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1 | INTRODUCTION

Electron paramagnetic resonance (EPR) and electron
magnetic resonance (EMR) spectroscopy are used to
study paramagnetic and ferromagnetic materials. The
spectrometers can probe the real (y’) and imaginary (")
parts of the magnetic resonance susceptibility () through
dispersion and absorption signals.' These signals are typ-
ically measured by subjecting the sample to an oscillat-
ing magnetic field of amplitude B; and Larmor
frequency v while scanning an applied DC magnetic
field (B,) to observe the resonance condition. Resonance
occurs when

hv = ¢BB, @

where h is Planck’s constant, f the Bohr magneton, and g
the electron g factor for the sample. The g factor is unique
for a sample and provides insight into the environment of
the unpaired electron(s). The g factor for a paramagnetic
sample can vary from 0.8 to 18, but is most often closer
to the Landé g factor of two for the free electron.

A continuous wave, homodyne, low frequency electron paramagnetic resonance
spectrometer is described which can accommodate 15 cm diameter objects. The
spectrometer can utilize small volume and surface coil probes operating between
100 and 500 MHz. The magnetic field can be scanned between 0 and 35 mT and
is thus suitable for g < 2 spins and wide absorption lines. The spectrometer can
record conventional field swept, field cycled, and spatially resolved spectra.
Details of the instrument design and representative spectra from six different sam-

ples are presented. This design has applications to study objects with cultural her-

electron paramagnetic resonance, electron paramagnetic resonance instrumentation, LFEPR, low

frequency electron paramagnetic resonance spectroscopy, surface coils

Electron paramagnetic resonance spectroscopy is a use-
ful tool for studying objects with cultural heritage impor-
tance.*'® Many pigments used in paintings are
paramagnetic. Many clays contain paramagnetic metals,
some of which become ferromagnetic upon firing. Marble
contains paramagnetic manganese impurities. The aging of
resins and varnishes produces free radicals. All these mate-
rials possess an EPR signal. EPR is most often performed
at v = 9 GHz. Unfortunately, sample size is constrained to
mm°-sized objects due to the magnet producing the B,
field and sample cavity resonator producing the B; field,
making EPR destructive and invasive for larger objects.
Low frequency EPR (LFEPR) overcomes this drawback by
operating at a lower frequency where larger volume B,
magnets and B; producing surface coil resonators or probes
are more practical. Therefore an LFEPR spectrometer can
accommodate large, intact objects making it a nondestruc-
tive spectroscopy and opening up new applications for
EPR in studying objects with cultural heritage significance.

We previously described a modular, continuous wave
(CW) LFEPR spectrometer operating at 200 MHz for
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6 cm’® volume, g = 2, narrow line samples with 1.5 mT

nuclear hyperfine coupling.'® This paper describes an
enhanced version of this homodyne LFEPR spectrometer
with an expanded operating frequency range of
100 < v < 500 MHz, that accommodates 15 cm diameter,
liter sized objects, and can scan the magnetic field over a
larger range from O to 35 mT. The LFEPR spectrometer is
thus suitable for wide-line samples with g < 2 spins.

2 | THE LFEPR SPECTROMETER

Electron paramagnetic resonance and EMR spectrometers
differ primarily in the material being examined. Both
employ a fixed v and swept B, field. B; is applied perpen-
dicular to B, by a resonator or probe which also detects the
signal (S) from the sample. Because the EPR signal is
small compared to the noise (N), B, magnetic field modu-
lation and phase sensitive detection at frequency fuyoq 1S
employed. It is useful to think of the detection scheme in
terms of the frequencies present in the spectrometer. The
spectrometer excites the sample at frequency v and when
scanning B, through resonance causes an additional low-
frequency signal (fs). When magnetic field modulation is
employed, the signal coming from the sample at resonance
has a frequency (V + fvoqd T fs)- In homodyne detection,
this frequency is detected with reference to v in a mixer to
produce the sum and the difference of frequencies
(v *+ fmoa T fs) and v. The high-frequency component with
value equal to the sum of the frequencies (2v + fyoqa + fs)
is filtered out and the low-frequency component at
(fmioa T+ fs) is retained. Frequency (fyoq t fs) is sent to a
lock-in amplifier for phase sensitive detection at fyoq yield-
ing fs. This detection scheme presents spectra which are
the first derivative of absorption or dispersion signals.
Readers needing more details on CW EPR are directed to
one of the more comprehensive texts on EPR.'%?!

