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Abstract

The presence of a weak remanence in Ultra-Low-Field (ULF) NMR sample containers is investigated on
the basis of proton precession. The high-sensitivity magnetometer used for the NMR detection, enables
simultaneously the measurement of the static field produced in the sample proximity by ferromagnetic
contaminants. The presence of the latter is studied by high resolution chemical analyses of the surface,
based on X-ray fluorescence spectroscopy and secondary ions mass spectroscopy. Methodologies to reduce
the contamination are explored and characterized. This study is of relevance in any ULF-NMR experiment,
as in the ULF regime spurious ferromagnetism becomes easily a dominant cause of artefacts.

Keywords: Magnetic contamination, Volume/surface ferromagnetic contamination, Ultra-Low-field NMR,
Ultra-Low-field MRI, Sample containers, optical magnetometry, chemical mapping.

1. Introduction

Most of the magnetic resonance (MR) experi-
ments aimed at spectroscopic measurements or at
imaging (MRI) suffer from distortions of the mag-
netic field. Hence, particular care is necessary to
prevent field disturbance induced in the vicinity of
the sample by parts of the apparatus, including the
sample itself.
In conventional (high field) NMR experiments,

field distortions causing line broadening or misshap-
ing (in spectroscopy) as well as image artifacts (in
MRI) arise most commonly from susceptibility (see
e.g. Refs. [1, 2] and references therein) and con-
ductance [3, 4], but also from ferromagnetic terms
[2].
In earth-field [5], ultra-low-field (ULF) [6, 7],

and zero-field [8] MR apparatuses, the ferromag-
netic terms may play an important –potentially
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dominant– role, and their presence can be detected
directly by the same sensor that measures the MR
signal [9, 10]. This aspect is the focus of the
present work. In particular, we study, character-
ize and analyze spurious effects occurring in an
ULF-NMR apparatus, originating from ferromag-
netic contamination of polymeric sample containers
(cartridges). These cartridges contain samples for
a remote-polarization NMR experiment that uses
an optical atomic magnetometer (OAM) as a high-
sensitivity, non-inductive detector [11, 12, 13].

Magnetic detectors based on OAMs are an
interesting class of sensors that rival with the
top-sensitivity ones based on superconducting
quantum-interference devices (SQUIDs), compared
to which they have advantages in terms of main-
tenance cost, practicality (no cryogenics needed),
and of robustness with respect to strong fields. In
some implementations, OAMs have a broadband re-
sponse, extending to static signals. This feature is
here exploited to detect simultaneously both the
DC signal due to ferromagnetic impurities and the
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time-dependent signal generated by nuclear preces-
sion.
This work is about the characterization of spuri-

ous ferromagnetic remanence of the cartridges and
of the material used for their production. Be-
sides magnetometric measurements, surface anal-
ysis based on X-ray fluorescence spectroscopy
(XRFS) and Time-of-Flight Secondary-Ion Mass-
Spectrometry (ToF-SIMS) have been performed. In
addition, several approaches attempted to remove
or reduce the contamination are described and dis-
cussed, drawing conclusions about their effective-
ness.
Detection and analysis of contamination by fer-

romagnetic impurities, as well as tiny ferromagnetic
behaviour due to specific phenomena, are topics of
interest among a wide community, spanning from
material science [14, 15], to semiconductor technol-
ogy [16], nanotechnology [17], and medicine [18]. A
recent paper addresses the problem of characteriz-
ing and counteracting ferromagnetic contamination
in a variety of metal-oxide substrates, in which weak
extrinsic ferromagnetic behaviour is observed [19],
also evidencing possible artifacts due to the mea-
surement procedure.
Works devoted to investigate extremely weak fer-

romagnetic response in nano-structures [17, 15] or
diluted dopants [14] commonly make use of state-of-
art magnetometers (typically SQUIDs) and study
the saturation level and the hysteresis that charac-
terize the material. On the other hand our mea-
surements are more tightly focused to the impli-
cations of spurious ferromagnetism in ULF-NMR
apparatuses and are mainly concerned with the re-
manence.
The paper is organized as follows: the Sec. 2 pro-

vides a brief description of the OAM used, of the
setup making it suited to detect ULF-NMR signals,
and of the instrumentation used to chemically ana-
lyze the surface contaminants; the Sec. 3 shows the
effects caused by the spurious magnetization of the
containers and complementary methodologies used
to evaluate and characterize the contamination; the
Secs. 4 and 5 provide the results obtained by the ap-
plication of methods aimed at preventing/removing
the ferromagnetic contamination, and the informa-
tion inferred about the bulk or surface localization
of the problem. The Sec. 6 concludes the paper,
providing a summary of the observations and of the
results as well as a discussion about possible impli-
cations and perspectives.

