by the nuclear
magnetization precessing about the direction of the applied magnetic field B, with frequency wo = yB,, which decays with time constant T.
In inhomogeneous fields, different frequencies are observed in different volume elements of the object, and the impulse response decays
rapidly with time constant T>* by destructive interference of the signal contributions. Echoes can be generated with 180° impulses, the peaks
of which stroboscopically sample the homogeneous-field decay. (b) Envelope of a CPMG train of echoes and definition of partial integrals for

calculation of the contrast parameter w.

2.4. Measurement and Analysis. The NMR technique
used most with the NMR-MOUSE is the CPMG sequence (Fig-
ure 2a).2° With it a train of NMR echoes is acquired in the
inhomogeneous stray field of the sensor. Because of the field
inhomogeneity, the impulse response decays rapidly as the
NMR signals from different volume elements interfere destruc-
tively. This destructive interference is removed in the NMR
echo. A train of echoes then stroboscopically samples the sig-
nal decay of the transverse magnetization in a homogeneous
magnetic field, and the amplitude and shape of the echo-train
envelope are the prime source of information in stray-field
NMR. As an aside it is noted that, in strongly inhomogeneous
magnetic fields, where each RF impulse excites a limited part
of the sample volume, the echo-train envelope only approx-
imates the decay of the impulse response in homogeneous
field, because resonance offset effects cannot be suppressed.
This is why the T, relaxation times retrieved by stray-field
NMR are referred t0 as Toe.®

The acquired echo-train envelope s(t) can be processed in
different ways.® The most general approach is to compute the
distribution of relaxation times by inverse Laplace transforma-
tion, following the assumption, that s(f) can be written as a
sum of many exponential functions with relaxation times Toess;

s(t)/s(0) = Xx; exp{—t/ Toee } (1)

where X; is the relative weight or mole fraction of the compo-
nent with relaxation time T.ex,; in the sensitive volume. For
many materials-analysis applications, however, knowledge of
all x; and T, that is, of the relaxation time distribution, is
more information than needed when a comparative charac-
terization of an unknown property relative to a known prop-
erty suffices. This scenario is typical for NMR imaging, where
image contrast identifies variations of parameters between
pixels that reveal the heterogeneity and thus different material
properties of the object under study. In fact, different contrast
parameters can be derived from s(f).
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The relative spin density of fraction i is given by x;. The
value of x; exp{—t/Tex;} at a particular t = ¢; introduces a T
relaxation weight to the spin density. A T; weight is introduced
when repeating the measurements with a short recycle delay.
T; is the time constant for build-up of thermodynamic
equilibrium magnetization. In heterogeneous objects, individ-
ual fractions i may differ in their values of T;;. If the recycle
delay tr < 5Ty;, then the magnetization component i cannot
fully recover and only those magnetization components j are
detected at full amplitude for which t; > 5T7;.

A contrast parameter w, which is often used in the mea-
surement of depth profiles with the NMR-MOUSE is defined as
the ratio of the integrals of the initial part of s(f) and the
remaining part of s(f) (Figure 2b)®

w=(, [“sthd /o [“sbdt (2)

The dimensionless number w can be approximated for t; < 5

T2eff,sh0rtest by

w = (o[ s(t)/5(0)dt)q, [ 15(t) /5(0)dlt o< (Treqr) (3)
where (Tae¢) is @ number-averaged transverse relaxation time
(Toett) = 2XiT2eft (4)

Depending on the choice of ¢; in eq 2, the contrast can be
adjusted without resorting to parametrization of the measured
signal via a fit with a model function.

Another source of contrast in objects permeated by fluids
is the echo time ¢, that is, the time lag between successive
echoes of the center-to-center separation of the 180° impulses
in the CPMG sequence (Figure 2a). Because of the strong gra-
dient of the NMR-MOUSE, the decay of the echo-train enve-
lope is enhanced by translational diffusion of the mag-
netization-carrying molecules when moving from one value of
the magnetic field to another in between impulses. By increas-
ing the echo time, contrast by diffusion is enhanced.
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FIGURE 3. Depth profiling of paintings. (a) Easel painting model consisting of wood covered with a primer and one (1) or two (2) paint

layers. (b) The depth profile (1) for one paint layer is thinner than that

(2) for two paint layers. (c) Echo-envelope decays at different depths

for one paint layer. (d) Echo-envelope decays at different depths for two paint layers. The paint layer from position (1) shows up at 120 um
depth. (e) NMR depth profile through a painting model which identifies the layer thicknesses of paint and primer. (f) Depth profile through
the same painting model measured invasively by optical microscopy. (g) Photo of “Adoration of the Magi’(1470) by Perugino and positions
of the measured depth profiles. (h) Depth profiles at the two marked positions revealing differences in the thickness of the textile layer. (i)
Photo of a detail of “Pala Albergotti” (1570) by Giorgio Vasari and locations of the measured profiles. (j) Depth profiles at the indicated
positions. They show different thicknesses of the painting layers in the center of the painting and under the frame. (k) “Bianco e nero” (1971)
by Alberto Burri. The point marks the location of the measured depth profile. () Because PVA was used as a binder for both, the paint and

the primer, both layers give rise to one signal in the depth profile. (m)