The description of the LFEPR spectrometer is divided
into radio frequency (RF) bridge, magnet, modulation,
probes, and control subsystem components. Figure 1 pre-
sents a block diagram of these spectrometer subsystems.
The choice of specific components used in the spectrometer
are not necessarily optimal, but is based on availability and
compatibility with other components already in use in the
spectrometer.

2.1 | RF bridge

The RF bridge employs a homodyne detection system
depicted in Figure 1. All components of the bridge are speci-
fied to operate between 100 and 500 MHz and are intercon-
nected with 50 Q coaxial cable with BNC connectors. The
frequency source (RF1) is a 500 MHz frequency synthesizer

(PTS-500; Programmed Test Sources, Littleton, MA, USA).
The output from the synthesizer is divided into two equal
parts for the sample and reference arms of the bridge by
power divider PD1. The sample arm power can be attenuated
by up to 70 dB in 10 dB steps using a rotary attenuator (A1)
before it is sent to the sample probe via a hybrid tee (T1). A
circulator can be substituted for the hybrid tee and will give
3 dB more power but a narrower ~20 MHz operating fre-
quency range. The hybrid tee is connected to the probe via a
122 cm length of cable. The output of the hybrid tee is con-
nected to the R port of a doubly balanced mixer (DBM)
detector D1.

The L port of the DBM is derived from the reference
arm. The reference arm contains an attenuator (A3) to bias
the DBM for maximum signal and a phase shifter (P1) to
match the phase of the sample and reference arms. In our
spectrometer, the phase shifter is a length of cable. The
length of phase cable (L,) needed to bring the reference
arm RF in phase with the sample arm RF at frequency v
can be calculated from

Ly = (Ls — Lg) £ n(kc/v) )

where Lg and Ly are, respectively, the sample and refer-
ence arm lengths, k the propagation factor for RF in the
cable, c the speed of light, and n is an integer. The optimal
situation is when n = 0 implying Ls = Lg + L. Solutions
to Equation 2 become more cumbersome as small differ-
ences in v can require different Ly cables.

When the RF from the sample and reference arms are in
phase, the DBM provides the absorption signal, and when
they differ by m/2 radians, the dispersion signal. The low
pass filter (F1) on the output removes the (2v + fyoq + fs)
frequency and sends (fyioq + fs) to the lock-in amplifier.

To either side of the hybrid tee are two double throw
single pole switches (SW1,2) which either connect the tee
or probe to attenuator Al and detector D1, or to an RF
sweeper (RF2) used for tuning the probe. In the tune mode,
the swept frequency output of a frequency sweeper (Wave-
tek 7062, JDS Uniphase, Milpitas, CA, USA) is connected
to the input port of the hybrid tee and the output to a diode
detector in the sweeper. The scope out of the sweeper is
connected to the X and Y channels of an oscilloscope to
display reflected power from the probe as a function of fre-
quency. Since the reference port of the hybrid tee is termi-
nated to a 50 Q terminator, a zero output on the
oscilloscope represents a condition where the probe is
tuned to 50 Q and no power is reflected from the probe.
From the reference arm, -10 dB of the power is used as a
frequency marker in the sweeper to allow the synthesizer
frequency to be set to the resonance frequency of the
probe. This frequency is also used for a frequency counter
(FC1; HP5385a; Agilent, Santa Clara, CA, USA).



SWITALA ET AL.