2. Materials and methods

2.1. Magnetometer
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Figure 1: Front view of the detection region. The yellow
arrow (M) represents the sample and its magnetization and
the circles (S1, S2) represent the two sensors: glass cells con-
taining Cs vapour. Laser beams cross the cell to optically
pump the Cs atoms and to probe the atomic state evolu-
tion, they propagate along x and are not represented, x is
also the direction of the shuttling system. A static (bias)
field (red arrow) is oriented along z. Sample and sensors are
at different heights, determining the angle α and the conse-
quent sample-sensor coupling factor. The dual magnetomet-
ric head detects the field generated by the y component of
the sample magnetization M as a difference-mode term (a).
Such field (blue arrows) in this case is parallel/antiparallel
to the static (much stronger) bias field, and contains a time
dependent term due to the nuclear precession around B and
-possibly- a static term due to the cartridge magnetization.
The x and z components of M (b), produce a transverse field
perturbation, so to cause only second-order variations of the
field modulus. Moreover such variations are cancelled in the
differential measurement, because they appear as a common
mode term.

The magnetometric setup is designed to measure
NMR signals from samples that have been pre-
viously magnetized in a field at the Tesla level,
generated by a permanent-magnet Halbach array
[20]. The nuclear precession occurs in a ULF (at
micro-Tesla level, corresponding to proton Larmor
frequencies of the order of 100 Hz), so to require
non-inductive detection. The apparatus contains
an OAM [21] that detects in situ the NMR signal, a
system for pneumatic sample transfer [22] from the
magnetization- to the detection-region, and coils to
control [23] and to stabilize [24, 25] the static mag-
netic field and to apply the magnetic pulses neces-
sary to manipulate the nuclear spins, making them
precessing around the magnetic field direction.

The whole setup (see Fig.1) is built around an
unshielded dual OAM operating in a Bell & Bloom
configuration [26] that is described in Ref. [21] and
is adapted to ULF-NMR measurement as described
in Ref. [27]. The OAM is a broadband detec-
tor, and it may record NMR signals superimposed
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with- (and modified by-) static terms generated by
the permanent magnetization [9]. The sensor re-
sponse is nearly flat from DC to about 30Hz. After
this cutoff-frequency, the response decreases with
a 6dB/oct roll-off [21], while maintaining a nearly
constant signal-to-noise ratio for at least 3 octaves.
This feature is due to the magnetic noise floor which
constitutes the actual limit to the system sensitiv-
ity: the response decrease acts simultaneously on
both the signal and on that magnetic disturbances.
The intrinsic (non-magnetic) noise terms emerge
and start to affect relevantly the S/N ratio above
several hundred Hz.

Briefly, the dual sensor detects the static and
time-dependent terms of the magnetic field in two
locations nearby the sample position, as sketched
in Fig. 1. The scalar nature of the atomic sen-
sors [28], in the presence of a dominant bias field
oriented along a given direction, makes the system
responding only to the variations of the field com-
ponent along that direction. A small variation of
δ ~B over a bias field ~B0 causes a modulus variation
of the total field δBtot ≈ (δ ~B · ~B0)/B0 = δB‖ [29].

As shown in Fig. 1a, in which the bias field is
oriented along z, a dipolar source –displaced along
y over the sensor plane– produces variations of Bz
when its magnetization is oriented along y. In this
case the two sensors detect opposite δBtot, so to
maximize the difference-mode response of the mag-
netometer output. Disturbances from far located
sources appear as a common-mode term and are
profitably cancelled by difference. The cancellation
is improved by an active compensation system. The
common mode signal feeds such system [25], so to
be actively attenuated prior to its cancellation by
difference. Attenuation and cancellation occur also
for the field induced by sample magnetization along
z: as shown in Fig. 1b, the field produced by Mz

sums in quadrature to the bias field, so to produce
equal variations in the two sensors. In conclusion,
only the y component of the sample magnetization
produces a detected signal. It is worth mentioning
an important role of the active stabilization system.
As the measurement is performed in an unshielded
environment, slow drifts of the ambient magnetic
field (despite being cancelled by the differerential
measurement) would affect the nuclear precession,
hindering trace-averaging procedures used to im-
prove the NMR S/N. More specifically, uncompen-
sated field drifts would cause a T2 underestimation
in the NMR signal.

2.2. ULF-NMR setup

In this work we use water samples which, thanks
to the proton abundance and long decay time, facil-
itate the NMR characterization of the sample con-
tainers. These containers can be used with other
NMR substances, as previously reported [11, 27].
The containers are sealed cartridges with screwed
or glued caps. The samples are remotely polarized
(at about 1 T) and pneumatically shuttled to the
detection region, there –after the application of ap-
propriate spin-tipping field pulses– the nuclei pre-
cess in a field at microtesla level. To guarantee per-
formance and reliability of the transfer system [22],
an accurate shaping and a sufficient mechanical ro-
bustness of the cartridges are required. To this end,
an accurate selection of the material is necessary.