Longitudinal relaxation weights of paint layers with oil and tempera

binders from several centuries. NMR can detect aging of paint layers over five centuries.

3. Applications

The use of mobile stray-field NMR sensors® receives ever
increasing attention by art historians and art conservators. In
the field of cultural heritage, they have been applied to study
stone conservation and to analyze wall paintings, wood and
paper, old master paintings, and mummies.®

3.1. Paintings. The suitability and accuracy of mobile
stray-field NMR with the NMR-MOUSE were tested on easel
painting models (Figure 3a), which had been prepared follow-
ing the recipes of the old masters.?' They consisted of a wood
panel covered by a primer composed of gypsum and animal
glue and a paint layer containing pigments mixed with egg
tempera. Composite paint layers could be identified by the
thickness of the layers (Figure 3b), and the type of paint could
be identified by differences in the CPMG decays at different

depths (Figures 3c,d). To demonstrate the performance of the
NMR sensor, depth profiles were measured noninvasively by
NMR (Figure 3e) and compared to cross sections from optical
microscopy of samples extracted from the panels (Figure 3f).
The layer-thickness values determined optically and by NMR
agree within an accuracy of 10—15 um.

The technology was subsequently applied to unravel the
stratigraphy of old master paintings (Figures 3g,h).2" In the
painting “Adoration of the Magi” (Figure 3g) by Perugino, dif-
ferences in the thickness of the textile layer covering the wood
underneath the primer were found at two positions (Figure
3g). The layer is thicker, where two wooden boards are joined.
A difference in the paint-layer thickness was identified in the
painting “Pala Albergotti” by Giorgio Vasari in the center and
on the side under the frame (Figures 3i,j). From a combined
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FIGURE 4. Book from 1605 showing evidence of biological attack
due to water damage. (a) NMR measurements were conducted at
the three positions marked. (b) In the logarithmic presentation of
the experimental NMR data, the signals of bound and free water

in the cellulose matrix can be identified. The signal from the
cellulose matrix relaxes within the dead time of the sensor. The
damage progresses from position 1 to position 3. Lines are drawn
to guide the eye.

analysis by optical microscopy and FT-IR spectrometry this dif-
ference is ascribed a thick layer of oxalates, which derives
from the degradation of a protein finishing layer.*?

Contemporary art employs a wide variety of materials of
different vulnerability and complexity that challenge the NMR
analysis. In his painting “Bianco e Nero” (Figure 3k), the
famous Italian contemporary artist Alberto Burri uses synthetic
poly(vinly acetate) (PVA) as binder instead of conventional oil
or tempera.?>2* The NMR depth profile through the painting
reveals that the same binder was used for both, the paint and
the primer (Figure 3l).

The aging of conventional binders is associated primarily
with changes in T; and less with changes in T>.2" It has been
followed in terms of a longitudinal relaxation weight by anal-
ysis of a considerable number of master paintings that date
back over more than five centuries (Figure 3m). T, shortens
with increasing age indicating a trend toward a more a brit-
tle texture of older binder.

3.2. Paper. Old paper is made mainly from pure cellu-
lose, and the main components of wood are cellulose and lig-
nin. Both materials contain bound and free water. The organic
host material and the water can give rise to 'H NMR signal. In
damaged paper and wood, the amounts of water, the molec-
ular weight, and the crystallinity of the cellulose molecules
have changed. These changes can be followed by measur-
ing relaxation times (Figure 4).2°> Progressive paper damage
leads to decreasing relaxation times of bound and free water.
In an artificial aging study of paper, the results obtained by
single-sided NMR have been shown to be in good agreement
with those obtained by NMR in homogeneous fields.® Corro-
sive effects of iron gall ink on paper were detected in the

766 = ACCOUNTS OF CHEMICAL RESEARCH = 761-770 = June 2010 = Vol. 43, No. 6

Codex Major of the Collectio Altaemsiana. Different inks have
different effects on the NMR relaxation times. Even faded inks
can in some cases be detected. Moisture and degradation in
wooden objects have also been studied by single-sided NMR.®