WILEY-""

RF1
A1 0-70 dB Attenuator
r\} A2 0-10 dB Attenuator
A3 0-10 dB Attenuator
. Amp1 AF Power Amp (Carver or Tecron)
D1 Detector, DBM
=2 F1 Low Pass (~10 kHz)
ooo F2 Low Pass (~100 Hz)
i Eount«]e]r A2 FC1 Frequency Counter
RF2 PD2 PD1 Power Divider <2
al = L W5 PD2  Power Divider-10dB
Sweeper | Marker . PS1 DC Power Supply (Kepco)
PS2 DC Power Supply (Systron Donner)
RF1 RF Synthesizer (PTS-500)
g - RF2  RF Sweeper
SW1,2 SPDT Switch
X T ’
Y T1 Hybrid Tee
0-Scope
Computer fe—f LabView
P1
520 IEEE-488
F1
] Lockin] o1
-
~ ~ —| bem F_\_ ol %2 E
SW1 T sw2
_1
Boost ~
PS2 Magnet
Amp1
10ADC O O Prob O O
Power — robe "
Modulati
e Cols  pst
OH \_ z
- Power
0 Supply 01V

Primary Magnet F2

Adder

FIGURE 1 Block diagram of the 100-500 MHz low frequency electron paramagnetic resonance spectrometer depicting the radio frequency

bridge, magnet, field modulation, probe, tuning, and control subsystems

2.2 | Field modulation system

The magnetic field modulation system consists of an
audio frequency source, amplifier, and modulation coil.
The source is a lock-in amplifier (SRS-830; Stanford
Research Systems, Sunnyvale, CA, USA), capable of
delivering a 0-50 kHz frequency, 0-1 Vpp amplitude, sine
wave. This sine wave is sent to an audio frequency,
power amplifier (Caver TFM-15, Jade Design, Franklin,
TN, USA or Techron 7570, AE Techron, Elkhart, IN,
USA). The Caver TFM-15 is used to drive a 4.3-cm sad-
dle style, 13 Q, modulation coil on the single turn sole-
noid (STS). The Techron 7570 is used with the surface
coils and drove a larger volume Helmholtz pair or sole-
noid modulation coils. The Helmholtz pair has a 15 cm
inside diameter (ID) and is wound with 200 turns of #10
round, copper wire for a 1.8 Q total impedance. The sole-
noidal coil has a 10 cm ID and 8.6 cm length, and is
wound with 155 turns of square #14 copper wire yielding
a 2.3 Q impedance.

Two factors influence the choice of the modulation fre-
quency: the phase noise from the RF source and the skin
depth' at the modulation frequency of any materials
between the modulation coils and the sample. In general,
the phase noise of an RF source decreases with frequency
offset from v. If the signal from the sample has frequency
(V *+ fmoa T fs), the largest possible fyoq should be chosen
to minimize the phase noise. The attenuation of the field
modulation increases as fyoq increases due to the effects of
skin depth. The choice of fyoq is always the result of a
compromise between attaining the lowest phase noise and
the highest field modulation amplitude.

The phase noise of our RF synthesizer relative to the
carrier at v(dBc) is —90 at 10 Hz, —120 at 10 kHz, and
—125 at 100 kHz. The skin depth in the brass shield of the
STS at the same frequencies is 40, 1.27, and 0.4 mm,
respectively. We choose a modulation frequency range of
10-20 kHz. The other modulation coils used with the sur-
face coil probes could utilize 50 kHz, the maximum fre-
quency value of the lock-in amplifier.
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2.3 | Magnet system

The magnet system consists of a solenoidal electromagnet,
a boost magnet, and two DC power supplies. The 30 cm
ID, 45 cm length solenoidal electromagnet was described
previously.'>** This electromagnet is driven with a O-
36 V, 0-30 A DC power supply (Kepco, ATE 36-30 M)
whose current is controlled by an external 0-1 V signal.
This combination of electromagnet and power supply can
produce a 0-18.7 mT magnetic field. For larger magnetic
fields, a boost magnet is added inside the solenoidal elec-
tromagnet. The boost magnet is the same Helmholtz modu-
lation coil described in the modulation system section. This
boost magnet is driven with a 10 A power supply (#3002-1
DC; Systron Donner, Concord, CA, USA) to change the
sweep start by £16 mT, thus giving a —16 to +35 mT
sweep range for the spectrometer. Using the Helmholtz
modulation coil as the boost magnet limits the modulation
coil options to that on the STS probe or the 10 cm dia-
meter solenoidal modulation coil. When the Helmholtz coil
is used as a modulation coil, the largest diameter sample
accommodated by the spectrometer is 15 cm.