Several reasons make the use of metal cartridges
disadvantageous. Despite the low nuclear preces-
sion frequencies typical of the ULF regime, eddy
currents induced in electrically conductive contain-
ers may shield both the NMR signal and the spin
tipping field. In our setup, the shielding effect hin-
ders particularly the tipping procedure. The latter
is performed by means of sudden (non-adiabatic)
rotation of the static field, or by the application of
resonant pulses. In the resonant case, the species-
selectivity is enhanced by applying static field at
the hundreds of µT level together with the ac field
pulse, which increases the resonant frequency up
to the 10 kHz level: at these frequencies the skin-
depth in metals is submillimetric. Moreover, sev-
eral metallic and metal-alloy materials contain rel-
evant traces of ferromagnetic contaminants [30], as
it was recently pointed out in a ULF-NMR exper-
iment [10]. Additionally, non-metallic containers
may guarantee a wider chemical compatibility with
the NMR samples to be analyzed.

The shuttling system requires precise external
sizing and low fragility, making glass a disadvan-
tageous choice. Among other non-conductive ma-
terials, we have selected and charactrized polyether
ether ketone (PEEK) for its excellent mechanical
properties (machinability, chemical resistance, me-
chanical strength). Some attempts made with other
polymeric substances –e.g. Iglidur and Acetale– led
to similar observations. We will briefly deal also
with additional tests performed on other materials
used to produce polymeric samples with 3D print-
ing. PEEK finds applications in MRI/NMR setups
[1], and –by virtue of its biocompatibility– is often
selected in medicine to replace titanium in implan-
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tations, also to avoid artifacts in the MRI post-
surgical evaluations [31].
When δBtot is produced by a NMR sample, the

time dependent term is due to nuclear magnetiza-
tion that precesses in the xy plane, around the z
direction, so to have an y component oscillating at
the nuclear Larmor frequency. Permanent magneti-
zation of the sample container appears in the signal
as well, with a static difference-mode field variation
(DMFV) proportional to the y component of the
magnetization. The z component of the magneti-
zation produces instead first order effects on the
precession frequency of nuclei inside the container.
Summarizing, the broadband response of the

magnetometer permits to register directly a static
signal due to My, simultaneously with the nuclear
precession signal, whose frequency depends on the
bias field and is modified by Mz.
Beside this NMR frequency shift, the ferromag-

netic contamination causes a broadening of the nu-
clear resonance [9]. Both NMR shift and broad-
ening can be estimated shot by shot by means of
reliable numerical methods [32, 33]. Repeated (cy-
cled) NMR measurements are commonly performed
to improve the signal-to-noise ratio. In our case,
as the cartridge undergoes unpredictable rotations
during the sample transfer, the effects of the fer-
romagnetic term appear as distributed widths and
shifts of the NMR. These effects can be quantified
in terms of: (i) variance of the shot-by-shot fre-
quency estimate, (ii) variance of the shot-by-shot
decay-rate estimate, (iii) apparent decay-rate in-
crease in the average trace (where T2* decreases
due to fluctuations of the ferromagnetically induced
shift, which –as said– varies with the cartridge ro-
tation angle). More details about these kinds of
analyses can be found in ref.[9]

2.3. Chemical surface analysis

Previous measurements [9] performed in our
laboratory, differing from other observations [10],
pointed out that PEEK cartridges show indeed
an unexpected magnetization level, which can be
evidenced – with no spatial resolution – by DC
measurements and by ULF NMR spectroscopy. A
chemical analysis of the sample containers surface
provides a complementary insight on the nature of
this problem. To this end, ToF-SIMS and XRFS
techniques are applied, to extract useful informa-
tion about the amount and the morphology of the
surface contamination.

XRFS are performed using an Olympus Delta
Premium (INNOV-X) instrument to determine ma-
jor and trace elements, as previously described [34].
The analyses can be performed on the polymeric
samples non-destructively.

ToF-SIMS measurements are carried out on
a TRIFT III spectrometer (Physical Electronics,
Chanhassen, MN, USA) equipped with a gold
liquid-metal primary ion source by a procedure al-
ready reported [35]. There are some geometrical
constraints, which limit the size of the analyzed
sample. In particular, NMR cartridges do not fit
in the holder, and are sacrificed to undergo ToF-
SIMS analysis. As an alternative, smaller polymer
samples are produced with the same lathing tools.

XRFS and ToF-SIMS analyse small portions of
the polymer surface, so to make their (local) results
not necessarily consistent (in terms of estimated
amounts) with the (global) magnetometric mea-
surements. The different kinds of analyses provide
complementary information and may help in con-
firming interpretative hypotheses, while perform-
ing direct cross-correlation of the observations is
not obvious and straightforward, due to the differ-
ent subjects of measurements (small surface por-
tions, and global surface- or volume-contaminants,
respectively).