3.3. Violins and Bows. Stradivari is the most famous vio-
lin maker of all times. To unravel the secret of his violins is a
topic of continuing interest.>®2” Part of the exquisite sound of
good master violins is attributed to the selection of the wood
and another to the wood treatment. A small selection of mas-
ter violins has been analyzed with the NMR-MOUSE in terms
of depth profiles (Figure 5a).?® These reveal the varnish layer
and provide a signal from the wood (Figure 5b). In some cases
there were indications of two or more varnish layers, and con-
siderable differences were found in the signal amplitudes of
the wood. The signal shown in the depth profiles derives
mostly from the material density and only marginally from the
softness of the material. When plotting the signal amplitude
at 0.7 mm depth over the reported fabrication year of the vio-
lins, an increase of the wood density with the age of the vio-
lin was found for most master violins investigated (Figure 50).
In contrast to that, the wood density of the precious bows
investigated decreased with age. This is strong evidence, that
the wood density is an indication for the age of the instru-
ment and that it plays a vital role in the quality of master vio-
lins and bows. This information can be used in the selection
of wood for producing modern master instruments and as evi-
dence in the authentication of master violins. Outliers may
identify suspicious instruments that need further investigation.

3.4. Buildings. The time-dependent water uptake and dry-
ing of stone can be followed by the evolution of various NMR
parameters such as relaxation times, the signal amplitude, and
the relaxation time distribution. The NMR-MOUSE is well
suited to quantify moisture content in terms of the proton sig-
nal amplitude, but the apparent relaxation times are affected
by translational diffusion and do not as readily correlate with
the pore size of fully saturated porous media as relaxation
times do that have been determined in homogeneous field.®

Most walls in buildings are naturally moist. As the mois-
ture breathing of walls determines the fate of wall decora-
tions, moisture maps give important information to restorers
on the state of wall paintings and mosaics. The frescoes in
Vasari’s house in Florence from the 16th century have been
analyzed for moisture by NMR,?° as have frescoes by Pelle-
grino degli Aretusi in the Cappella Serra of the church of Nos-
tra Signora del Sacro Cuore in Rome (Figure 6a—c).° The latter
(Figure 6a) were painted between 1517 and 1519 and suf-
fer from moisture rising from underground. The moisture was
mapped in terms of the Hahn echo amplitude (Figure 6b).?° A
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FIGURE 5. (a) Set-up used in a study of master violins by the Profile NMR-MOUSE. The violin back rests on top of the lift depicted in Figure
1b. Photographed by B. Bliimich with permission by Maria Baias. (b) NMR depth profiles according to proton density through the back of
different master violins. () Wood density of backs of violins at 0.7 mm depth for different claimed master violins and bows versus the

reported fabrication year.
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FIGURE 6. Analysis of walls by NMR depth profiles. (a) Fresco by Pellegrino degll Aretusi in the Capella Serra of the Church of Nostra
Signora del Sacro Cuore in Rome (painted between 1517 and 1519). (b) Contour plot of the Hahn-echo amplitude which maps the moisture
content. Dark denotes dry and light denotes wet. (c) Outcropping salts invoke a shift of the distribution of effective relaxation times toward

higher values. (d) Profiles of natural moisture at two positions of the mos

the setup of Figure 1c. The blue tesserae are dry; the ochre ones are wet.

aic from Neptunus and Amphitrite in Herculaneum measured with
The mortar bed at both positions shows the same moisture profile.

(e) Photo of the mosaic with measurement positions marked. (f) Depth profile through a painted wall inside Villa Palagione in Volterra
measured in 10 h after spraying the wall with water. It reveals a step at 3 mm depth. This corresponds to a change in mortar consistency.
(g) Photo of the mortar layers after opening up the wall at the measurement position. The outer layer of more dense mortar is 3 mm thick.

shift of the Tae distribution was observed in places with out-
cropping salts (Figure 6¢), and the values of the transverse
relaxation time were found to correlate with past cleansing
and restoration efforts.

A Profile NMR-MOUSE with 25 mm depth access has been
employed to investigate the moisture content of the world cul-
tural heritage mosaic of Netpune and Amphitrite in Hercu-
laneum (Figure 6e€).2' Moisture is a key concern in the
conservation efforts of the excavation site. Depth profiles mea-
sured at two positions through the mosaic reveal a large dif-
ference in moisture uptake of two different types of tesserae
and the same moisture profiles for the mortar embedding the
mosaic stones (Figure 6d). The results of such measurements
are expected on the one hand to help identify suitable con-

servation strategies and on the other hand to detect undocu-
mented restoration efforts of the past.