Operating large diameter modulation coils inside the
magnet can induce voltages in the magnet windings
which interfere with the operation of the magnet power
supply. A 400 pF film capacitor is placed across the
windings of the electromagnet to serve as a low pass fil-
ter when combined with the 3.8 Q resistance of the
magnet.

2.4 | Probes

The probe, with an inductance (L) and capacitance (C), is
designed to resonate at

1

¥ = onvic’ @
generate the B; field perpendicular to B, in the sample,
and detect the signal (S) from the sample. The probe is
matched to 50 Q impedance of the RF bridge. Any style
probe which resonates between 100 and 500 MHz can
be used on the spectrometer. We have utilized three
general designs: a STS, a five-turn solenoid, and a
seven-turn spiral. The STS is a volume probe meaning
that the LC circuit surrounds the sample. The five-turn
solenoid and the seven-turn spiral coils are surface coils.
They are placed adjacent to the sample and the B; RF
magnetic field enters perpendicular to the surface of the
sample.

The STS resonator is similar in design to that described
on the original spectrometer'® with a few modifications.
The diameter of the copper foil cylindrical inductor was
decreased to 2 cm while keeping the 15.8 mm sample

diameter, thus increasing the filling factor' of the resonator.
Additionally, four equally spaced, 1 mm wide, circumfer-
ential slits were added parallel to the bases of the cylinder.
These allow more of the modulation field to penetrate
through the STS and into the sample. Seven different STS
inserts were constructed on PVC supports, resonating at
150, 205, 251, 299, 354, 400, and 440 MHz. These sup-
ports fit inside the previously described shield, coupling
loop, and modulation coils.

The five-turn solenoid was wound around a 2.9 mm
outside diameter, cylindrical polyethylene form with #26
copper wire. A 5 pF, non-magnetic, chip capacitor (Ameri-
can Technical Ceramics Corp [ATC], Huntington Station,
NY, USA) brought the LC circuit to resonance at
247 MHz. The LC circuit was inductively coupled to 50 Q
via a two-turn, #30 copper wire coupling loop located
coaxially above and opposite the sample end of the sole-
noid. The impedance was adjusted via a nylon screw which
changed the distance between the coupling loop and sole-
noid.

The second surface coil was a seven-turn, Archimedean,
microstrip spiral etched on a single-sided 0.1143 mm thick
PTFE 0.0381 mm thick copper circuit board. The equa-
tion of the spiral in polar coordinates (r,0) is

r=a+ (1/2)b+c6 4)
where the inner spiral radius a = 4.65 mm, the microstrip
width b = 0.5 mm, ¢ = 0.115 mm, and 0 < 0 < 14n radi-
ans. The spiral had three gaps along its length at 100, 500,
and 6457 radians and the last two were spanned by 1 pF
ATC chip capacitors. The resultant resonant frequency was
271 MHz. The LC circuit was inductively coupled to 50 Q
via a one-turn, 1.5 cm diameter, #18 copper wire coupling
loop located coaxially above and opposite the sample side
of the spiral. The impedance was adjusted via a nylon
screw which changed the distance between the coupling
loop and spiral.

The spatial sensitivity of an STS coil was presented pre-
viously.>® The spatial sensitivity of the surface coils were
determined by measuring the peak-to-peak signal (Spp)
from a 1.55 mm diameter, 0.25 mm thick piece of 2,2-
diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich, St.
Louis, MO, USA) in epoxy at a matrix of locations adja-
cent to the surface coils. The DPPH sample disc was
located on the end of the thin tip of a 15-cm Pasteur pip-
ette and was positioned adjacent to the probe using a two-
axis micrometer positioning system. The sensitivity was
calculated from the peak-to-peak EPR signal (Spp). Values
of sensitivity for the two coils were normalized and dis-
played in Figure 2. The location of the surface coil induc-
tor is depicted at the top of each sensitivity plot. The
majority of the signal from the spiral surface coil comes
from a 1 cm diameter, 4 mm thick disc, while for the five-
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FIGURE 2 Relative sensitivity plots
for a plane perpendicular to the surface of
the (A) spiral, and (B) solenoidal surface
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TABLE 1 Properties of the different surface coil probes
Relative