Compared to ToF-SIMS, the XRFS has a lower
sensitivity (13 ppm, instead of 10ppb-1ppm), but a
deeper penetration (several microns instead of few
nanometers). ToF-SIMS offers an excellent lateral
resolution, which approaches the micrometric level.
In addition ToF-SIMS may produce hyperspectral
maps, where different contaminants can be distin-
guished with a mass resolution (m/∆m) of several
thousands. Different elements are identified on the
basis of the mass to charge ratio (m/z).

Chemical images relative to positive ion spectra
are acquired with a pulsed, bunched 22 keV Au+

primary ion beam, by rastering the ion beam over
a 300 µm × 300 µm area. Static ToF-SIMS con-
dition (primary ion dose density < 1012 ions/cm2)
are not requested, so that acquisition time extends
to 10 minutes. Positive ion spectra are calibrated
with CH+

3 (m/z = 15.023), C2H+
3 (m/z = 27.023)

C3H+
5 (m/z = 41.039). Before acquiring spectra,

the polymeric samples are maintained overnight in
a conditioning pre-chamber, with a vacuum value
of 10−4 Pa. The mass resolution (m/∆m) is 2000
at m/z = 27.
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3. Evidence of contamination

Ferromagnetic contaminants on the surface
and/or in the polymer bulk, cause a remanence
that, after the premagnetization in the Halbach ar-
ray, makes the cartridge produce a nearly dipolar
field on its exterior and, internally, a field in aver-
age antiparallel to the magnetization and scarcely
homogeneous. We are dealing with a spurious re-
manence that is extremely weak, so to produce only
perturbative effects.
Concerning the mentioned dipole approximation,

an estimation of the dipolar term and of higher-
order multipolar ones, can be derived on the ba-
sis of ref.[36] with the assumption of uniformly dis-
tributed contaminants. A multipolar expansion of
the field calculated in the proximity of a uniformly,
transversely magnetized cylinder of radius R and
semi-length L, with magnetization M shows that,
indicating with z, ρ and ϕ the radial, axial and az-
imuthal co-ordinates with respect to the center of
the cylinder, the field components are

Bz ≈ 1
2
µ0MLR2ρz

(z2 + ρ2)5/2

[
3+

+ 5
8

4L2 (4z2 − 3ρ2)− 3R2 (4z2 − 3ρ2)
(z2 + ρ2)2

]
cos(ϕ),

(1)

Bρ ≈ 1
2

µ0MLR2

(z2 + ρ2)5/2

[(
2ρ2 − z2)+

+ 1
8

(3R2 − 4L2)
(
4z4 − 27ρ2z2 + 4ρ4)

(z2 + ρ2)2

]
cosϕ,

(2)

and

Bϕ ≈ 1
2

µ0MLR2

(z2 + ρ2)3/2

[
1+

+ 1
8

(4L2 − 3R2)
(
4z2 − ρ2)

(z2 + ρ2)2

]
sin(ϕ),

(3)

respectively, where the first lines are dipole terms,
quadrupole terms are missing, and the second lines
are octupole terms. On the z = 0 (equatorial)
plane, the axial component vanishes and the two
remaining simplify to

Bρ ≈ µ0MLR2

ρ3

[
1 + 1

4
3R2 − 4L2

ρ2

]
cos(ϕ) (4)

Bϕ ≈ 1
2
µ0MLR2

ρ3

[
1 + 1

8
3R2 − 4L2

ρ2

]
sin(ϕ), (5)

respectively. In the geometry of our setup, where
R/ρ ≈ 1/5 and L/ρ ≈ 1/3, the dipolar terms ex-
ceed the octupolar ones by more than an order of
magnitude.

The DMFV depends on the z component of the
sample field at the position of the sensor, which (see
Fig.1) is given by Bρ cos(α) − Bϕ sin(α). The ex-
treme values of the DMFV observed in large sets
of measurements provide a quantitative estimate of
the dipolar moment and hence of the average poly-
mer magnetization.

The orientation of the cartridge magnetization
is originally parallel to the field generated by the
Halbach array, but undergoes an unpredictable,
aleatory rotation θ during the displacement to the
measurement region. Thus ϕ = θ − α is randomly
distributed and the field perturbation due to the
cartridge magnetization at the measurement stage
varies on a shot-by-shot basis. As described in
ref.[9], the response of the magnetometer –which,
in turn, is calculated in [21]– to static field vari-
ations can be inferred from the differential phase
shift of the polarimetric signals extracted from the
two magnetometer outputs.

Fig.2 shows histograms of characteristic decay
times, DMFVs and proton precession frequencies
estimated in two large sets of NMR measurements,
prior and after having removed the ferromagnetic
contamination (as discussed in the next sections).
The first row ((a), (c), (e)) refers to a 804 shots mea-
surement performed on a contaminated cartridge,
while the second row ((b), (d), (f)) shows results
obtained in 430 shots with a cleaned cartridge (see
Sec.5).