High moisture content provides good NMR signal and short
acquisition times like 20 min for one of the depth profiles of
Figure 6d. The natural moisture content of dry walls is much
lower, and the acquisition time for one depth profile may
extend to several hours. This may be somewhat shortened
when spraying the wall to be measured with water prior to
examination. This has been done in an investigation of the
painted walls in the state room of Villa Palagione, Volterra,
Italy, which was built in 1598.32 During the measurement
time of about 10 h, the moisture applied to the surface
migrated into the interior of the wall and dried from the out-
side. Nevertheless, at 3 mm depth, a step was observed indi-
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FIGURE 7. Profiles of cyclododecane solution in n-heptane applied on different supports. (a) Profiles collected every 24 h on the surface of a
Carrara marble sample sprayed by the solution. CDD does not penetrate into the stone but forms a protective film on the surface. Initially
the thickness is around 400 um; then the film starts to sublimate and completely disappears within 624 h. (b) In Lecce stone, the substance
penetrates the first two millimeters. Because of the small pore size, CDD accumulates first inside underneath the surface during the first 72 h,
before it starts to sublimate. It fades away within 192 h. () The mortar is characterized by wider pores so the treatment penetrates the first
2.5 mm. It then sublimates beginning at the surface but remains inside the deeper lying pores for up to 528 h.

cating an inner mortar layer with higher water absorption
(Figure 6f). After the measurement, a hole was cut into the
wall. Inspection of the mortar layers confirmed a two-layer
structure with an outer, more compact, 3 mm thick layer
(Figure 6g).

Although the distributions of the transverse relaxation times
from water-saturated porous media are known to be affected
by an apparent shortening of the relaxation time at long times
because of signal attenuation by diffusion in the inhomoge-
neous field of a stray-field NMR sensor, the relaxation time
distributions are signatures of the material and change upon
stone conservation treatment.® When large objects are ana-
lyzed, full fluid saturation is hard to achieve, yet the relax-
ation-time distributions of treated and untreated sandstone
differ, indicating that the effects of stone treatment of large
objects can indeed be followed by single-sided NMR. These
differences are consistent with laboratory studies of partially
and fully water saturated stones by single-sided NMR and
NMR imaging.

3.5. Consolidants and Protectives for Porous Materi-
als. Consolidants and protectives play a prominent role in the
conservation of cultural heritage materials. The study of their
interactions with the material is essential for choosing the right
procedure of intervention. For example, cyclododecane
(C42H24, CDD) can be both a good temporary consolidant and
a protective, depending on the porosity of the materials and
its method of application. It sublimates at room temperature,
and its application is completely reversible. It can be used in
cases of emergency that require immediate intervention or for
temporary consolidation or protection of objects during trans-
portation to the restoration site.>* When its sublimation kinet-
ics are known, the right time for application of the treatment
can be chosen. The Kinetics can be followed only by nonin-
vasive techniques with portable instrumentation that do not
interfere with the sublimation process and can be operated in
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situ at the artwork. The NMR-MOUSE is a suitable tool to dem-
onstrate the efficiency of CDD as protective on nonporous
materials, such as Carrara marble (porosity ~ 0%) (Figure 7a),
and as consolidant on materials where the porosity ranges
between 35% and 40%, such as Lecce stone and mortar (Fig-
ures 7b,c). With the NMR-MOUSE, one can detect whether or
not the substance has penetrated the material and how much
time and even which preferential path it takes to subli-
mate 3433

4. Challenges and Prospects

The current state of mobile and noninvasive stray-field NMR
is reported and illustrated with examples from the field of cul-
tural heritage. A comparative analysis of material properties,
such as binder aging of paintings, wood density, paper qual-
ity, moisture content, and the effectiveness of conservation
treatments can be conducted, where the layer structures of
paintings, varnish, mortar, protectives, and consolidants can be
unraveled. Such investigations are possible whenever the
object contains hydrogen because the proton is the most sen-
sitive nucleus for NMR. Magnetic components, such as steel
and conducting layers, are detrimental to the measurement.
A challenge are the low sensitivity and consequently long
measuring times that currently restrict the use of single-sided
NMR to the analysis of selected spots and excludes complete
mapping of large surfaces. Also, the use of current instrumen-
tation still requires extensive user training. As a young
method, noninvasive testing by single-sided NMR is still in the
development stage. It is to be expected that the detection sen-
sitivity can still be improved, although not by orders of mag-
nitude, that nuclei other than 'H may become observable by
the NMR-MOUSE, for example, 2°Al, which occurs in glass and
ceramic ware, and that the machine-user interface will be



designed to become much more intuitive, so that less train-
ing is required to successfully use mobile NMR.
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