Type Size v(MHz) O sensitivity
Single turn solenoid V= 6.3 cm® 150 127 0.01
205 196  0.02
251 212 0.02
299 186  0.03
354 180 0.01
400 444 0.03
440 445 0.02
SC d=29 mm 245 75 1.00
d=2cm 271 109  0.09

turn solenoid the disc has a 2.2 mm diameter and 0.5 mm
height.

A comparison of the sizes, resonant frequencies, Q
values, and relative sensitivities of the various probes
can be found in Table 1. The relative sensitivity values
for the nine probe configurations were calculated from
the same 1.55 mm disc of DPPH in each coil and nor-
malized to that of the five-turn solenoid. These are

-1 0 1 2
Distance along coil diameter (mm)

volume limited sample measurements and the filling fac-
tor only approached optimal conditions with the five-
turn solenoid coil.

2.5 | Control

The LFEPR spectrometer is controlled by LabView
(National Instruments, Austin, TX, USA) code through an
IEEE-488 instrument bus. The frequency of the synthesizer
is set either manually via the front panel knobs or remotely
through the IEEE-488 bus. The lock-in amplifier can also
be set remotely or locally over the bus, but data acquisition
is only accomplished remotely. The LabView code also
sets a voltage on two of the lock-in’s digital-to-analog (D/
A) converters for use in controlling the magnetic field. The
two voltages, controllable in 1 mV steps between 0 and
10.5 V, are sent to a voltage divider/adder operational
amplifier to give the 0-1 V magnet power supply control
voltage (V) in minimally 0.1 mV steps. The magnetic
field is set in the LabView interface as a percent of the
maximum possible field (Bowvax). The Vi step size (5Ve)
for a B, field sweep determines the number of points in a
field sweep and is set by the user for each scan. The
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maximum points in a 100% Bomax spectrum is therefore
10 000. The user also has control over the time the pro-
gram waits (fwa,i) at each field value before acquiring the
signal and advancing to the next field value. The fyai
value is relevant when choosing the lock-in time constant.

Three LabView programs were written to control the
LFEPR spectrometer. All programs give the operator con-
trol over the number of points acquired and fy,; at each
point. SPECTRUM performs a routine magnetic field scan
while collecting the real output of the lock-in. The spec-
trum is scanned between By, and Bowmax. FIELD CYCLE
performs cycled LFEPR where B, is scanned between
Bomin and Boyax multiple times while recording the EPR
signal. The program records the LFEPR signal while scan-
ning from Boyin t0 Bomax and back to By, multiple times.
This type of acquisition is useful for examining a sample
for ferro/ferrimagnetism. TIME DOMAIN keeps the B,
constant while recording the EPR signal. This program is
used to determine the signal variation while changing some
parameter with respect to time. The shortest time between
points is 0.05 second. For example, recording the spatial
distribution of the EPR signal containing material when the
probe position is varied with respect to time.** Other pro-
grams assist with instrument tuning, such as LOCK-IN
PHASE for optimizing the lock-in amplifier phase setting
and TUNE for matching v to the resonance frequency of
the probe.

2.6 | General operation

The following operational comments are added to help
those building a LFEPR. Before a spectrum can be
recorded, a standard sample such as a small amount of
DPPH is placed in the probe, the probe is matched to
50 Q, and v is set to the resonance frequency of the probe.
With the 180° hybrid tee, 50 € is indicated by zero signal
on the output. The phase shifter on the reference arm is set
so that an absorption signal is recorded. Unless Lg and Lg
are of equal lengths, L, will have a length set by Equa-
tion 2 and determined iteratively until first derivative signal
from DPPH is symmetric. The phase of the lock-in signal
is adjusted next by varying the phase value until a maxi-
mum first derivative signal is obtained. It is often easier to
adjust for zero signal and shift the phase by plus or minus
90° to get the maximum.