The characteristic decay time is evaluated both
as an average of estimations performed on single
traces (thick, black-dot line, with the thinner lines
indicating the ± standarc deviation interval), or di-
rectly on the average trace. The discrepancy be-
tween the two estimations is much larger in the case
of the contaminated cartridge. This is a direct con-
sequence of the narrower NMR frequency distribu-
tion in the clean sample compared to the contam-
inated one (cfr. (e) and (f)). A second evidence
is that in (b) the decay rate has narrower distribu-
tion compared to (a). It is worth noting that the
shortening of the mean decay time observed in (b)
is not relevant. It is due to having reloaded the car-
tridge with a different water sample after the clean-
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Figure 2: Cartridge characterization in terms of relaxation time (a) and (b), DMFV distribution (c) and (d), and NMR
frequency (e) and (f), over two large sets of measurements. The histogram in the first row (a) (c) and (e) are obtained with a
contaminated cartridge, while those in the second row (b) (d) and (f) correspond to a clean cartridge.

ing process, not to ferromagnetic contamination.
As an example of ULF-NMR measurement results,
Fig.3 shows averaged traces and corresponding am-
plitude spectral density (ASD) plots obtained with
a contaminated cartridge and a clean one, respec-
tively. These data correspond to the histograms re-
ported in Fig.2 (a,c,e) and (b,d,f), respectively. The
decay-time graphical estimates (red-dashed lines)
match the numeric evaluations of Fig.2 (a) and (b).
Other tight and quantitative evidences of ferromag-
netic contamination emerge from the comparison of
measured DMFV distributions (Fig.2 (c) and (d)).
The DMFV range decreases in this case from ±15 to
±3. Concomitantly, the distribution of nuclear pre-
cession frequencies (Fig.2 (e) and (f)), undergoes a
range narrowing by a factor of three. In the case of
ordinary cartridges, a DMFV of ±40 nT is typically
measured. The DMFV is an indicator of magnetic
contamination, which, as discussed in the follow-
ing, occurs –to a large extent– when the PEEK is
lathed. There, uncontrolled and non-reproducible
parameters (such as exact tool positioning, cutting
angles, tool edge sharpness) introduce an important
variability. However, repeated measurements over
many sample permit to estimate typical DMFV val-
ues with reasonable accuracy.

The dipole moment, and hence the average mag-
netization M , of the material are evaluated from

the DMFV value and from a coupling factor deter-
mined by the geometry of the arrangement (eqs.5
and 4).

In the following we will report the directly mea-
sured quantity (i.e. the DMFV), reminding that the
dipole is proportional to the DMFV, and hence the
magnetization is proportional to the DMFV and in-
versely proportional to the polymer volume. In our
geometry, where ρ ≈ 50 mm, R=9.3 mm, L=16
mm, and α ≈ 45deg, the value of M in A/m is
about 5 × 106 times the DMFV in nT, i.e. the ±40
nT DMFV typically measured with cartridges cor-
responds to an average magnetization of 0.2 A/m,
or (200 µemu/cm3) (to be doubled, if one considers
only the PEEK volume).

Beside the DMFV, the internal field variation in-
side the cartridges can be estimated from its effects
on the NMR signal: as mentioned in Sec.2.1 and
discussed in Ref. [9], this feature makes it possible
to estimate both the y and the z components of the
magnetization simultaneously. In the following (see
Sec. 4) the cartridge magnetization will be linked
to a spread of NMR proton frequencies estimated
in repeated measurements.

Sets of magnetometric measurements have been
performed using cylindrical solid PEEK samples
having the same external shape of the cartridges.
Hereafter these samples will be referred to as cylin-

6



Si
gn

al
 (a

rb
. u

ni
ts

)

AS
D 

(a
rb

. u
ni

ts
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time (s)
1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
(b)

0 50 100 150 200 250 300
10 5

10 4

10 3

10 2

(c)

0 50 100 150 200 250 300

Frequency (Hz)
10 6

10 5

10 4

10 3

10 2

(d)

Figure 3: Normalized average traces from 804 NMR measurements with a contaminated cartridge (a), and from 430 mea-
surements with a clean cartridge (b). The ASD of the corresponding raw data are shown in the black plots (c) and (d),
respectively. A 150 Hz notch filter and a band pass filter around the NMR peak are applied to produce the blue ASD plots
and the time-domain traces (a) and (b). In these latter, the green horizontal lines indicate the value 1/e, and the red-dashed
lines indicate the numerically estimates of the decay time: the same as in Fig.2 (a) and (b).