The linearity of the field sweep is checked with a Hall
effect Gauss meter (5180; FW Bell, Acton, MA, USA) by
plotting B, vs V. Our B, vs V- calibration curve had a slope
of 18.686 mT/V, an R = 0.999978, and a standard devia-
tion of 0.024 mT, less than half the Earth’s magnetic field of
0.05 mT. The exact slope of the calibration is determined
from the v and g of DPPH. Based on the uncertainty in the

TABLE 2 Maximum modulation amplitude (mT)

Modulation Frequency

Modulation Configuration 10 kHz 20 kHz
Saddle coil on single turn solenoid 0.65 0.34
Solenoid coil 2.20 2.00
Helmbholtz coil 0.22 0.24

B, of 24 uT and v of 1 Hz, a g factor can be determined with
an uncertainty of 0.005.

The modulation amplitude (Bpoq) in mT for each of the
three modulation coil configurations was calibrated from a
plot of the measured peak-to-peak linewidth (I'pp) of a DPPH
sample as a function of modulation setting."*' The maxi-
mum modulation amplitude value at 10 and 20 kHz is listed
in Table 2 for the saddle, solenoid, and Helmholtz coils.

Perhaps the most challenging aspect of wide-line
LFEPR is the small Spp and signal-to-noise ratio (SNR)
due to the large I'pp. The larger ['pp allows the use of lar-
ger Byoa Values which can compensate somewhat for the
lower SNR. Prudent choice of other acquisition parameters,
such as the B, sweep rate and the lock-in time constant,
will also facilitate optimal SNR. After B, has been stepped
to a new value, the EPR signal should be allowed to reach
an equilibrium value before being sampled. The spin-lattice
relaxation time (7;) and the lock-in time constant (RC)
govern the speed at which the signal reaches equilibrium.
Most electron T values are <I ps and not a factor when
compared to RC values of greater than a ms. In the time
domain, the RC value determines how quickly the output
of a device responds when the input changes either from a
signal or noise. RC is the time it takes for the difference
between the input and output to change by a factor of e. In
the frequency domain, the RC value determines the cut-off
frequency (fc = 1/rc) at which attenuation starts. A simple
RC filter has an attenuation of —6 dB/Octave (20 dB/Dec-
ade) of frequency above fc. Many lock-in amplifiers are
now digital and can implement RC time constants with
roll-off rates that are —24 dB/Octave. The reader is direc-
ted to this reference for additional information on RC time
constants.”

Because the RC time constant changes the response
time, an EPR absorption will be distorted if an improper
RC and sweep speed combination are chosen. Choosing
fwaic > SRC assures 99% of the possible signal, but is
impractical. Choose instead a practical ty,;; > RC that min-
imizes undesirable noise in the spectrum. It should be
noted that sweeping B,, too quickly can also distort an EPR
absorption signal irrespective of a short enough time con-
stant value, but this is not a significant problem in wide
line EPR.
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FIGURE 3 Low frequency electron
paramagnetic resonance spectra of the three
blue pigments ultramarine blue, Han blue,
and Egyptian blue recorded with the single
turn solenoid probe. Egyptian blue and Han
blue spectra are presented x2 with a three
point square convolution smoothing.

FIGURE 4 Image (A) of a 15.3 cm
diameter Ming dynasty bowl in the
Helmholtz modulation coil with 2 cm
surface coil probe and corresponding low
frequency electron paramagnetic resonance
spectrum (B).
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3 | TYPICAL SPECTRA RC = 0.1 second; and LabView program SPECTRUM.

As a demonstration of the capability of the LFEPR spec-
trometer, we present spectra recorded with three different
probes, modulation coils, and LabView acquisition pro-
grams.