Figure 4: The picture shows an empty cartridge and a
cylindrical sample, they have identical external size. The
relevant dimensions of the cartridge are reported (in mm) in
the drawing. The polymer volume of cartridges is 53% with
respect to cylinders, while the machined surface of cylinders
is 57% with respect to cartridges.

ders. Both kinds of samples are shown in Fig. 4, to-
gether with their relevant sizes. Of course an ULF-
NMR characterization is not feasible in the case of
cylinders: the magnetometric analysis is limited to
the DMFV measurements.
Typically, cylinders produce half DMFV than

cartridges. Being the cylinders about double in
polymer volume and half in machined surface com-
pared to cartridges, such DMFV is attributable to

a ferromagnetic surface contamination.
This consideration highlights the importance of

complementing the magnetometric measurements
with spatially and chemically resolved analyses.

XRFS performed on ordinary cartridges and
cylinders has provided an immediate evidence of
ferromagnetic contaminants, e.g. the first analyzed
cylinder (machined with conventional tools) showed
the presence of several metallic elements (including
ferromagnetic ones), among which: Fe (42 ppm),
Cr (21 ppm), Cd (18 ppm), Zn (13 ppm). XRFS
is useful to obtain initial indications about the con-
taminants present on the polymer surface, however
its poor sensitivity makes it unsuitable to analyse
weakly contaminated samples. Thanks to its higher
sensitivity and spatial resolution, ToF-SIMS anal-
yses provide a deeper insight, which include also
morphological information. Images produced by
ToF-SIMS confirm the presence of metal impuri-
ties implanted on the surface of several polymeric
samples.

Repeated ToF-SIMS maps performed on similar
samples confirm the presence of iron (and other
metals) contamination, often appearing in micro-
metric fragments (see Fig5a). They also show that
the contamination may occur with a scarce repro-
ducibility. As an example, in Fig.5b, a spread Fe
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contamination interests an area about 200µm in di-
ameter, around a localized micrometric spot with a
high concentration of Al and Si.

(a) (b)

Figure 5: ToF-SIMS images of submillimetric portions
of PEEK surface machined with conventional tools (high-
speed-steel, HSS). The data bars measure 100 µm. The
image at left shows the total ion concentration (in red) in
overlay together with the iron image (in green). Two well
defined iron spots appear, denoting the presence of localized
particles about 15-20 µm in size. In other instances different
iron distribution are recorded. In the case shown in the im-
age at right, the iron contaminant is spread over a wider area
(about 200 µm in diameter), around a 20 µm spot containing
a high concentration of Al (in blue) and Si (in red).

In conclusion, ToF-SIMS analyses confirm the
surface nature of the ferromagnetic contamination,
also in accordance with information provided by the
PEEK producer [37]: no ferromagnetic substances
are used in the PEEK production process, so that
their presence in traces can only be attributed to
residual impurities.
However, as discussed in the following (see Secs.4

and 5), there is also an evidence that some vol-
ume contamination level is also present. Compared
to surface contamination, such bulk term is much
weaker, to the point of making it tolerable for our
applications.
Several approaches have been attempted to pre-

vent or to remove the surface contamination, and
their effectiveness have been evaluated on the ba-
sis of the above mentioned techniques. They are
described extensively in the Secs.4 and 5.

4. Preventing surface contamination: non-
ferromagnetic tools

The surface contamination most probably occurs
at the machining stage. To prove that, titanium
tools have been crafted and used at the lathing
stage to avoid direct transfer of contaminants from
the blade to the PEEK surface.

In this way two additional evidences emerged
proving that surface contamination occurs during
the manufacturing process. The first one is indirect:
polymeric samples machined with titanium tools
instead of ordinary HSS tools give much weaker
DMFV. The second evidence is direct and is pro-
vided by ToF-SIMS maps, where no micrometric
iron spots appear, while a barely detectable, homo-
geneously spread iron contamination is sometimes
visible.

(a) (b)

Figure 6: (a) Iron map from ToF-SIMS of a submillimetric
portion of PEEK surface machined with a Ti tool. The data
bar measures 100 µm. The spread iron contamination ap-
pears at ppb level, and might be due just to instrumentation
noise, in analogy with Al and Ti maps. (b) The Ti tool blade
spoiled after having machined two PEEK cylinders.

Titanium-machined samples result in a much
weaker static field perturbation (DMFV ≈
±2 and ±4nT for cartridges and cylinders, respec-
tively). Noticeably, this residual signal is propor-
tional to the polymer volume and not to its surface.
Correspondingly and consistently –in the case of
cartridges– a narrower spread of proton precession
frequencies is recorded.

These low DMFV levels approach the sensitivity
limit (the precision is ≈ ±200 pT). This is the low-
est DMFV value obtained in term of magnetic con-
tamination and it is the same value measued with
another method that removes the cartridge contam-
ination discussed in the next section. This fact,
combined with the observed reversed ratio between
DMFV from low contaminated cartridge and cylin-
der, is a reliable indication that the residual level
of ferromagnetism comes from the material bulk.