Figure 3 displays the LFEPR spectra of three common
blue pigments: ultramarine (Natural Pigments, Willits, CA,
USA), Egyptian blue (Kremer Pigments, New York, NY,
USA), Han blue (Kremer Pigments). Spectra were recorded
using the STS coil at, respectively, v = 298.848, 298.780,
and 298.819 MHz; 2000 points; Bpyod = 0.09 mT;

Ultramarine (Nag_10A;65160245,.4) possesses an EPR signal
from an 'S; radical ion with a g = 2.029-2.030.**” Egyp-
tian blue (CaCuSi4 O¢) has an EPR signal from the param-
agnetic Cu(Il) with anisotropic g factors g, = 2.32-2.34
and g, = 2.055-2.060.**® Han blue (BaCuSi,O;¢) is simi-
lar to Egyptian blue except that Barium is substituted for
Calcium in the lattice. The anisotropic g factors are
gy =2342 and g, =2.063% The I'pp values in the
LFEPR signals from the three pigments differ and are 2.3,
10.5, and 3.5 mT, respectively. Evidence of an anisotropic
g factor is difficult to discern in the spectra. This figure
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shows one challenge with LFEPR, specifically, determining
the baseline when very broad lines are observed. The best
way to set the baseline is to scan to a high enough B, that
the shoulders of the peak have reached zero.

Figure 4A is an image of a Ming Dynasty porcelain
bowl in the Helmholtz modulation coil with the 2-cm sur-
face coil on the bottom the bowl. The bowl is made of
kaolinite and has Fe (III) impurities in the lattice giving a
very small g = 4 signal shown in Figure 4B. The LabView
program SPECTRUM was used to record the 1000 point
spectrum at v = 24570 MHz with RC = 0.3 second, 3
Broq = 0.16 mT, and a 7 point triangular
convolution.

A 1.2 cm diameter, 7 cm long, rod-shaped sample of
EPK kaolin clay (Edgar Minerals, Hawthorne, Fl, USA)
with 14% added Fe,O3 (Sigma-Aldrich, St. Louis, MO,
USA) was fired at 500°C for 24 hours. Its LFEPR spec-
trum was determined with the 440 MHz STS resonator.
The sample was determined to be ferro/ferrimagnetic using
LabView program FIELD CYCLE shown in Figure 5. The
spectra contain a large initial increase in signal before
1.5 mT, then a more gradual rise to the end of the scan,
both attributed to the ferro/ferrimagnetism; and a small
g = 4 paramagnetic resonance peak. The first upfield and
downfield scans are unique as the sample is retaining mag-
netization. Subsequent scans overlap with each other as the
ferromagnetic domains retain some alignment from expo-
sure to the 18 mT magnetic field.

The utility of the LabView program TIME DOMALIN is
presented in Figure 6. The barcode 39 version of the letters
RIT were electrophotographically printed on a piece of
75 g/m* weight, 92 bright, white recycled copy paper
(620016; Staples, Framingham, MA, USA) with an elec-
trophotographic printer (LaserJet 1200; Hewlett-Packard,
Palo Alto, CA USA) using toner (OfficeMax, Boca Raton,
FL, USA) formulated for this HP printer. Laser printer
toner is known to have ferromagnetic particles to help the
magnetic brushes of the print engine control the toner.*
The particles have a broad 150 mT EMR signal at
9 GHz.*' For printed toner on paper, it is only possible to
discern a gradual increase in signal over the 18 mT scan
range of the LFEPR.** Instead of fixing B, at the spectral
peak, the magnetic field was set at 7.5 mT and the barcode
moved under the probe to yield the spectrum of Figure 6.
The higher signal peaks correspond to the broader bars and
the lower peaks the narrower bars in the code.

averages,

4 | CONCLUSIONS

A design for a low frequency EPR spectrometer suitable for
wide-line spectroscopy between 100 and 500 MHz was

presented. The components for the spectrometer are readily
available commercially. The spectrometer is suitable for non-
destructively and non-invasively studying the EPR signals
from paramagnetic metal ions or stable radicals in the pig-
ments of paint, paramagnetic and ferromagnetic properties of
ceramics, and Mn(Il) in marble. The magnet of the spectrom-
eter can accommodate 15 cm diameter objects which are
meters in length. Objects up to 30 cm in diameter may be
studied by incorporating a larger diameter modulation coil.
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