Concerning the ToF-SIMS measurements, no iron
microparticles appear in Ti-worked samples. A very
weak concentration (at ppb level, close to the in-
strumental sensitivity) of sub-pixel size iron sig-
nal is recorded, as shown in Fig.6a. Due to the
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poorer hardness and resilience, the Ti tools sharp-
ness is spoiled in a much shorter time with respect
to the steel (see Fig.6b) [38], suggesting that much
more particles are ripped out. Surprisingly, poly-
meric samples worked with Ti tools result uncon-
taminated also in terms of Ti particles, when an-
alyzed chemically (both Al and Ti maps do not
present spots in Ti machined samples). A possible
explanation is that the morphology of the ripped
Ti fragments does not facilitate their penetration
in the PEEK surface.
Summarizing, the use of non-magnetic machining

tools is a promising and effective approach to pre-
vent the ferromagnetic contamination of cartridges.
The titanium tools do not allow to make screwed

caps, making necessary the use of glue to seal the
cartridges. From a practical point of view, the ex-
cellent thermal and mechanical properties of PEEK
facilitate the re-use of glued-cap cartridges. The
cap can be removed heating up the aqueous content
in a commercial microwave oven, so to produce an
over pressure and to explode the container.
Glass lathing tools were also tested, with results

as good as those obtained with titanium in terms of
contamination, but with the drawback of an even
worse resilience. Another attempt was made with a
tungsten carbide tool as specifically recommended
for PEEK machining [38]. This tool did not suf-
fer from the wearing shown by the Ti one, but the
magnetic contamination resulted similar to the HSS
case.

5. Removing surface contamination: clean-
ing methods

An alternative procedure to reduce the surface
contamination is the use of mechanical or chemical
methods to remove residues from HSS-machining.

5.1. Abrasion cleaning
The use of appropriate (magnetically tested)

sand-paper to polish the cylinder surface after its
HSS-machining helps in reducing the ferromagnetic
response. The procedure is barely reproducible,
and (crucial point) sand paper polishing is not prac-
ticable in the inner surface of cartridges, for which,
consequently, alternative methods have to be devel-
oped in view of application. However, the effect is
evident and this suggests that an intensive mechan-
ical abrasion might constitute an valid method to
produce clean containers.

In this perspective, a mechanical (abrasion)
cleaning approach based on a tumbling technique
was attempted and tested. Both cylinders and car-
tridges with threaded caps were treated in a tum-
bling machine with corundum (Al2O3) sand, which
is commercially available and is commonly used,
e.g., for jewelry polishing. Different tumbling dura-
tions were applied, ranging from ten hours to sev-
eral days.

The tumbling technique produces evident re-
sults, however the contaminant reduction does not
achieve a satisfactory level. In the case of cylinders,
20 hours tumbling reduce the signal by 10% (DMFV
≈ ±18nT), and further 20% (DMFV ≈ ±15nT) is
obtained after additional 20 hours. A long last-
ing (250 h) tumbling, resulted in a 40% reduction
DMFV (from ≈ ±16nT to ≈ ±10nT): an appre-
ciable but yet improvable level, despite an evident
polishing of the surface, that after such long treat-
ment appeared glossy to the naked eye and perfectly
smooth to the touch.

These results are consistent with the ToF-SIMS
analysis performed on a tumbled sample. As shown
in Fig.7, there is an evidence of residual iron con-
tamination but no large size (micrometric) parti-
cles are visible anymore, an additional, persistent
Si and Al contamination is pointed out. The latter
is more evident where the mechanical action of the
tumbling is stronger (in the proximity of the edges).
This indicates that some corundum particles pen-
etrate the surface as to produce Al contamination.

In conclusion, both magnetometric and ToF-
SIMS results indicate that the tumbling approach
is not a promising method. It definitely provides
some degree of cleaning, but it requires a long-
lasting treatment and the final DMFV maintains
unsatisfactorily high levels.

5.2. Chemical cleaning
Chemical cleaning based on acids has been at-

tempted as well. Cylinders have been treated
for different durations with several kinds of acids,
namely

• H2SO4 8M;

• H2SO4 8M / H2O2 10%;

• HNO3 0.5 M (PEEK does not allow exposure
to higher concentrations of nitric acid);

• oxalic acid (H2C2O4),
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(a) (b)

(c) (d)

Figure 7: ToF-SIMS Chemical maps of cartridge cleaned
by abrasion. The image (a) shows the total ion image, the
(b) is the Al map, the (c) is the Si map, and the (d) is the
Fe map. The data bars measure 100 µm. Iron contamina-
tion persists, but no microparticles appear. Distributed Si
and Al contamination is evident all over the surface. Notice-
ably, the near-edge regions are more heavily contaminated
by Al, likely due to corundum residues, implanted where the
tumbling is more effective.

These cylinders have then been analysed both
magnetometrically and by XRFS or ToF-SIMS. As
summarized in Table 1, the magnetometric mea-
surements showed evident yet unsatisfactory decon-
tamination levels, with the only exception of the
oxalic acid. Oxalic acid exhibited the best capacity
to remove Fe from the polymeric surface, consis-
tently with several previous studies available in the
literature [39, 40, 41].
An overnight treatment in oxalic acid associ-

ated with sonication removes the contamination be-
low the ToF-SIMS detection level and reduces the
DMFV down to ±4 nT. A set of ToF-SIMS maps
corresponding to oxalic acid treatments is shown in
Fig.8.
An example of measurement sets performed prior

and after oxalic treatment has been shown in Fig.2,
where the second line (b, d, f) of histograms de-
note the improvement achieved in terms of the three
indicators: decay time spread and mean value,
DMFV and precession frequency spread. Quite

treatment time DMFV
reduction

H2SO4 8M 3h 50%
H2SO4 / H2O2
10% 3h 35%

HNO3 0.5 M 3h 8%
H2C2O4 0.3M 24h 73%

Table 1: Signals from different PEEK cylinders before
and after treatments of different duration. The only acid
treatment leading to satisfying results is with oxalic acid
(H2C2O4).

(a) (b) (c)

Figure 8: Iron maps of PEEK disks lathed by ordinary HSS
tools to fit the ToF-SIMS holder; the data bars measure 100
µm. The maps are recorded without any purification (a),
after 1 hour sonication in 0.3M oxalic acid (b), and after
an overnight treatment (c). In the last case a reduction of
the iron contamination down to the detection threshold is
achieved.

similar results are obtained with Ti machined car-
tridges.
The fact that the two techniques produce similar
residual DMFV reinforces the hypothesis formu-
lated in Sec.4 that this persistent level is most likely
due to a volume contamination.

In this respect, for comparison, we have mea-
sured the DMFV in cylinders made of other dielec-
tric materials, observing smaller -however, still well
detectable- values. In particular, an Acrylonitrile-
butadiene-styrene (ABS) cylinder produced by a 3D
extrusion printer and an Acetale cylinder lathed
with amagnetic tool show about a ±800 pT and
±1 nT DMFV, respectively.

6. Conclusion

The problem of residual permanent magneti-
zation of polymeric sample containers used in a
remote-detection ULF-NMR experiment has been
studied by means of magnetometric measurement
and chemical analyses of the polymer surface.

10



Some degree of magnetic remanence has been
pointed out, and has been attributed to polymer
surface contamination occurring during the con-
tainer production, and (at a much lower extent, as
to have negligible consequences in our applications)
to bulk contamination of the material. The latter
evidence emerges, at comparable levels, also with
other polymeric materials. Consistently, presence
of contaminants in extruded polymers has been re-
cently observed [42].
Despite the demonstrated existence of ferromag-

netic behaviours in polymers [43], in this case the
residual bulk ferromagnetism is attributable to di-
luted contaminants (at ppm concentration), dis-
persed in the volume during the machining stages
(extrusion) of the production of the PEEK rods. It
can be matter of micro-particles dispersed in the
volume, which are not detected by the ToF-SIMS
analyses of clean samples, due to the extremely low
probability of appearing in the small surface por-
tions analysed or to nano-particles in extremely di-
lute concentration, which appear in ToF-SIMS close
to the detectable level.
The cartridge magnetization causes spurious

fields both outside and inside the cartridges. These
fields are evaluated magnetometrically both di-
rectly as a static dipolar field and via their effects
on the contained NMR sample. Complementary
information is inferred from XRFS and ToF-SIMS
analyses.
Several approaches have been proposed to coun-

teract the ferromagnetic contamination and their
effectiveness has been tested, by means of DC-
magnetometry, ULF-NMR, XRFS and ToF-SIMS.
Good results have been obtained by using non-

magnetic tools at the machining stage. This
method poses some limitations in the cartridge con-
struction. It reduces the ferromagnetic contamina-
tion to a level that is yet detectable, but eventu-
ally meets the requirements for accurate ULF-NMR
spectroscopy.
Several post-production cleaning procedures have

been tested, based on mechanical or chemical ap-
proaches.
Positive results have been obtained with sand-

paper polishing (not applicable to thread and inner
surfaces of the cartridges) and (to an unsatisfactory
level) using tumbling techniques. Similarly, an ap-
preciable contaminant reduction is observed with
chemical treatments based on several strongly re-
active acids, but the effect results insufficient even
after long-lasting procedures.

Excellent results are instead obtained with
overnight oxalic acid treatment associated with son-
ication. In this case, the residual average re-
manence is the same as that achieved with non-
magnetic machining, and there is an evidence that
such level is attributable to ferromagnetic contam-
inants dispersed in the polymer volume at a sub
ppm concentration.
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